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Preface

This book is the fourth monograph of the earth science specializing in obser-
vational, computational, and applied geophysics. A global authorship from top
institutions presents multi-disciplinary topics and current approaches in seismo-
logical research of earthquakes. This work covers: characterization of subsur-
face fault damage zones in California using fault-zone guided waves generated
by aftershocks, explosions and teleseismic earthquakes; forwards real-time esti-
mation of strong ground motion by the full-waveform tomography; earthquake
prediction based on the ETAS model to fit seismic network catalogs of global
earthquake zones; investigation of erosional agency and cascading hazards in
earthquake-triggering landslides; simulation of the realistic behaviors of coal
and gas outbursts; a review of international consultation on the likelihood of
earthquakes after Wenchuan earthquake in China. Each chapter in this book
provides the comprehensive discussion of the state-of-the-art method and tech-
nique with applications in case study. The editor approaches this as a broad
interdisciplinary effort, with well-balanced observational, interpretational and
numerical modeling aspects. Linked with these topics, the book highlights the
importance for characterizing the earthquake rupture zone structure, ground
motion estimation, landscape landslide, earthquake hazards and forecast. These
contents make this book a must-read for researchers in the field of earthquake
physics.

This book can be taken as an expand of previous three books in the series for
researchers and graduate students to grasp the various methods and skills used
in structural, geological, physical and mechanical interpretation of earthquake
phenomena for solving geophysical and tectonic problems. Readers of this book
can make full use of the present knowledge and techniques to understand the fault
zone waveguide effect, towards real-time estimation of strong ground motion,
earthquake-triggering landslides, epidemic-type aftershock sequence models and
earthquake likelihood prediction to serve the reduction of earthquake disasters.

https://doi.org/10.1515/9783110543551-005

printed on 2/13/2023 8:47 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost - printed on 2/13/2023 8:47 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



Contents

Fault-Zone Guided Wave, Ground Motion, Landslide and

Earthquake Forecast 1
References 10
Chapter 1 Fault-Zone Trapped Waves Generated by

Aftershocks and Explosions to Characterize the
Subsurface Rupture Zone of the 2014 M,,6.0 South

Napa Earthquake, California 15
1.1 Introduction 16
1.2 The Aftershock Data and Waveform Analyses 19
1.2.1 Seismograms Recorded at the Full-Length Array Al 23
1.2.2 Seismograms Recorded within and out of the Rupture Zone 25
1.2.3 FZTWs Observed within the Central Rupture Zone 28
1.2.4 Post-S Coda Durations of FZTWs Increasing with Focal Depth —— 30
1.2.5 Post-S Coda Durations of FZTWs Increasing with Epicentral
Distance 34
1.2.6 FZTWs Observed at Three Cross-Fault Arrays 34
1.2.7 FZTWs Observed at Cross-Fault Arrays and Along-Fault Stations 39
1.3 Subsurface Damage Structure Inferred from FZTWs 47
14 3-D Finite-Difference Simulations of FZTWs Generated by
Aftershocks 50
1.5 FZTWs Generated by Explosions 55
1.5.1 The Explosion Data and FZTW Waveform Analysis 55
1.5.2 3-D Finite-Difference Simulations of FZTWs Generated by
Explosions 63
1.6 Discussion and Conclusion 67
Acknowledgements 69
References 69
Chapter 2 The Calico Fault Compliant Zone at Depth Viewed
by Fault-Zone Trapped Waves from Teleseismic
Earthquakes 74
2.1 Introduction 75
2.2 The Data and Waveform Analyses 77

EBSCChost - printed on 2/13/2023 8:47 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



vili =—— Contents

2.2.1 Teleseismic Earthquakes in the Southwest Direction from the
Array Site 78
2.2.2 Teleseismic Earthquakes in the West Direction from the
Array Site 84
2.2.3 Teleseismic Earthquakes in the Southeast Direction from the
Array Site 87
2.3 Simulations of FZTWs for Teleseismic Earthquakes 91
2.4 Discussion 95
Acknowledgements 96
References 97
Chapter 3 Towards Real-Time Earthquake Ground-Motion
Estimation Based on Full-3D Earth Structure
Models 100
3.1 Introduction 101
3.2 Methodology —— 103
3.2.1 Single-Station Approach 103
3.2.2 Network-Based Approach 105
3.2.3 EEW Based on F3DWI 106
3.3 Source Inversion 114
3.3.1 CMT Inversion 114
3.3.2 FMT Inversion 116
3.4 F3DT for EEW ——119
3.4.1 Crustal Structure 119
3.4.2 Geotechnical Layer 122
3.5 Summary and Discussion 130
References 131
Chapter 4 Comparisons of ETAS Models on Global Tectonic
Zones with Computing Implementation ——136
4.1 Introduction 137
4.2 Seismic Data and Tectonic Zones with Computation Aspects 138
4.3 Models 142
4.4 Methods 144
44.1 Algorithm to Implement Model (A) —— 145
4.4.2 Algorithm to Implement Model (B) —— 147
4.5 Results with a Discussion on Computation Implementation 148
4.6 Conclusion 156
Acknowledgements 156
References 157

EBSCChost - printed on 2/13/2023 8:47 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



Contents —— ix

Chapter 5 Distribution of Earthquake-Triggered Landslides
across Landscapes: Towards Understanding
Erosional Agency and Cascading Hazards 160
5.1 Introduction 161
5.1.1 Earthquake-Triggered Landslides as Hazards and Erosional Agents 161
5.1.2 Landslides Triggered by the 2008 Wenchuan Earthquake 163
5.2 Settings 165
5.2.1 Topography, Hydrology and Climate 165
5.2.2 Geology and Tectonics 166
5.3 Materials and Methodology —— 167
5.4 Distribution of Wenchuan Earthquake-Triggered Landslides across
the Longmen Shan 168
5.4.1 Variations of Landslide Pattern Perpendicular to the Fault Trend 168
5.4.2 Variations of Landslide Pattern along the Fault Trend 169
5.4.3 Distribution of Landslides with Respect to Topographic Metrics and
Lithology 170
5.4.4 Landslide Locations Relative to the Fluvial Network 172
5.5 Seismic Controls on the Pattern of the Wenchuan Earthquake-Triggered
Landslides 175
5.5.1 PGA versus Landslide Areal Density —— 175
5.5.2 Modeling of Landslide Pattern using a Simplified Seismic Wave
Attenuation Equation 176
5.5.3 Landslide “Clustering” as Signatures of a Seismic Trigger 178
5.5.4 Landslide Preferred Aspect Variation and Relevance to
Fault Slip Type 180
5.6 Conclusions, Implications and Future Directions 181
Acknowledgements 183
References 183
Chapter 6 A Review on Numerical Models for Coal and
Gas Outbursts —191
6.1 Introduction 191
6.2 Mechanisms of Outbursts and Influencing Factors 194
6.2.1 Mechanisms of Outbursts 194
6.2.2 Factors Influencing Outbursts 196
6.2.3 The Ingredients Should Be Included in a Reliable Outburst Model 198
6.3 Numerical Models for Coal and Gas Outbursts 200
6.3.1 Existing Numerical Models of Outbursts 200
6.3.2 Comments on the Current Models and Necessity to
Develop a New Model 204

6.4 The Suitable Candidates: DEM for Fracture and
LBM for Fluid Flow 205

EBSCChost - printed on 2/13/2023 8:47 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

x =—— Contents

6.4.1 Basic Idea of DEM and LBM Coupling —— 205
6.4.2 Preliminary Results 207
6.5 Conclusion 209
References 210
Chapter 7 International Consultation on the Likelihood of
Earthquakes: Two Cases in 2008 after the
Wenchuan Earthquake 215
7.1 Forecasting the Aftershock Hazard Following the May 12, 2008,
Wenchuan Earthquake: the International Component 216
7.1.1 Estimate Based on Coulomb Failure Stress (CFS) Changes 217
7.1.2 Analysis of Seismicity and Estimate of Aftershock Probability —— 218
7.1.3 Actual Data on Aftershocks 222
7.1.4 Additional Communications 223
7.2 Review of the Paper Associated with the Forecast of a Strong
Earthquake in Beijing for August 2008 224
7.2.1 The Forecast and Evaluation 224
7.2.2 Review Comments 225
7.2.3 Test against the Real Situation 230
7.3 Concluding Remarks and Discussion 230
Acknowledgements 231
References 231

printed on 2/13/2023 8:47 PMvia . Al use subject to https://ww.ebsco.confterms-of-use



EBSCChost -

Fault-Zone Guided Wave, Ground
Mbotion, Landslide and Earthquake
Forecast

Yong-Gang Li

This book covers multi-disciplinary topics in observational, computational and
applied geophysics in aspects of solid earth system. Seven chapters present recent
research to: (i) image subsurface rupture zones of South Napa earthquake in Cal-
ifornia by fault-zone trapped (guided) waves, (ii) introduce fault-zone trapped
waves recorded for teleseismic earthquakes to document deep fault compliant
zone, (iii) towards real-time estimate strong ground motion based on full-3D
waveform tomography, (iv) implement ETAS models to earthquake zones with
different tectonic structures, (v) understand erosional agency and cascading haz-
ards for earthquake-triggering landslides, (vi) simulate coal and gas outburst by
discrete element and lattice Boltzmann model, and (vii) review international
consultation on the likelihood of earthquakes after Wenchuan earthquake using
various methods. Authors from global institutions illuminate multi-disciplinary
topics with case studies. All topics in this book will be helpful for further un-
derstanding earthquake physics and hazard assessment in global seismogenic
regions.

Chapter 1: “Fault-Zone Trapped Waves Generated by Aftershocks and Explo-
sions to Characterize the Subsurface Rupture Zone of the 2014 M6.0 South
Napa Earthquake, California” by Yong-Gang Li, Rufus D. Catchings, and Mark
R. Goldman.

The 2014 M,6.0 South Napa earthquake in California caused significant damage
to fault rocks along the West Napa Fault Zone (WNFZ), resulting in remark-
able low-velocity waveguides to trap (guide) seismic waves. Fault-zone trapped
waves (FZTWs) arise from constructive interference of reflected waves from the
boundaries between the low-velocity fault zone and high-velocity surrounding

https://doi.org/10.1515/9783110543551-011

printed on 2/13/2023 8:47 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

2 —— Yong-Gang Li

rocks. Their amplitudes and dispersion characteristics of FZTWs are sensitive
to the geometry and physical properties of the fault zone, and the seismic source
location with respect to the fault-zone waveguide. These features of FZTWs al-
low us to investigate the subsurface structure and material properties of a fault
zone more accurately than before. In this chapter, authors present the FZTWs
generated by aftershocks of the 2014 M,6.0 South Napa earthquake and explo-
sions detonated within the rupture zone. The measured post-S coda durations
of these FZTWs recorded at cross-fault seismic arrays and along-fault stations
show that the longer coda durations generally result from the longer distances
of FZTWs propagating within the fault-zone waveguide, particularly for paths
in the shallower parts of the fault-zone. Previous numerical tests of waveguide
trapping effects show that if there is an obvious gap (more than 3-5 times of
the wavelength of the FZTWs at its dominant frequency) such as a step-over of
the fault zone between the seismic source and array, FZTWs will be disrupted
by this gap and not observed clearly (e.g., Li and Vidale, 1996). Our obser-
vations of FZTWs suggest the continuity of waveguide along the WNFZ that
extends further southward to the Franklin Fault (FF) at seismogenic depths.
This consists with results from slip models derived from teleseismic, SAR and
InSAR, field mapping data (Melgar et al., 2015; Brocher et al., 2015; Wei et
al., 2015) and aftershock lineaments (Hardebeck and Shelly, 2014). 3-D finite-
difference simulations of these FZTWs characterize a ~500 m-wide fault damage
zone along with the ~14 km-long mapped surface rupture to depths in excess of
5-7 km, within which seismic wave velocities were reduced by 40%—50%. The
low-velocity waveguide on the WNF' extends further southward along the FF
with a moderate velocity reduction of 30%-35%. On the basis of FZTWs gen-
erated by aftershocks in this study and from other geophysical data, Catchings
et al. (2016) interpret that the overall WNF/FF is at least ~50 km long, and is
likely continuous with the Calaveras Fault.

The FZTWs generated by near-surface explosions detonated within the rup-
ture zone and recorded at a long seismic array deployed across multiple faults
in 2016 show the rupture branching structure at shallow depth during dynamic
rupture of the 2014 M6 mainshock. Multiple rupture zones along at least three
fault strands of the WNFZ, likely connecting together at 2-3 km depth and
extending down to 5-7 km along the main WNF. Observations and 3-D finite-
difference simulations of FZTWs generated by both aftershocks and explosions
show the large amplitudes and long wavetrains at stations located within the
fault zone. It infers that a great amount of seismic energy is localized within the
damage zones along multiple strands of the WNFZ due to the trapping effect of
low-velocity waveguides. The localization and amplification of FZTWs due to
waveguide effect may have strengthened ground shaking. Therefore, the longer
and more continuous WNF /FF zone is capable to pose significant regional haz-
ards from localized amplification, extended ground shaking, and increase damage
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along the fault-zone waveguide, even if the surface rupture is limited to only a
portion of the overall fault zone (Catchings et al., 2016).

Chapter 2: “The Calico Fault Compliant Zone at Depth Viewed by Fault-Zone
Trapped Waves from Teleseismic Earthquakes” by Yong-Gang Li.

An outstanding question in study of the fault zone structure is the depth extent
of the low-velocity damage zone along the fault. Some researchers argue that
the low-velocity damage zone on faults is a near-surface feature that reaches
only down to the top of seismogenic zone at the depth less than 2-3 km (e.g.,
Ben-Zion et al., 2003; Lewis et al., 2010). Others argue that it extends from the
surface across seismogenic zone at depths to ~10 km depth (e.g., Korneev et al.,
2003; Li et al., 2000, 2012, 2014). Wu et al., (2010) showed that the low-velocity
waveguide on the San Andreas Fault (SAF) at Parkfield, California extends
to the depth of 10 km or more using San Andreas Fault Observatory Drilling
(SAFOD) borehole data. Ellsworth and Malin (2011) document a profound zone
of rock damage on the Parkfield SAF downwards to at least half way (>5-6
km) through the seismogenic crust using both P-type and S-type of FZTWs
recorded at the SAFOD borehole seismograph. FZTWs recorded at Parkfield
surface and borehole stations shows that the LVZ on the Parkfield SAF extends
to the depth of at least 7-8 km and the velocity reduction within the damage
zone decreases with depth due to the increasing confining pressures (Li and
Malin, 2008). Although FZTWs generated by explosions and local earthquakes
have been used for characterization of the subsurface fault damage structure, It
is hard to provide a good image of the deep fault zone due to the poor coverage
of wave propagation path from these seismic sources located at shallow depths
to recording stations at the surface.

In this chapter, the author introduces a new-type of FZTWs first time iden-
tified in seismograms recorded at a square seismic array consisting of 40 inter-
mediate-period stations and 60 short-period stations deployed atop the Calico
Fault (CF) in Mojave Desert, California for teleseismic earthquakes. The au-
thor examined the data from 26 M > 6 teleseismic earthquakes occurring in
2016 at distances of 40°-80° great circles to the seismic array site. He found
prominent wavetrains characterized by large amplitudes and long durations of
3.5-4.0 s following the first P-arrival and 6-8 s after the Moho converted P-to-S
waves in teleseisms recorded at stations located within the ~1 km-wide compli-
ant zone across the CF trace. These wavetrains with long coda durations are
interpreted to be FZTWs produced within the low-velocity fault compliant zone
as the Moho transmitting P wave and converted S wave of the first-arrival P-
wave from the teleseismic earthquake enter the bottom of the fault compliant at
a certain depth. This type of FZTWs has not been used before, but they ap-
pear to have great promise for providing unprecedented constrains of the depth

printed on 2/13/2023 8:47 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

4 —— Yong-Gang Li

extension of fault damage zone because these FZTWs arise from seismic waves
entering the bottom of fault zone at deep level.

In the previous study on the Calico Fault compliant zone (Cochran, et al.,
2009), the FZTWs generated by explosions and local earthquakes had been
combined with travel-times inverse and InSAR observations to image the CF
low-velocity compliant zone, within which seismic velocities are reduced by 40%—
50%, to depths in excess of ~5 km. In conjunction with the velocity model ob-
tained from the previous study of the CF, current observations and simulations
of the FZTWs identified in teleseisms show the Calico fault compliant zone with
velocity reduction of ~50% to depth at least 8 km beneath Mojave Desert.

Chapter 3: “Towards Real-Time Earthquake Ground-Motion Estimation Based
on Full-3D Earth Structure Models” by Po Chen, En-Jui Lee and Wei Wang.

Current efforts to mitigate seismic hazards mainly focus on three areas: (i) long-
term probabilistic ground-motion estimate using ground-shaking maps which
plot the probability of ground motion exceeding some threshold in different areas
in the next 50 years (e.g., Frankel et al., 2002; Petersen et al., 2008), (ii) rapid
post-earthquake ground-motion notification provided by seismic networks which
often consist of large numbers of telemetered seismic stations equipped with
high-dynamic range broadband and strong-motion instruments (e.g., Kanamori
et al., 1997; Hauksson et al., 2001), and (iii) earthquake early warning (EEW)
which fills in the gap between long-term measures such as (i) and post-earthquake
short-term measures such as (ii). EEW aims to provide an early warning few
seconds to tens of seconds before strong ground shaking strikes, thus may allow
implementing certain emergency mitigation efforts.

Strong ground motion during disastrous earthquakes depends upon the earth-
quake source that generates seismic waves and the 3D geological structure through
which seismic waves propagate. Kinematic properties of the earthquake source
can be estimated from seismic waveform data recorded at broadband 3-component
seismic stations located in the vicinity of the earthquake source. Realistic 3D
crustal structure models can be constructed beforehand through full-3D seismic
waveform tomography (F3DT) using seismic waveform data from previous small
to medium-sized earthquakes and ambient-noise Green’s functions (e.g., Chen
and Lee, 2015). Once an estimate of the seismic source and also a 3D struc-
ture model are available, synthetic seismograms and ground motion at sites of
interest can be computed in real-time through the use of the reciprocity princi-
ple. In the past two decades, seismic networks have become denser and denser
and also significant progresses have been made in communication technologies.
On the other hand, significant progresses have been made in numerical methods
for solving the elastodynamic equation in complex 3D geological media. Both
of them make EEW based on full-3D seismic waveform inversion (F3DWI) an

increasingly more useful option for seismic hazard mitigation.
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In this chapter, authors explore the feasibility of real-time earthquake ground-
motion estimation (forecast) using results from their previous studies in South-
ern California. They introduce in detail the state-to-art methods of numeri-
cal waver-equation solver used for solving the elastodynamic equation and re-
ceiver Green’s tensor (RGT) with reciprocity for providing exact partial deriva-
tives of the waveforms to obtain the strain fields at the receiver locations, on
which the F3ADWI-EEW is based. These methods include the finite-difference,
finite-element, pseudo-spectral, spectral-element, discontinuous-Galerkin meth-
ods. For source inversion, the centroid moment tensor (CMT) point-source rep-
resentation and the finite moment tensor (FMT) representation are developed
for up to 14-parameters describing the spatial and temporal dimensions of a
source and the directivity of the rupture process. Because the accuracy of the
3D seismic velocity model affects the overall performance of the EEW system,
it is therefore critical to improve the accuracy of the 3D seismic velocity model.
The Southern California Earthquake Center (SCEC) has been supporting the
development of various velocity models in Southern California, including the
latest updated model CVM-S4.26 of Thomas Jordan’s research group (Lee et
al., 2014a). This model shows many small-scale structural features that do not
exist in the previous velocity models. The authors have justified the feasibil-
ity of F3DWI-based EEW system having the potential to substantially improve
the accuracy of the strong ground motion warning. For example, the synthetic
peak-ground-velocity (PGV) map can then be computed using a simple kriging
algorithm in less than 1 s, showing excellent agreement with the actual post-
earthquake observed PGV map in Southern California.

Chapter 4: “Comparisons of ETAS Models on Global Tectonic Zones with
Computing Implementation” by Annie Chu.

Branching point process models such as the Epidemic-Type Aftershock Sequence
(ETAS) models are often used in modeling seismic catalogs to predict future seis-
micity. The ETAS model is a type of Hawkes point process model and is also
called branching or self-exciting point process. In Hawkes point process, trig-
gered events are those triggered by previous seismic activity while background
events are the events treated as always existing and not being triggered by
previous events. The discretion whether an event is a background event or trig-
gered event is not observable, but is stochastically determined by model fitting.
Models described for Hawkes point process are epidemic (Ogata, 1988), i.e., an
earthquake can produce aftershocks like offspring, and the aftershocks produce
their aftershocks, and so on. Ogata (1998) extended the temporal ETAS model
to describe the space-time-magnitude distribution of earthquake occurrences by
introducing circular or elliptical spatial functions into the triggering function;
two forms of the conditional rate are proposed. Different triggering functions
are used in Ogata’s Model A and Model B.
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Chu et al. (2011) have discovered differences in background seismicity rates,
triggering behaviors, and seismicity patterns such as rate of swarming of five
global earthquake zones with different tectonic structures, by fitting model pa-
rameters using Ogata’s Model B. In the present Chapter, Ogata’s Model A is
compared with Model B in aspect of their computation and fitting-goodness. At
first, the Author describes tectonic zones defined by Bird (2003) and earthquake
catalogs analyzed in this study, and presents two models of Ogata (1998). The
mathematical details in computational methods of expectation-maximization
(EM)-type algorithm proposed by Veen and Schoenberg (2008) are then de-
scribed in implementation of Model A and Model B. Finally, the computation
results of catalogs in various time windows and tectonic zones as well as a com-
parison among them are given consequently.

In this study, different features have been revealed by data analysis using
ETAS models on five global tectonic zones. Model A has a spatial response kernel
scaled by the magnitude of the triggering earthquake and Model B is non-scaled.
Although both models are commonly used in seismic data analysis, Model A
almost always takes less computing time and iterations to reach convergence
of model parameter estimation, and has a better chance for the parameters to
converge to the maximum likelihood estimates (MLEs). On the other hand,
Model B fits some seismic regions better than Model A, but computing time
may be sacrificed for large catalogs. Catalogs from long and narrow geographical
regions are harder to attain convergence for MLEs when Model B is used. In
order to compare the two models in goodness-of-fit, the Akaike’s information
criterion and information gain (Akaike, 1974) are used. Results show that Model
A fits better in some regions like Southern California while Model B fits better
for other regions like Japan Honshu.

Chapter 5: “Distribution of Earthquake-Triggered Landslides across Land-
scapes: Towards Understanding Erosional Agency and Cascading Hazards” by
Gen Li, A. Joshua West, Alexander L. Densmore, Zhangdong Jin, Fei Zhang,
Jin Wang, and Robert G. Hilton.

In mountainous regions, such as the eastern margin of the Tibetan Plateau in
China, earthquake-triggered landslides are a critical geo-hazard, a major agent
of erosion, and a powerful driver of the carbon cycle. In order to learn how land-
slides distribute across landscapes provides key information for hazard manage-
ment and for better understanding orogenic evolution and the cycling of carbon,
authors of this chapter present the distribution of landslides caused by the 2008
M, 7.9 Wenchuan earthquake at the eastern margin of the Tibetan Plateau in
the context of recent advances in understanding landslide spatial patterns.
First, authors review previous studies of earthquake-triggered landslides as-
sociated with Wenchuan and other earthquakes, and conduct new analysis to
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explore how the Wenchuan earthquake induced massive landslides across the
steep Longmen Shan range. Many researchers have made their contributions to
a Wenchuan landslide inventory in mapping landslides by various ways (Huang
and Li, 2009; Dai et al., 2011; Gorum et al., 2011; Parker et al., 2011; Xu et
al., 2011, 2014; Fan et al., 2012; Yuan et al., 2013). Li et al. (2014) mapped
landslides using semi-automated algorithms and manual segregation of amalga-
mated landslide features, and examined the Wenchuan landslide inventory in
the context of a generalized model of earthquake mass balance. Recently, Li et
al. (2016) combined the landslide inventory map with analysis of digital topog-
raphy, and quantified the connectivity between earthquake-triggered landslides
and the regional fluvial network. Gorum and Carranza (2015) explored what
mechanism controls patterns of landslides from fault-types. They suggest that
for the Wenchuan case, landslides associated with thrust-slips occur over a wider
zone from the fault trace than the range of landslides in the strike-slip scenario.
Several studies have looked into not only the co-seismic landslides but also the
post-seismic landslides caused by rainfall and reactivation of the co-seismic land-
slide debris in the epicentral region (e.g., Tang et al., 2011; Zhang et al., 2014).

Then, authors combine the landslide inventory map with analysis of digital
topography, regional geology, and ground motion data to explore the controlling
factors of the Wenchuan-triggered landslides concerning seismological parame-
ters, topography, and lithology. They evaluate how and to what extent landslide
debris supplies sediments to rivers based on locations of the Wenchuan landslides
relative to river networks. They examine the aspects of landslides and discuss
how the preferred facing directions of landslides along the Yingxiu-Beichuang
fault rupture provide information about the characteristics of earthquake source,
seismic ground motion, and rupture propagation. They estimate the average geo-
metric profiles of hillslopes in the Longmen Shan region, quantify how Wenchuan
landslides locate relative to hillslope ridges and river channels, and explore the
implications for landslide triggers and landslide-channel connectivity. Finally,
authors model the pattern of Wenchuan landslides adapting the functional form
of the law of seismic wave attenuation which accounts for both geometric spread-
ing and quality decay (Meunier et al., 2007). In conjunction with models (e.g.,
Keefer, 1994; Malamud et al., 2004; Marc et al., 2016) that predict total volumes
of earthquake-triggered landslides, this approach has promise for predicting the
magnitude and the pattern of landslides caused by earthquakes with known
characteristics of the seismogenic faults and the seismotectonic settings. This
eventually leads a better hazard prediction both during earthquake events and
in their aftermath.
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Chapter 6: “A Review on Numerical Models for Coal and Gas Outbursts” by
Yucang Wang and Sheng Xue.

An outburst of coal and gas is an event where coal or rocks together with large
amount of gas are suddenly ejected from an advancing face to the excavation
area. Coal and gas outbursts have resulted in major hazards in underground
coal mining all over the world. Although extensive research efforts over more
than 150 years, the fundamental mechanism causing coal and gas outbursts still
remains unknown. There are many factors influencing the occurrence of an
outburst, among which the gas content, rate of gas desorption, coal strength,
stress level and some geological structures are most important. Except for in-situ
investigations, the laboratory tests and analytical studies, the use of numerical
simulations can provide useful insights on outbursts.

In this chapter, the most outburst models which have been proposed in the
past two or three decades are reviewed. The authors find that current existing
models only capture some aspects of outbursts and cannot explain all of the
phenomena and process leading to an outburst. Those models are too simple
to include some important mechanisms, such as the fracture and fragmentation
of the solid and two-way solid-fluid coupling. Therefore, authors investigate the
most important factors controlling the occurrence of outbursts, and discuss what
a reliable numerical model should include in order to reproduce the realistic
behaviours of outbursts. Authors finally propose a new model strategy which
couples discrete element method (DEM) for fracture and Lattice Boltzmann
method (LBM) for fluid flow. The new model includes more basic mechanisms
and influencing factors. A completely coupled code of solid and fluid is based on
the two widely used open source codes: ESyS-Particle and OpenlLB (Wang et
al., 2012, 2014; Xue et al., 2015). The two-way coupling between DEM and LBM
is realized by data exchange and finally the two codes can be combined into one
united code with the united input, data flow, output, MPI calls and visualization
tool. The preliminary results show that the coupled model is encouraging as the
entire process of an outburst is well reproduced. The discrete element model
introduced in this chapter is also useful for reproducing the compressive-tensile
strength ratio of rocks in earthquake study.

Chapter 7: “International Consultation on the Likelihood of Earthquakes: Two
Cases in 2008 after the Wenchuan Earthquake” by Zhongliang Wu.

The author of this chapter presents documents of communications and paper re-
views about the international consultation on earthquake precast after the 2008
M8 Wenchuan earthquake, for which he witnessed and kept all the records. Af-
ter the M8 Wenchuan earthquake on May 12, 2008, aftershock activity became
a great threat to the post-earthquake relief and reconstruction process in the
earthquake hazardous region. This situation was getting worse because there
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were a bunch of landside lakes caused by the mainshock in the region of Western
Sichuan. Meanwhile, a paper issued by a group of Russian scientists pointed out
that a magnitude M6.5-7.0 earthquake would occur near Beijing around Au-
gust of 2008. It caused much severe concerns because the venue and time of this
forecasted earthquake were tight to the 2008 Beijing Olympic Games to be held
in Beijing in the summer of 2008. The estimation of Wenchuan aftershock haz-
ard and the evaluation of a M6.54 near-capital earthquake forecast requested
seismologists and earth scientists to make full use of the existing means of earth-
quake predictability for the seismic safety of the society. In order to dealing with
these earthquake forecasting issues, six experts from different countries were in-
vited by the China Earthquake Administration (CEA) to discuss the Wenchuan
aftershock sequence and review the paper published by the Russian scientists
while the CEA had carried out the estimation of Wenchuan aftershock hazard
domestically. Indeed, it was the first time for Chinese seismological community
to organize an international consultation facing to forward forecast for a real
earthquake situation.

In this chapter, the author summarizes the two real cases of earthquake fore-
casting: one is the Wenchuan aftershocks and another is the M6.5-7.0 earth-
quake near Beijing in 2008 via the international communication, and provides
invaluable materials for study of the earthquake forecast. These materials involve
with estimate based on Coulomb failure stress (CFS) changes, analysis of seis-
micity and estimate of aftershock probability based on the Gutenberg-Richter’s
Law and the Omori’s Law, estimate of the duration of the strong aftershock
sequence, analysis using the (SSE) algorithm based on pattern recognition as
well as the ETAS model-based analysis and estimate of aftershock probabilities.
From the review comments, the forecast for the near-capital earthquake was
turned down eventually. In fact, there was no earthquake over magnitude M5
around Beijing in August, 2008. The author argued that the international col-
laboration would be needed in earthquake science and helpful to reduce seismic
disaster risk.

The purpose of this book is to introduce the sophisticated approaches in earth-
quake investigation and geophysical research with case studies. In summary, the
following methods and results presented in this book will be of particular interest
to the readers:

° Subsurface fault damage zone continuity and rupture branching viewed by
guided waves

) Fault-zone trapped waves from teleseismic earthquake for addressing the
deep fault zone

e  Towards real-time estimation of strong motion by F3DT tomography

° ETAS models to make future seismic predictions for global earthquake
zones with different tectonic structures
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. Erosional agency and cascading hazards for earthquake-triggering land-
slides

° Distinct element and lattice Boltzmann model for simulation of coal and
gas outbursts

° International consultation for two cases in 2008 after the Wenchuan earth-
quake

This book is a self-contained volume which starts with an overview of the subject
then explores each topic in details. Extensive reference lists and cross references
with other volumes to facilitate further research. Content suited for both se-
nior researchers and graduate students in geosciences who would broaden their
horizons about observational, computational and applied seismology and geo-
physics. This book covers multi-disciplinary topics to allow readers to gasp
the methods and techniques used in data analysis and numerical modeling for
structural, physical and mechanical interpretation of geophysical and earthquake
phenomena to aid the understanding of earthquake processes and hazards.

The editor of this book series wishes to thank many reviewers of multiple
chapters, including Walter Money, John Evans, Brad Aagaard, Heidi Houston,
En-Jui Lee, Yu-Ling Chen, Niels Hovius, Patrick Meunier, Odin Marc, Ke Li,
Shi Che, Guomin Zhang, Jie Liu, Haikun Jiang and Long Jiang for providing
helpful reviews on chapters of this book and for their comments and discussion
on this book. We are grateful to many organizations and individuals, including
HEP Director Bingxiang Li and Editor Yan Guan, who help to make our book
series possible.

Key words: Fault-zone guided waves, fault damage zone continuity, rupture
branching, South Napa earthquake, teleseismic earthquake, full-3D waveform to-
mography, ground motion real-time estimation, receiver Green’s tensor, centroid
moment tensor and finite moment tensor, inversions, Epidemic-Type Aftershock
Sequence (ETAS) models, earthquake hazard, landslide pattern, Wenchuan earth-
quake, erosional agency, coal and gas outbursts, discrete element method, earth-
quake likelihood, international consultation, aftershock probability, Coulomb
failure stress.
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Chapter 1

Fault-Zone Trapped Waves Generated by
Aftershocks and Explosions to Charac-
terize the Subsurface Rupture Zone of
the 2014 M,6.0 South Napa Earthquake,

California

Yong-Gang Li, Rufus D. Catchings, and Mark R. Goldman

In this chapter, authors present the fault-zone trapped waves (FZTWs) gener-
ated by aftershocks of the M,6.0 South Napa earthquake on 24 August 2014 and
explosions detonated within the rupture zone in 2016. Prominent FZTWs with
large amplitudes and long wavetrains are identified in seismograms which were
recorded at three ~1-2-km long cross-fault seismic arrays (Al, A2 and A3) and
four along-fault seismographs deployed in 2014 and a ~15.5-km-long cross-fault
array (W-E Line) deployed in 2016 at the West Napa Fault Zone (WNFZ) that
ruptured in the 2014 M6 mainshock. We analyzed waveforms of these FZTWs
from 55 aftershocks and two shots located within the rupture zone in both time
and frequency to characterize the subsurface fault damage structure associated
with this earthquake. Observations and 3D finite-difference simulations of these
FZTWs suggest a 400-500 m wide subsurface rupture zone with the ~14-km-
long mapped surface breaks along the main fault strand of the WNFZ, within
which seismic wave velocities reduced by 40%-50%. Post-S coda durations of
FZTWs increase with focal depths and epicentral distances from the recording
arrays, suggesting that the low-velocity waveguide along the WNFZ to depths in
excess of 5—7 km extends further southward with a moderate velocity reduction
of 30%-35% to Franklin Fault (FF). The combined WNF/FF zone is ~50 km
long between Al and A3. The FZTWs generated by two shots and recorded at
the 15.5 km-long W-E Line in 2016 show branching structure of the rupture zone

https://doi.org/10.1515/9783110543551-025

printed on 2/13/2023 8:47 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

16 —— Yong-Gang Li, Rufus D. Catchings, and Mark R. Goldman

along multiple fault strands of the WNFZ at shallow depth, and a waveguide
with moderate seismic velocity reduction along the Carneros Fault subparallel
to the WNFZ and connecting the north end of FF. The localization and am-
plification of FZTWs due to fault-waveguide effect might have strengthened the
ground shaking along the WNFZ and the faults farther to the south (Catchings
et al., 2016; Li et al., 2016).

Key words: South Napa earthquake, multiple rupture zones, fault rock damage,
fault-zone trapped waves and waveguide effect.

1.1 Introduction

Intense fracturing during earthquakes, brecciation, liquid-saturation, and possi-
bly high pore-fluid pressure near the fault are thought to create low-velocity
zones with widths ranging from a few hundred meters to a few kilometers
(Mooney and Ginzburg, 1986; Catchings et al., 2002, 2013, 2014a; Cochran et
al., 2009). These naturally formed low-velocity zones (LVZs) can efficiently trap
seismic waves generated by earthquakes occurring within or close to the LVZs
and active sources applied within the fault zone. Fault-zone trapped waves
(FZTWs), also referred to as guided waves, arise from coherent multiple reflec-
tions and corresponding high reflection coefficients at the boundaries between
the low-velocity fault zone and the surrounding higher velocity rocks (Li et al.,
1990, 1998). FZTWs are characterized by large amplitudes and long dispersive
wavetrains) (Li and Leary, 1990; Li and Vidale, 1996; Ben-Zion, 1998; Igel et
al., 2002). Therefore, FZTWs can be used to evaluate intra-fault damage and
the continuity and branching of rupture zones at seismogenic depths. The mag-
nitude of fault rock damage and multiple ruptures along active faults and their
temporal variations over the earthquake cycle have been observed in previous
study of rupture zones of the 1994 M9.4 Landers and 1999 M 7.1 Hector Mine
earthquakes (Li et al, 1994, 1998, 2000, 2003a, 2003b, 2014; Vidale and Li,
2003), and the rupture zone of the 2014 M6 Parkfield earthquake on the San
Andreas Fault in California (Li et al., 1997, 2003, 2006; Li and Malin, 2008).
In this Chapter, we use FZTWs generated by aftershocks and explosions to
characterize the subsurface structure of fault rock damage along the West Napa
Fault Zone (WNFZ) that ruptured in the M,6.0 South Napa earthquake occur-
ring southwest of the city of Napa, California on 24 August, 2014, as well as the
adjacent faults (Fig. 1.1). The WNFZ is located at east of the Hayward-Rodgers
Creek Fault (HRCF) system and approximately 13 km west of the Concord-
Green Valley Fault (CGVF) system. Both fault systems have generated historic
damaging earthquakes (Bakun, 1999; Wesling and Hanson, 2008; Brocher et
al., 2014). However, there is evidence of two previous moderate-to-large his-
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Fig. 1.1 (a) Map shows the 2014 M6.0 South Napa earthquake (star), aftershocks
(dot), surface ruptures (thick line), seismic Array 1, Array 2 and Array 3 (solid bars), 7
REFTEK-130 seismographs R1-R7 (yellow triangles), and faults (thin lines) (adapted
from Li et al., 2016). (b) Map shows aftershocks (circles) recorded on the three seis-
mic arrays between August 28 and September 9 of 2015, including 41 aftershocks (solid
circles with numbers) occurring within the rupture zone along the WNF for which we
observed prominent FZTWs. The thick line denotes the 2014 surface rupture zone.
(c) Map shows the locations of 10 stations (triangles) of A3. The Franklin and South-
hampton faults cross A3 and intersect just south of the recording array. (d) Schematic
diagram showing station locations (triangles) of A1l and A2 (thick bars in Fig. 1.1a)
deployed across the northern projection and the southern part of the WNF surface
rupture. Thick line denotes the 14-km-long surface rupture along the WNF, consisting
of a 400-m-wide rupture zone (marked by a rectangle) determined by FZTWs, within
which rocks were severely damaged by the 2014 M6 mainshock.

toric earthquakes occurring on the WNFZ, the 31 March 1898 M 5.8-6.4 Mare
Island earthquake (Hough, 2014) and the 3 September 2000 M5.2 Yountville
earthquake (Langenheim et al., 2006).

The 2014 South Napa M6 mainshock occurred at a depth of 9.4-km, with
aftershocks extending between 2 km and 12 km depth (Hardebeck and Shelly,
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2014). The mainshock epicenter was located at ~6 km northwest of the City of
American Canyon and 1.7 km south of the southernmost mapped surface rup-
ture. The epicenter was also close to mapped trace of the lesser known fault, the
Franklin Fault (Bryant, 2005; Graymer et al., 2002; Wesling and Hanson, 2008).
However, the surface rupture did not fall on the main trace of any of these faults,
but instead between the Carneros and West Napa faults and northwest along
strike from the northern mapped end of the Franklin Fault. 3D surfaces show
that the Carneros Fault is a steeply west-dipping fault that runs just west of the
near-vertical 2014 rupture plane (Graymer, 2014). The Carneros Fault does not
appear to have been involved in the earthquake, although relocated aftershocks
suggest possible minor triggered slip on it. To south, the Franklin Fault is a
steeply east-dipping fault, suggesting that the South Napa earthquake occurred
on the northernmost reach of the Franklin Fault within it’s 3D junction with the
West Napa Fault (WNF). UAVSAR data (Donnellan et al., 2014) and relocated
aftershocks (Hardebeck and Shelly, 2014) suggest that the main WNF experi-
enced triggered slip and afterslip along a length of roughly 20 km. Therefore, it is
possible that the 2014 rupture took place along a largely unrecognized westerly
strand of the WNF which is also steeply west-dipping based on focal mecha-
nisms of the mainshock and connection of the surface rupture to the relocated
hypocenter. Focal solutions by UC Berkeley show right-lateral motion along a
plane having a similar strike (~158°) and a rake of 172° (Brocher et al., 2015).
The 2014 mainshock produced ~14 km of surface rupture along the WNF,
with maximum surface displacements of 40-45 cm (Brooks et al., 2014; Hudnut
et al., 2014). The mapped surface rupture primarily consisted of a zone of right-
lateral fractures from less than one meter to more than tens of meters wide.
Although the surface rupture varied along the rupture length, it was usually
observed as a zone of en echelon left-stepping fractures (Dawson et al., 2014).
Combined UAVSAR and GPS Estimates of Fault Slip for the M6.0 South
Napa earthquake, results show the slip on a single fault at the south end of
the rupture near the epicenter of the event, but the rupture branches out into
multiple faults further north near the Napa area (Donnellan et al., 2014). The
eastern two sub-parallel faults break the surface, while three faults to the west
are buried at depths ranging from 2—-6 km with deeper depths to the north and
west. The geodetic moment release is equivalent to a M6.1 event. Additional
ruptures are observed in the interferogram, but the inversions suggest that they
represent a superficial slip that does not contribute to the overall moment release.
The slip patterns of the South Napa earthquake, as derived from seismology
and geodesy, show that the co-seismic dislocation extended to ~12 km depth
beneath the southern portion of the epicentral region, with co-seismic slip and
afterslip occurring up-dip to the north of the hypocenter (Melgar et al., 2015).
The peak slip was predominately right-lateral motion (up to 121 cm) with only
a minor dip-slip component. Shallow slip, with the order of 60 cm, occurred at 5
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km depth along a 5-km-long segment in the northern part of the surface rupture
area. There was also a small 5-km-long patch with ~15 cm of down-dip slip to
the south of the hypocenter.

The rupture propagated mostly to the north and up-dip, directing the strongest
shaking toward the City of Napa, where peak ground accelerations between 45%
g and 61% ¢ and MMI intensities of VII-VIII were reported (Boatwright et al.,
2014). The highest peak ground acceleration (1g) in the region was recorded near
the town of Crockett, at the Carquinez Bridge probably due to local site condi-
tions (Boatwright et al, 2015; Celebi et al., 2015) or to an unusual path effect.
However, there are strong positive residuals in strong motion records at stations
to the south of the earthquake, suggesting the stronger shaking in the along-
strike direction of faults in the region (Baltay and Boatwright, 2015). In partic-
ular, these positive residuals may align with the Quaternary-active Franklin or
Southhampton faults. Such positive residuals are consistent with a fault-zone
waveguide effect along these faults.

To investigate details of the subsurface structure (connectivity and branch)
of the rupture zone along the strands of the WNFZ using fault-zone trapped
waves (FZTWs), three 1-2 km long seismic recording arrays (Al, A2 and A3)
were deployed across the WNFZ, and seven REFTEK-130 seismographs deployed
along the WNFZ, immediately after the 2014 South Napa earthquake to recorded
aftershocks (Catchings et al., 2014). A part of these data recorded in the 2014
experiment have been used for analyses of peak ground velocities (PGV) and
FZTWs in our published papers (Catchings et al., 2016; Li et al. 2016). In 2016,
a much longer (~15.5 km in length) seismic array (W-E Line) was deployed
across the surface rupture zones along the WNFZ and adjacent faults to record
shots detonated within the rupture zone. In this Chapter, we present the FZTWs
generated by both aftershocks and explosions, and recorded in the 2014 and 2016
experiments. Our observations and 3-D finite-difference simulations of these
FZTWs show the continuity between the WNFZ and the Franklin Fault, and
rupture branching along multiple strands of the WNFZ. The waveguide effect of
low-velocity fault zones may have localized and amplified ground shaking along
the WNFZ and along faults farther to the south even if the surface rupture
is limited to only a portion of the WNFZ, consistent with the ground motion
observations of Baltay and Boatwright (2015).

1.2 The Aftershock Data and Waveform Analyses

Four days after the M6.0 South Napa earthquake, the USGS installed three
seismic arrays Array 1, Array 2 and Array 3 (called A1, A2, and A3 for short)
consisting of a total of 50 short-period (4.5 Hz) seismic stations across the West
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Napa Fault (WNF) and adjacent faults for ~2 weeks (Catchings et al., 2014).
1.9-km-long A1l and A2 were deployed perpendicularly across the West Napa
Fault Zone (WNFZ), at locations near the ends of the northern and southern
surface ruptures, respectively (Figs.1.1a, 1.1b). A3 was deployed across the in-
tersection of the Franklin and Southhampton faults, which could be southward
continuations of the WNFZ (Fig. 1.1c). The station spacing along each array
was 100 m, with vertical, fault parallel, and fault perpendicular velocity sensors
(4.5 Hz) at each station. The seismometers recorded in continuous mode at 100
samples per second and were synchronized by internal GPS clocks before and
after deployment. The internal clocks of the seismographs are usually accurate
to within 15 ms over the 3-day deployment period, which is sufficient for our
FZTW study. Al consisted of 20 stations, referred to here as stations A1-01 to
A1-20. Stations A1-20 and A1-16 of array 1 (A1) were located at the NE and SW
ends of the seismic line (Fig. 1.1d) with latitude and longitude of 38.33986°N,
—122.34378°W and 38.33366°N, —122.36535°W, respectively. A2 consisted of
20 stations (A2-01 to A2-20 in Fig. 1.1d), with station A2-01 on the NE end
(38.23874°N, —122.30815°W) and station A2-20 on the SW end (38.23454°N,
—122.32825°W). A3 consisted of 10 stations (A3-1 to A3-10 in Fig. 1c), with
station A3-1 on the NE end (37.56931°N, —122.14027°W) and station A3-10 on
the SW end (37.96437°N, —122.15060°W). All station locations of Al, A2 and
A3 are shown in Table 1 of a companion paper (Catchings et al., 2016). In the
2014 experiment, 7 REFTEK-130 three-channel seismographs (R1 to R7) with
2Hz L.22 sensors were deployed around the WNFZ. 4 stations R1to R4 were lo-
cated close to the main surface rupture of the M6 South Napa earthquake and
the south part of the WNF, and stations R4, R5 and R6 were located in Napa
Valley away from the surface rupture (Fig. 1.1a, 1b). Locations of stations R1 to
R7 are: R1 (38.33204°N, —122.35268°W), R2 (38.23440°N, —122.31657°W), R3
(38.20700°N, —122.28872°W), R4 (38.06802°N, —122.22854°W), R5 (38.29936°N,
—122.26774°W), R6 (38.29393°N, —122.24215°W), and R7 (38.29311°N,
—122.22725°W).

Approximately 180 aftershocks and local earthquakes were recorded at the
three seismic arrays (Al, A2 and A3) and 7 REFTEK stations between August
28 and September 9 (Julian dates 240 to 252) of 2014. We examined the wave-
form data from all the recorded events and selected a subset of 55 aftershocks
from which seismograms show appropriate signal-to-noise ratio for further wave-
form analysis in this study. Seismograms from other aftershocks were evaluated
either having poor signal-to-noise ration or without clear FZTWs. Locations
of the 55 aftershocks are shown in Fig. 1.1b. The origin times, locations, and
magnitudes of the 55 aftershocks evaluated are listed in Table 1.1. FZTWSs were
generated by 41 aftershocks, by which we investigate the subsurface fault-zone
damage zone and the continuity between the WNRZ rupture zone and Franklin
Fault.
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We identify the FZTWs on the basis of extended coda waves with large am-
plitudes that follow the S-arrival on seismograms recorded at stations within a
fault zone (e.g., Li and Leary, 1990; Li et al., 1990, 1997, 2014). Generally, the
coda length of the coherent guided waves increases with increasing hypocentral
distance between the earthquake source and the recording site (e.g., Li and Ma-
lin, 2008; Li et al., 2000, 2012, 2003a). In addition, the difference between the
P- and S-arrivals also increases with increasing hypocentral distances. Empirical
studies have shown that the ratio of the post-S coda time to the time difference
between the P- and S-arrivals is approximately higher than 1.2 for prominent
guided waves (Li et al., 2014). Thus, in this study, we use the ratio of post-S
coda time to S-P arrival time difference (tc — tg)/(ts — tp), to indicate promi-
nent guided waves well generated and observed for aftershocks occurring within
or close to the low-velocity fault zone when the ratio is higher than approxi-
mately 1.2. tp and tg are the P- and S-arrival times; tc — tg is the post-S coda
time in which the amplitudes of FZTWs are above twice those of the background
signals.

1.2.1 Seismograms Recorded at the Full-Length Array Al

We first examined FZTWs for aftershocks located north of array Al. Figure 1.2a
shows three-component seismograms recorded at Al for three aftershocks (E53,
E54 and E55 in Table 1.1 and Fig. 1.1; “E” means event) with hypocenters
between 4.5 and 5.6 km depths. We observed prominent FZTWs with large
amplitudes, long duration coda following the S-arrivals in seismograms recorded
at stations between A1-05 and A1-09, which were centered on the northward
projection of the surface rupture. In comparison, relatively small amplitudes and
short coda are registered at stations outside of this range. We measured post-S
coda durations of FZTWs to average 1.4-1.5 s (with the standard deviations of
+0.2 s) at five near-fault stations, where the amplitudes of FZTWs are above
twice those of the background signal.

In the above example, the S-P times are 0.8-1.0 s for events E53, E54 and
E55. Thus, the (tc —tg)/(ts —tp) ratio for data recorded from these aftershocks
range from 1.3 to 1.5, above the average ratio (1.2) expected for FZTWs. We
interpret that the FZTWs are well excited by these aftershocks and well recorded
at stations located within the low-velocity rupture zone.
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Aftershocks within rupture zone
E53 M1.6 at 5.3-km depth and epicenter ~3-km north of A1l
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Fig. 1.2 Three-component seismograms and amplitudes recorded at 20 stations
(A1-01 to A1-20) of Al for three aftershocks E53, E54 and E5 occurring with the
rupture zone at 4.5-5.6 km depth and with epicenters ~2 to ~3 km north of Al. Seis-
mograms are labeled by station names (A1-01 to A1-20). NEE (northeast by east) and
SWW (southwest by west) denote the ends of Al. Aftershock magnitude, focal depth,
and epicentral distance from A1l are shown in the title. The origin date and time of
aftershock are shown in Table 1.1. Seismograms are filtered (<8 Hz) and plotted using
a fixed amplitude scale for each aftershock. Prominent FZTWs (in boxes) are observed
at five stations from 1-05 to 1-09 of A1l within an apparent 400-m-wide fault zone (de-
noted by a vertical bar). Post-S coda durations of FZTWs average 1.4-1.5 s in length
for stations within the rupture zone. Amplitudes of seismograms are smoothed and
plotted in envelope using SAC (Seismic Analysis Code) program. In contrast, shorter
post-S coda durations, with smaller amplitudes, are registered at stations located out-
side of the fault zone.
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1.2.2 Seismograms Recorded within and out of the Rupture Zone

Figure 1.3 shows seismograms recorded at two arrays Al and A2 for two after-
shocks (E43 and E16 in Table 1.1 and Fig. 1.1b), occurring at 5-km depth within
the southern rupture zone and at 9.1-km depth east of the WNF, respectively.
Prominent FZTWs are observed at stations A1-05 to A1-09 and A2-13 to A2-
17 located within a ~400-m-wide rupture zone for the on-fault aftershock E43.
Post-S coda durations of FZTWs are measured to be 2.4 s at Al and 1.5 s at A2
within the rupture zone. The (tc — tg)/(ts — tp) ratios for FZTWs are 1,3 and
1.7 at A1 and A2, showing that the FZTWs were well excited by aftershock E43
and well propagated along the rupture zone. In contrast, seismograms recorded
at stations farther away from the rupture zone do not show clear FZTWs for
the on-fault aftershock E43, and there is no obvious FZTWs observed at all sta-
tions of Al and A2 for aftershock E16 occurring ~15 km away from the rupture
zone. The (tc — ts)/(ts — tp) ratios of post-S coda durations at Al and A2
for aftershock E16 are lower than 0.6, showing that no significant FZTWs were
generated by the event and out of the fault-zone waveguide.

We then examined FZTWs recorded on Al and A2 for two aftershocks oc-
curring at the same depth of 6.6 km within the WNFZ rupture zone near A2.
Figure 1.4a shows seismograms, amplitudes, and normalized spectral energy at
Al and A2 for aftershocks (E19 and E1 in Fig. 1.1 and Table 1.1). The epi-
central distance between Al and E19 is ~10.5 km while the epicentral distance
between A2 and El1 is ~1 km. The amplitude envelopes of seismograms and
spectral amplitude contours are computed using SAC (Seismic Analysis Code)
programs. Prominent FZTWs with large amplitudes are observed at stations
A1-05 to A1-09 and stations A2-12 to A2-16 due to fault-zone waveguide effect.
Post-S coda durations of the high-amplitude FZTWs are 2.4 s at Al for E19
and 1.6 s at A2 for E1. At array Al, spectral energy contours show dominant
frequencies of the FZTWs at ~5-8 Hz, with 2.3-2.5 s post-S coda durations at
stations A1-05, A1-08 and A1-09 located within the rupture zone. In contrast,
much shorter post-S coda durations (0.7-1.3 s) are registered at stations A1-09
and A1-13 out of the rupture zone. Similarly, at array A2, FZTWs with large
spectral amplitudes and 1.5-1.6 s post-S coda durations are observed at sta-
tions A2-14, A2-15 and A2-16. In contrast, the relatively shorter post-S-wave
coda durations are registered at stations A2-09 and A2-19 away from the surface
rupture zone. These observations and analyses suggest that seismic energy was
trapped (localized) within a low-velocity waveguide formed by the 400-500 m
wide rupture zone, which likely extends to at least 6.6 km depth between Al
and A2. The (tc —ts)/(ts —tp) ratio for these two on-fault aftershocks E19 and
E1 ranges from 1.2 to 1.3, indicating the FZTWs well exited and propagating
along the central part of the rupture zone between Al and A2.
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Fig. 1.3 Vertical-component seismograms recorded at array Al and A2 for (a) an
on-fault aftershock E43 with its epicenter near A2, and (b) an off-fault aftershock E16
located ~20 km east of Al and ~15 km southeast of A2. Other notations are same
in Figure 1.2. Prominent FZTWs (in boxes) are observed at stations 1-05 to 1-09 of
Al and 2-13 to 2-17 of A2 within an apparent 400 m-wide fault zone for the on-fault
aftershock E19. Post-S coda durations of FZTWs average 2.4-s at A1 and 1.5-s in length
at stations of A1l and A2 within the rupture zone for E19. Seismograms recorded at
away-fault stations for E43 and at all stations for E16 do not show significant FZTW.
In order to conserve space, we plot seismograms only at 12 of the 20 stations of arrays
Al and A2. Seismograms recorded at away-fault stations A1-01, Al-14 to A1-20 of
Al and A2-01 to A2-08 of A2 do not show significant FZTWs associated with the
low-velocity rupture zone along the WNFZ so that they are no longer plotted.
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E19 M1.2 at 6.6-km depth,
epicenter 10.5-km south of Al

NEE 1-02 ; Vertical Amplitudes ,,I
102 Rl .
o 104 s -
§ %Wm— I
= by A
o -
e L
%g Ll W e }
2 - Ao
11 .S |
112
SWw1-11 i
o p S FZTW 0 OpsFz 10 0p 5075 10

E1 M2.2 at 6.6-km depth,
epicenter 1-km north of A2

1w Amplitude
Q : Amplitudes
g nee209 Vertical J
N 2-10
o 2-11 oy 1
g |E— |
%E 213 1
ol2d 1. W I
[ PETI P
N T A v
a7 RN |
2-18 165 i
2-19
SWw2-20
0 P SFZTW Gpsz 10
Time (s) Time (s) T1me (s)

(a)
E10 M2.2 at 8.4-km depth,

epicenter 20-km SE of Al epicenter 18-km east of A2

Amplitudes

NEE 1-02 Vertical Amplitudes NEg209 |, Vertical
A i P
-y P " E
I A Y W W WA S
£ ey S :
N g . L ; ol v
L _'_-'." 2 M 3 o
2 § s oy oo 1) v ANt
g o Mt AR St > iy
& .. "~ i~ A i
MWITE el swwizg 5 B
[ 5 wops 10 0 [ H 100PS 10
Time (s) Time (s) Time (s)

(b)

Fig. 1.4 (a) Vertical-component seismograms, amplitudes, and normalized spectral
energy registered (top) at Al for aftershock E19 and (bottom) at A2 for aftershocks E1
occurring within the rupture zone at ~6.6 km depth and ~1-km north of A2. Spectral
amplitudes are normalized (0 to 1). Prominent FZTWs (in boxes) are observed at
stations A1-05 to A1-09 of Al and stations A2-11 to A2-16 of A2 located within the
rupture zone. Dominant FZTWs at 5-8 Hz with 2.3-2.5 s coda duration (marked
by horizontal bars) are observed at stations A1-05, A1-08 and A1-09, and 1.5-1.6 s
time duration at stations A2-14, A2-15 and A2-16. In contrast, much shorter time
durations of post-S coda are measured at stations A1-05, A1-13, A2-09 and A2-19.
Other notations are same in Figure 1.3. (b) Vertical-component seismograms and
amplitudes registered at A1 and A2 for aftershock E10 occurring 18-20 km east of the
WNF. No clear FZTWs with large amplitude and long-duration are observed at all
stations of two arrays.
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However, seismograms recorded at Al and A2 for an aftershock (E10 in Table
1.1) occurring 18-20 km east of the WNFZ do not show obvious FZTWs with
large amplitudes and long post-S coda durations at all stations of A1 and A2
(Fig. 1.4b). The (tc — tg)/(ts — tp) ratios of post-S coda durations registered
at Al and A2 for aftershock E10 far away from the rupture zone are less than
0.5, indicating that the source located far away from the low-velocity fault-zone
could not generate significant FZTWs.

1.2.3 FZTWs Observed within the Central Rupture Zone

We evaluated FZTWs generated by aftershocks (E23, E28, E3, and E50 in Table
1.1 and Fig. 1.1b) located midway between arrays Al and A2 at depths ranging
from 5.4-7.0 km. Prominent FZTWs are observed at stations between A1-5 and
A1-9 of array Al, located within the rupture zone (Fig. 1.5). FZTWs are also
clearly observed at stations between A2-11 and A2-16 of array A2, located near
and westward of the 2014 surface rupture. Post-S coda durations of FZTWs
range in 1.8-2.0 s at these stations. The (t¢ — tg)/(ts — tp) ratios for guided
waves generated by these events range between 1.3-1.5 (see Table 1.1), consis-
tent with values expected for FZTWs that are well generated and propagate
along the rupture zone. Spectral amplitudes of seismograms at stations located
within the rupture zone show FZTWs at 5-8 Hz, with 1.8-2.0 s post-S-wave coda
durations.

Observations of FZTWs for these aftershocks indicate a prominent low-velocity
waveguide between Al and A2 above ~7 km depth. We note that FZTW coda
durations from these more centrally located events are longer than those from
aftershocks located within the northern and southern portions of 2014 surface
rupture zone, even though their hypocentral distances are similar, suggesting
the greater magnitude of fault rock damage in the central rupture zone of the
2014 M6 earthquake. This observation is consistent with the greater surface slip
mapped near the central part of rupture zone (Dawson et al., 2014).
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Fig. 1.5 Vertical-component seismograms, amplitudes, and normalized spectral am-
plitudes recorded at Al (a) and A2 (b) for four on-fault aftershocks E23, E28, E3 and
E50 that occurred at depths of 5.4-7.0 km beneath the middle of the surface rupture.
Prominent FZTWs (in boxes) are observed at stations located within the rupture zone.
Histograms show maximum amplitudes of post-S coda in 3 s windows for seismogram
recorded at Al and A2. Post-S coda durations of FZTWs average 1.8-2.0 s stations
within the rupture zone. Spectral amplitudes of seismograms (<10 Hz) at station Al-
08 of Al and station A2-16 of A2 show FZTWs at dominant frequencies of 5-8 Hz,
with coda durations marked by horizontal bars.
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1.2.4 Post-S Coda Durations of FZTWs Increasing with Focal Depth

We analyzed FZTWs generated by aftershocks E14, E7, E26, and E5 (Table
1.1 and Fig. 1.1), which occurred along the northern projection of the 2014
surface rupture (Fig. 1.6) at depths increasing from 2.8 km to 6.6 km. Their
epicentral distances to the center of Al range from 2 to 3 km; therefore raypaths
between these aftershocks and Al were sub-vertical. FZTWs with relatively
large amplitudes and long post-S coda durations are prominent at five stations
located within the rupture zone. At array Al, post-S coda durations of FZTWs
increase from 0.8 s to 1.6 s as aftershock hypocenters increase from 2.8 km to
6.6 km. The (tc — tg)/(ts — tp) ratio for these on-fault aftershocks range from
1.3 to 1.6 with the maximum ration for the shallowest event E14 occurring at
2.8 km depth (see Table 1.1). Observations of FZTWs at arrays Al and A2 for
these aftershocks suggest that a remarkable low-velocity damage zone along the
WNFZ likely extends further northward from the surface rupture of the 2014
M6 mainshock to depths of at least 5—6 km.

In another example, we evaluated FZTWSs generated by three aftershocks
(E31, E2 and E32 in Table 1.1 and Fig. 1.1) occurring at depths of 4.8, 7.7,
and 9.3 km depths between Al and A2, and recorded at the two arrays (Fig.
1.7). Prominent FZTWs are observed at stations within and near the 2014 sur-
face rupture zone for each aftershock. The post-S coda durations of FZTWs
(measured at A2) increase from 1.4 s to 1.7 s as their focal depths increase from
4.8 km to 7.7 km) but the post-S coda durations only slightly increase from 1.7
s to 1.8 s for aftershocks with focal depths between 7.7 km and 9.3 km, sug-
gesting that a significant low-velocity waveguide likely extends to approximately
7.7 km depth at A2. Post-S coda durations (2.3 to 2.6 s) of FZTWs recorded
A2 are larger than those registered at Alfor the same aftershocks, suggesting
a remarkable low-velocity waveguide exists along the rupture zone between Al
and A2. The (tc —ts)/(ts — tp) ratio for aftershocks E31 and E2 range from 1.2
to 1.4, but the ratio for the deep aftershock E32 is 1.1 (see Table 1.1), indicative
of weak waveguide effect below ~7 km.

Figure 1.8 shows seismograms and amplitudes registered at A1 and A2 for
four on-fault aftershocks (E41, E42, E43 and E44 in Table 1.1 and Fig. 1.1)
that occurred with epicentral distances ~0.5 to 1 km north of array A2. We
observe prominent FZTWs with 1.4-1.6 s post-S coda durations at A2 and 2.2-
2.5 s of post-S coda durations at Al as aftershock focal depths increase from
4.3 km to 7.4 km. The longest coda duration (2.5 s) is for E44 occurring at the
greatest along-ray distance from A2. The ({c —ts)/(ts — tp) ratios measured for
these aftershocks range from 1.2 to 1.7 with the maximum ratio for the shallow
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aftershock E42 at 4.25-km and smallest ratio for the deep event E44 at 7.4 km
depth (see Table 1.1), consistent with our interpretation that a remarkable low-
velocity waveguide between Al and A2 has strong trapping efficient along the
rupture zone extending from the surface to depths of 5-7 km.

E14 M1.6 at 2.8-km depth and epicenter ~1.0-km north of A1l ~12-km north of A2
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Fig. 1.6 (a) Seismograms and amplitudes registered at 12 stations (A1-01 to A1-16)
of A1 for four on-fault aftershocks E14, E7, E26, and E5 with epicenters 1-3 km north
of Al at depths of 2.8, 4.7, 5.1, and 6.6 km. Histogram shows maximum amplitudes of
post-S coda in 3 s windows for each seismogram recorded at Al. Spectral amplitudes
of seismograms at station A1-08 of Al located within the rupture zone are computed
and normalized (0-1). (b) Same plot as shown in (a) but for data recorded at 12
stations (A2-09 to A2-20) of A2 for these aftershocks. Prominent FZTWs (in boxes)
are observed at stations A1-05 to A1-09 of Al and stations A2-13 to A2-17 of A2.
Post-S coda durations of FZTWs at Al increase from 0.8 to 1.6 s as aftershock depths
increase from 2.8 to 6.6 km (the move-out denoted by the slope of a gray line). Post-S
coda durations of FZTWs registered at A2 range around 3.0-3.1 s.
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Fig. 1.7 (a) Seismograms, amplitudes, and normalized spectral amplitudes registered
at Al from three on-fault aftershocks E31, E2 and E32 at 4.8, 7.7 and 9.3 km depth.
Post-S coda durations of FZTWs for stations of A1 within the rupture zone are 2.3-2.6
s for these aftershocks. (b) Same as in (a), but for A2. Prominent FZTWs (in boxes)
occur at stations Al-5 to A1-9 of Al and stations A2-12 to A2-17 of A2. Histograms
show maximum amplitudes of post-S coda in 3 s windows for each seismogram recorded
at Al and A2. The post-S coda durations of the FZTWs at five fault-zone stations
of A2 increase from 1.4 s to 1.7 s (denoted by a grey line) as aftershock focal depths
increase from 4.8-km to 7.7 km. There is only a slight increase from 1.7 s to 1.8 s for

focal depths between 7.7 km and 9.3 km. Seismograms recorded at away-fault stations

do not show significant FZTWs.
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Fig. 1.8 Seismograms and amplitudes at Al (a) and A2 (b) for a cluster of four on-
fault aftershocks E41, E42, E43 and E44 with epicenters near A2 and depths ranging
from 4.3 km to 7.4 km. Prominent FZTWs (in boxes) occur at stations Al-5 to A1-9
of Al and stations A2-12 to A2-17 of A2. Post-S coda durations of FZTWs measured
at A1 for stations within the rupture zone are 2.2-2.5 s for these events located 10-11.5
km south of A1l; whereas post-S coda durations of FZTWs measured at A2 for stations
within the rupture zone are 1.4-1.6 s. This shows that the coda duration for FZTWs
increase with aftershock depth and epicentral distance.
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1.2.5 Post-S Coda Durations of FZTWs Increasing with Epicentral
Distance

To further examine the continuity of the rupture zone along the WNFZ at seis-
mogenic depths, we analyzed waveforms recorded at arrays Al and A2 for six
deeper (8.7 km to 11 km depths), on-fault aftershocks (E45, E6, E25, E33, E22
and E20 in Table 1.1 and Fig. 1.1b), with epicenters 1 km to 8 km south of A2,
along the southernmost 2014 rupture zone. FZTWs are observed at stations lo-
cated within the WNFZ (Fig. 1.9). Post-S coda durations of FZTWs measured
at Al increase from 2.8 s to 3.2 s as epicentral distances of aftershocks increase
from 12 km to 19 km. At A2, post-S coda durations of FZTWs increase from
only about 1.9 s to 2.3 s with increasing epicentral distances from 1 km to 8
km. The (tc —tg)/(ts — tp) ratios for FZTWs generated by these events range
from 1.1-1.3 (see Table 1.1). In general, these ratios are smaller than those for
FZTWs generated by aftershocks occurring within the central part of the rup-
ture zone between Al and A2 (see Figs. 1.3 to 1.8), indicating the low-velocity
waveguide south of A2 has weaker trapping efficiency than that along the central
part of the rupture zone at seismogenic depths. Alternatively, the smaller ratios
may infer weaker excitation of FZTWs because they originate lower than or at
the bottom of the rupture zone.

1.2.6 FZTWs Observed at Three Cross-Fault Arrays

We evaluated FZTWs across all three seismic arrays for aftershocks. Figure 1.10
shows FZTWs recorded at Al, A2, and A3 for an on-fault aftershock (E51 in
Table 1.1 and Fig. 1.1b) located ~6 km south of A2 at ~5 km depth. FZTWs
from E51 are prominent at stations of Al and A2 located within the rupture
zone. Post-S coda durations of the FZTWs average ~2.8 s at Al and ~1.7 s
at A2. In contrast, post-S coda durations are much shorter at stations located
outside of the rupture zone.

At A3, we observe FZTWs with 3.8 s of post-S coda durations at stations A3-
02 and A3-03 located near the Southhampton Fault (F1), and at stations A3-09
and A3-10 located near the Franklin Fault (F2). The FZTWs traveling ~28 km
distance from aftershock E51 to array A3 show 3.8 s post-S coda duration while
the FZTWs traveling ~18 km distance from the same aftershock to A1l show 2.8
s post-S coda duration, suggesting that either (a) rocks within the fault zone to
the north from E51 along the WNFZ have been more severely damaged than
those along the fault zone to south from E51 and A3 along the Franklin Fault, or
(b) The deeper travel path to A3 only samples the deeper (and higher velocity)
part of the waveguide. The (tc — ts)/(ts — tp) ratios for FZTWs are 1.2-1.3 at
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Fig. 1.9 Vertical-component seismograms and amplitudes recorded at Al (left) and
A2 (right) for six deep aftershocks E45, E6, E25, E33, E22 and E20 with epicenters 1-8
km south of A2. FZTWs (in boxes) are observed at stations A1-05 to A1-09 of Al and
stations A2-13 to A2-17 of A2. Post-S-wave coda durations of FZTWs at Al increase
from 2.8 s to 3.2 s as epicentral distances increase from 12 km to 19 km. Post-S coda
durations of FZTWs at A2 increase from 1.9 s to 2.3 s as epicentral distances increase
from 1 km to 8 km. Maximum amplitudes of post-S coda at 12 stations of A1l and A2
are shown in histograms.
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Fig. 1.10 Vertical-component seismograms, amplitudes, and normalized spectral am-
plitudes registered at Al (top), A2 (Middle), and A3 (bottom) for an on-fault after-
shock E51 located ~7 km south of A2. FZTWs (in boxes) are observed at stations
A1-05 to A1-09 of A1, stations A2-12 to A2-17 of A2, and stations A3-02, A3-03, A3-
09, and A3-10 of A3. Post-S coda durations of FZTWs average 2.8 s at Al and 1.7
s A2. Spectral amplitudes of seismograms show dominant FZTWs with ~2.8 s coda
duration at station A1-08 and ~1.7 s at station A2-14; both stations are located within
the rupture zone. In contrast, much shorter coda durations are observed at stations
A1-02, A1-14, A2-09, and A2-19 located outside of the rupture zone. At A3, FZTWs
with 3.8 s duration arrive at stations A3-02 and A3-03 located near the Franklin Fault
(denoted by F1), and at stations A3-09 and A3-10 near the Southhampton Fault (F2).
The time scale in plot is 0 to 20 s for A3.

A1l and A2 along the WNF but ~0.8 for A3, showing less trapping efficiency of
the waveguides south of E51 along the FF (Table 1.1).

Fig. 1.11 shows seismograms recorded at three arrays for three aftershocks ES,
E6,and E4 (Table 1.1 and Fig. 1.1b) occurring within and far away from the WNFZ.
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Fig. 1.11 (a) and (b) Vertical-component seismograms at Al, A2 and A3 for two
aftershocks E8 and E6 that occurred within the WNF rupture zone at depths of 7.6
km and 9.6 km. Aftershock E8 located at epicentral distances of 10, 1 and 31 km
from A1, A2 and A3; aftershock E6 located at 14, 3 and 27 km from A1, A2 and A3.
FZTWs (in boxes) are observed at stations A1-05 to A1-09 of Al and stations A2-12
to A2-17 of A2. Post-S coda durations of FZTWs average 2.4 s at Al and 1.6 s at A2
for aftershock E8, and 3 s at A1l and 1.8 s at A2 for E6. At A3, FZTWs with 5-s coda
(4.2-s) duration were recorded at stations A3-02, A3-03, A3-09 and A3-10 for on-fault
E8 (E6). (c) Seismograms recorded at Al, A2 and A3 do not show significant FZTWs
for aftershock E4 located ~13-km east of A2, far away from the WNF rupture zone.

Aftershock E8 and E6 are on-fault events. E8 (E6) occurred at ~10 km (14 km)
south of Al, ~1 km (3 km) from A2, and ~31 km (27 km) north of A3. After-
shock E4 occurred ~14 km southeast of A1, ~12 km east of A2, and ~35 km
northeast of A3. Prominent FZTWs with 2.4-3.0 s post-S coda durations and
1.6-1.8 s post-S coda durations are observed at stations of Al and A2 within
the rupture zone for aftershocks E8 and E6. The (tc — ts)/(ts — tp) ratios for
these FZTWs are 1.2-1.3.
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At A3, we observe FZTWs with 5 s post-S coda durations at stations A3-02
and A3-03 near the Southhampton Fault and stations A3-09 and A3-10 (near
the Franklin Fault) for on-fault aftershock E8, and 4.2 s post-S coda durations
at these stations for E6. The (tc —ts)/(ts —tp) ratios for these FZTWs recorded
at A3 for events E8 and E6 are ~0.8 (Table 1.1), suggesting that a continuous
waveguide exists along the Franklin Fault and Southhampton Fault, but the
waveguide trapping efficiency is weaker than that along the WNFZ.

For aftershock E4, located ~13 km east of A2 and far away from the 2014
rupture zone, no clear FZTWs were recorded at all stations of A1, A2 and A3.
Although seismograms show large-amplitudes of S-waves at stations A3-02, A3-
09 and A3-10 of array A3 for E4, but with much shorter coda-durations (~2 s)
than those (~5 s) recorded at the same stations for on-fault aftershocks E8 and
E6. The (tc — ts)/(ts — tp) ratio for E4 is 0.5 (see Table 1.1), indicating no
significant guided wave energy generated by aftershock E4 occurring far away
from the WNFZ.

We examined FZTWs recoded at stations A3-02 and A3-03 near the South-
hampton fault (F1) and A3-09 and A3-10 near Franklin fault (F2) of array A3
for four aftershocks (E20, E22, E1 and E26 in Table 1.1 and Fig. 1.1b) occurring
at depths between 5.1 km and 9.2 km along the south WNFZ. Figure 1.12 shows
Post-S coda durations of FZTWs increase from ~3.5 s to ~6.5 s as epicentral
distances increase from ~22 km to ~44 km, indicating that the low-velocity
waveguide along the WNFZ likely extends further southward along the Franklin
fault and Southhampton fault to A3. Comparing with post-S coda durations
of FZTWs travelling from these aftershocks to Al and A2 (see Table 1.1), the
velocity reductions within the Franklin Fault and Southhampton Fault seam less
than those within the WNF. The (tc — tg)/(ts — tp) ratios registered at A3 for
these aftershocks are ~0.8, suggesting a weaker waveguide effect along the F1
and F2 than that along the WNFZ rupture zone. Our observations suggest that
the Franklin fault and Southhampton fault experienced less damage than the
WNF did in the 2014 M6 South Napa earthquake. They experienced significant
damage in the past earthquakes, but might have been healed to base level since
then.

Numerical investigations of trapping efficiency of a low-velocity waveguide for
seismic waves show that if there is a discontinuity, such as a step-over between
the two faults greater than several times of the fault-zone width, the propagation
of FZTWs will be disrupted obviously (Li and Vidale, 1996). Therefore, if there
is a fault-zone step-over between the West Napa Fault and the Franklin Fault or
Southhampton Fault greater than 1-2 km, several times of the fault-zone width
(~500 m), the (tc —tg)/(ts — tp) ratio for FZTWs should be much smaller than
that for a continuous waveguide.
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E20 M2.1 at 8.7-km depth, ~22-km north of A3 E22 M2.5 at 9.2-km depth, ~23-km north of A3

E1 M2.2 at 6.6-km depth, ~31-km north of A3 E26 M2.4 at 5.1-km depth, ~44-km north of A3
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Fig. 1.12 Vertical-component seismograms at A3 for four on-fault aftershocks E20,
E22, E1 and E26 that occurred at depths between 5.1 km and 9.2 km with various
epicentral distances to A3. FZTWs with large amplitudes and long durations (in
boxes) were recorded at stations 3-02 and 3-03 near the Southhampton fault (F1),
and at stations 3-09 and 3-10 near the Franklin fault (F2). Post-S coda durations of
FZTWs average from 3.5 s (3.3 s) to 6.5 s (6.5 s) as epicentral distances increase from
22 km to 44 km to F1 (F2).

1.2.7 FZTWs Observed at Cross-Fault Arrays and Along-Fault
Stations

We further evaluated FZTWs recorded at three cross-fault seismic arrays with
4.5-Hz sensors together with REFTEK-130 seismographs with 2-Hz sensors for
aftershocks occurring within the WNFZ at different depths and epicentral dis-
tances. Figure 1.13a shows FZTWs recorded stations of Al, A2, and A3 for
two on-fault aftershocks (E13 and E18 in Table 1.1 and Fig. 1.1b) located at
9.6-km and 4.6-km depths with their epicenters right beneath A2 and middle of
the surface rupture between A1l and A2, respectively. Post-S coda durations of
FZTWs range from 1.8 s to 2.9 s at Al and A2, with the longer post-S coda du-
ration of FZTWs traveling longer hypocentral distance. The (tc —tg)/(ts — tp)
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Fig. 1.13 (a) Seismograms at Al, A2 and A3 for aftershocks E13 and E18 occurring
within the WNFZ rupture zone at depths of 9.6 and 4.6 km. E13 was located at
epicentral distances of 11, 0 and 30 km from A1, A2 and A3; E18 located at 6, 5 and
35 km from A1, A2 and A3. FZT'Ws (in boxes) are observed at stations A1-05 to A1-09
of Al and stations A2-12 to A2-17 of A2. Post-S coda durations of FZTWs average
2.9 sat Al and 1.8 s at A2 for E13, and 1.9 s at Al and A2 for E18. At A3, FZTWs
(in boxes) with 5.0-s coda duration were recorded at stations A3-02, A3-03, A3-09 and
A3-10 for E13 and with 5.5 s for E18. (b) Vertical-component seismograms (<8 Hz
filtered) recorded at four REFTEK stations R1-R4 for aftershocks E13 and E18 are
plotted in order of their epicentral distances between the event and stations, aligned
at event origin time and with amplitudes in trace-normalized. Post-S coda durations
of FZTWs (in boxes) increase from 1.8 s to 4.5 s as epicentral distances increase from
0 to 23 km.
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ratios for these FZTWs recorded at Al and A2 are 1.2-1.4, indicating that the
fault-zone guided waves are well generated and propagate within the low-velocity
rupture zone along the WNFZ. However, post-S coda durations of FZTWs at
A3 range from 5 s to 5.5 s for E13 and E18 that occurred at 30 km to 35 km
epicentral distances from A3, almost 3 times as large as the epicentral distance
between E13 and Al. The (tc — ts)/(ts — tp) ratios for FZTWs recorded at
A3 are ~0.8, suggesting a weaker waveguide effect along the Franklin Fault and
Southhampton Fault than that along the WNFZ rupture zone.

We then examined waveform data recorded at four REFTEK seismographs
R1 to R4 deployed along the WNFZ (see Fig. 1.1) for the same aftershocks E13
and E18. Stations R1 and R2 were co-located with the center of arrays Al and
A2: R1 and R4 were located 3 km and 18 km south of A2, respectively. Figure
1.13b show that post-S coda durations of FZTWs recorded at these stations
increase from 1.8 s to 4 s as the epicentral distances increase from 0 km to 18
km along the WNFZ for E13 while post-S coda durations of FZTWs increase
from 1.9 s to 4.5 s as the epicentral distances increase from 5 km to 23 km
for E18. We notice that the increasing trend in coda duration of FZTWs with
travel distance is not linear but is smaller for the ray-path from events to R4 that
was located approximately 16 km south of the south end of the WNF surface
rupture. The (tc —tg)/(ts — tp) ratios at R1 to R4 for these FZTWs range from
1.1 to 1.5 (see Table 1.2) with the lowest ratio 1.1 for FZTWs arriving at R4.
These observations suggest that a continuous waveguide extends from the WNF
to the Franklin Fault, but the waveguide trapping efficiency is weaker along the
Franklin Fault than that along the WNF ruptured to the surface during the 2014
M6 earthquake.

In the next example, Figure 1.14 shows FZTWs recorded at three arrays Al,
A2, and A3, and four REFTEK seismographs R1 to R4 for two similar after-
shocks (E2 and E12 in Table 1.1 and Fig. 1.1b) occurring at the same depths
of 7.7-km and epicentral distance of 10-km to Al and 1-km to A2. Post-S coda
durations of FZTWs are 2.4 s at Al and 1.7 s at A2. The (tc —tg)/(ts —tp) ra-
tios for these FZTWs recorded are 1.2-1.3. However, the post-S coda durations
of FZTWs at A3 are 5 s for these two events located ~31 km to A3, almost 3
times as long as the epicentral distance from them to Al. The (tc—ts)/(ts —tp)
ratios of FZTWs recorded at A3 are ~0.8, suggesting the weaker waveguide ef-
fect along the F1 and F2 than along the WNFZ. The post-S coda durations of
FZTWs recorded at four REFTEK stations increase from 1.7 s to 4 s as the
epicentral distances increase from 1 km to 19 km. We notice that the increasing
trend in coda duration of FZTWs with travel distance is not linear but is smaller
for the ray-path from events to R4 located approximately 16 km south of the
south end of the WNF surface rupture. The (tc — ts)/(ts — tp) ratios for these
FZTWs range from 1.0 to 1.3 (Table 1.2) with the lowest ratio 1.0 for FZTWSs
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Fig. 1.14 (a) Seismograms at Al, A2 and A3 for two similar aftershocks E2 and
E12 occurring within the WNF rupture zone at 7.7 km depth with their epicentral
distances of 10, 1 and 31 km from Al, A2 and A3. FZTWs (in boxes) are observed
at stations A1-05 to A1-09 of Al, stations A2-12 to A2-17 of A2, and stations A3-02,
A3-03, A3-09 and A3-10 of A3. Post-S coda durations of FZTWs average 2.4 s at Al,
1.7 s at A2, and 4.8 s at A3 for E2 and E12. (b) Vertical-component seismograms at
four REFTEK stations R1-R4 for these two similar aftershocks. Other notations are
same as in Figure 1.13b. Post-S coda durations of FZTWs (in boxes) recorded at these
stations increase as the epicentral distances increase but having smaller increasing rate
along the F1 and F2 than along the WNF.
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arriving at R4, again suggesting a continuous waveguide with weaker trapping
efficiency along the south WNFZ and the Franklin Fault.

Finally, Figure 1.15 shows FZTWs recorded at three arrays Al, A2, and A3,
and four REFTEK seismographs R1-R3 for two shallow aftershocks (E14 and
E15 in Table 1.1 and Fig. 1.1b) occurring at 2.8-km and 4.4-km depths within
the rupture zone about 1 to 4-km north of Al. Post-S coda durations of FZTWs
average 1.0 s to 1.2 s at Al and 2.8 s to 3.0 s at A2. The (tc —ts)/(ts — tp)
ratios for these FZTWs recorded at A1l and A2 are 1.3—1.6 for these two shallow
aftershocks. The post-S coda durations of FZTWs at A3 are ~6 s for these
events located ~42 km to ~45 km from A3, almost 4 times as long as the
epicentral distance between them and Al. The (tc — tg)/(ts — tp) ratios at A3
are ~1.0 (Table 1.2), smaller than those at Al and A2 but larger than that
at A3 for deeper aftershocks, suggesting that the waveguide along the FF has
an effective trapping efficiency at shallow depth. The post-S coda durations of
FZTWs recorded at these REFTEK stations increase from 1 s to 3.4 s as the
epicentral distances increase from ~1 km to ~18 km. The (tc —ts)/(ts — tp)
ratios for these FZTWs at R1-R4 range from 1.1 tol.5 with the lowest ratio 1.0
for FZTWs at R4 (Table 1.2).

We analyzed waveform data recorded at REFTEK-130 seismographs located
along and away from the WNFZ and Franklin Fault both in time and frequency.
For example, Figure 1.16 shows prominent FZTWs recorded at four stations R1
to R4 located along with the faults, but not at station R7 located ~2 km away
from the WNF for three aftershocks E26, E13 and E20 occurring at depths of
5 km, 9.6 km and 8.7 km, respectively. We measured post-S coda durations
of FZTWs increasing from 1.5 s to 5 s as the hypocentral distances between
aftershock E26 and four on-fault stations R1-R4 increase from ~6 km to ~36
km. Similarly, we measured post-S coda durations of FZTWs increasing from
1.8 s to 3.9 s as the hypocentral distances between aftershock E13 and stations
R1-R4 increase from ~10 km to ~23 km. We measured post-S coda durations
of FZTWs increasing from 1.8 s to 3.3 s as the hypocentral distances between
aftershock FE20 and stations R1-R4 increase from 9 km to 20 km. In contrast,
the post-S coda durations at station R7 out of the WNFZ is 1.5-1.6 s. The
(tc —ts)/(ts — tp) ratios for these FZTWs at R1-R4 range from 1.0 tol.6 with
the larger ratio for FZTWs recorded at R1 and R2 located within the WNFZ
rupture zone and smaller ratio at R4 close to the Franklin Fault (Table 1.2),
indicating the stronger waveguide trapping effect along the WNFZ rupture zone
than the FF.

We have observed and measured FZTWs at four REFTEK stations for 30 on-
fault aftershocks (see Table 1.2). The measurements of FZTWs at R1 and R2
are consistent with those at co-located stations of arrays Al and A2 (Table 1.1)
within the rupture zone for the same aftershocks. We also notice the wavetrains
with relative large amplitudes and long durations following the first P-arrivals at
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Fig. 1.15 (a) Seismograms at Al, A2 and A3 for two shallow aftershocks E14 and
E15 occurring within the north WNF rupture zone at depths of 2.8 km and 4.4 km.
Aftershock E14 was located at epicentral distances of 1, 12 and 42 km from A1, A2
and A3; aftershock E15 located at 4, 15 and 45 km from A1, A2 and A3. FZTWs (in
boxes) are observed with post-S coda durations averaging 1.0-1.2 s at Al and 2.8-3.0
s at A2. FZTWs (in boxes) with ~6-s post-S coda duration are observed at stations
A3-02, A3-03, A3-09 and A3-10. Tt is noted that the post P-coda durations average 1.2
to 1.5 s following the first P-arrivals at stations of A2 located within the rupture zone.
(b) Vertical-component seismograms at four REFTEK stations R1-R3 for these two
shallow on-fault aftershocks. Post-S coda durations of FZTWs (in boxes) recorded at
these stations increase as the epicentral distances increase but having smaller increasing
rate along the F1 and F2 than along the WNF.
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Fig. 1.16 Parallel-component seismograms and normalized spectral amplitudes at
four on-fault REFTEK-130 seismometers R1 to R4 and one off-fault seismometer R7
(marked by yellow triangles) deployed along the West Napa Fault and Franklin fault
(marked by gray thick lines) for 3 on-fault aftershocks E26 (a), E13 (b) and E20
(c) (marked by red stars, also see Table 1.1 and Fig. 1.1) occurring at 5-km, 9.6-km
and 8.7-km depths, respectively. Epicentral distances between aftershocks and seismic
stations are plotted with arrows besides seismic stations in the schematic diagrams
left to seismograms. The post-S coda duration of FZTWs in each plot is marked
by a horizontal red bar with measured duration time. (d) Post-S coda durations of
FZTWs (red dots) measured at four on-fault stations R1 to R4 along with WNFZ and
Franklin Fault, and the cross-fault seismic array Line 3 for three on-fault aftershocks
E26, E13 and E20 versus hypocentral distances between these aftershocks and seismic
stations, showing that the post-S coda durations of FZTWs increase with increasing
travel distances, with larger increasing rate along the WNFZ than along the Franklin
Fault.
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stations A2-13 to A2-16 of array A2 located within the WNFZ for two shallow
aftershocks E14 and E15. We interpret these wavetrains to be as P-type FZTWs
with the post-P coda durations of 1.2-1.5 s, which are shorter than the post-S
coda durations of 2.8-3.0 s at the same stations for E14 and E15. We shall
discuss the details of P-type FZTWs in a separate paper.

1.3 Subsurface Damage Structure Inferred from
FZTWs

We have identified significant FZTWs generated by 41 Napa aftershocks and
recorded on three cross-fault seismic arrays (Al, A2, and A3) and four REFTEK
seismographs (R1 to R4) deployed along the WNFZ and the Franklin Fault. The
(tc —tg)/(ts — tp) ratios for FZTWs are equal to or larger than 1.2 on most
seismograms recorded at Al, A2, and R1 to R3 for sources and receivers both
located within the rupture zone of the 24 August 2014 M6 South Napa earth-
quake (refer to Table 1.1 and Table 1.2). However, the (tc —tg)/(ts — tp) ratios
for FZTWs on seismograms recorded at R4 and A3 located along the south
WNF and Franklin fault (FF) that did not rupture in the 2014 M6 earthquake
are 0.8-1.0 s, indicating a waveguide having moderate trapping efficiency along
the south WNFZ and FF. In contrast, the (tc — ts)/(ts — tp) ratios on seismo-
grams recorded at all seismic stations for aftershocks occurring far away from the
WNFZ and FF are less than 0.5, indicating no significant FZTWs were excited
by these off-fault events.

Figure 1.17a shows measured post-S coda durations of FZTWs recorded at
on-fault stations of arrays Al, A2, A3 and REFTEK stations R1 to R4 for the
41 aftershocks occurring within the WNFZ (see Table 1.1 and Table 1.2) ver-
sus their hypocentral distances between aftershocks and seismic stations. The
measurements show that post-S coda durations of FZTWs recorded at Al, A2,
R1, R2 and R3, which were located on or close to the surface rupture of the
2014 M6 South Napa earthquake, increase from ~1.0 s to ~4.0 s as hypocentral
distances of these aftershocks increase from ~3 km to ~21 km. The longer coda
durations of thee FZTWs result from their greater travel distances within the
low-velocity waveguide. Although an approximately 14-km-long surface rupture
was observed, the subsurface rupture likely extends beyond the northernmost
and southernmost ends of the surface rupture, consistent with aftershock align-
ments (Hardebeck and Shelly, 2014) and afterslip observations (Hudnut et al.,
2014).
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The post-S coda durations of FZTWs recorded at R4 and A3, which were
deployed at the south West Napa fault and Franklin fault, increase from ~2.5
s to ~6.0 s as hypocentral distances of these aftershocks increase from ~20
km to ~50 km, but show a lower increasing rate than that for A1, A2, R1,
R2, and R3. Our observations and measurements of post-S coda durations of
FZTWs generated by these aftershocks suggest that the low-velocity waveguide
along the WNFZ extends continuously to Franklin Fault, but the waveguide
trapping efficiency along the south WNFZ and FF is weaker than that along
the WNFZ with surface rupture during the 2014 M6 South Napa earthquake.
Similar relationships between the waveguide trapping effect and the magnitude
have been observed rupture zones of the 1992 M 7.4 Landers and 1999 M7.1
Hector Mine earthquakes (Li et al., 1998, 2003; Vidale and Li, 2003) and the
2004 M6.0 Parkfield earthquake (Li et al., 2006).

Although there is an empirical relationship between coda length and seismic
wave propagation distance (Fig. 1.17a), there is an amount of scatter in the data,
which we suggest arises from the uncertainties of post-S coda measurements,
aftershock locations, and sensitivity of the waveguide effect to the event location
within the rupture zone. In general, however, the data (Fig. 1.17a) are consistent
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Fig. 1.17 (a) Measured post-S coda durations of FZTWs recorded at arrays Al (red
circles), A2 (blue circles) and A3 (green circles), and REFTEK stations R1 (red stars),
R2 (blue stars), R3 (pink stars) and R4 (green stars) for 41 aftershocks that occurred
at varying depths within the rupture zone along the WNFZ. Post-S coda durations
are plotted versus hypocentral distances between these aftershocks and the recording
stations. The solid lines (in the same color as the data points) are the least-squares
fit to the measurements. Generally, for aftershocks with less ~20 km hypocentral dis-
tances, coda duration increases more rapidly with hypocentral distance, which implies
higher trapping efficiency of the waveguide (greater velocity reduction of fault rocks
relative to wall rocks). This higher trapping efficiency generally occurs at the shal-
lower depths along the rupture zone of the 2014 M6 south Napa earthquake. (b) 3D
volume (viewed in the southwest direction, —135° from the north and 15° downward)
showing the hypocentral locations of 55 aftershocks (Table 1.1) that were recorded at
arrays Al and A2 (marked by thick green bars), and REFTEK stations R1, R2 and
R3 (yellow triangles) deployed across and along the surface rupture (thick red line)
of the 2014 M6 South Napa earthquake and its northern projection. Straight lines
are ray paths between Al (red), A2 (blue), R1 (red), R2 (blue), R3 (pink) and the
aftershocks (open circles) that generated prominent FZTWs. Straight lines (green) are
the ray paths between the aftershocks (stars) and the recording stations for which we
do not observe clear FZTWs. We interpret a central damage zone (bounded by the two
nearly vertical rectangular planes) associated with the 2014 M6 mainshock, extending
from the surface rupture to 5-6 km depth beneath Al and 7-8 km depths beneath A2.
The interpreted rupture zone is schematic geometry used in the model of Figure 1.18b.
(¢) 3D volume (viewed along the rupture zone, —68° from the north and 15° down-
ward). Locations of aftershocks (open circles) generating clear FZTWs delineate the
nearly vertical rupture zone (thick curve at the ground surface) crossed by array Al
and A2 (thick bars). Stars denote aftershocks which did not generate clear FZT'Ws.

with a continuous low-velocity waveguide at seismogenic depths along with the
2014 rupture zone. The aftershocks with shorter hypocentral distances (either at
shallower depths or nearer to seismic arrays) show the greatest (tc —tg)/(ts —tp)
ratio for guided waves (refer to Table 1.1 and Table 1.2), implying strongest
trapping efficiency of the waveguide at shallow depths between A1l and A2. We
note that the two shallowest aftershocks E14 and E42 at 2.8 km and 4.25 km
depth show the highest (tc — tg)/(ts — tp) ratios of 1.4-1.6, implying a more
prominent low-velocity waveguide at the shallow depths.
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FZTWs recorded at A1, A2, A3, R1, R2, R3 and R4 (Figs. 1.13 to 1.16) show
that the low-velocity waveguide along the WNFZ extends further southward to
at least A3 but possibly with a more moderate fault zone velocity reduction.
The existence of a relatively low-velocity waveguide to the south of the 2014 M6
South Napa earthquake is also consistent with the ground motion observations
by Baltay and Boatwright (2015).

Empirical studies have shown that the generation of FZTWs is strongly de-
pendent on the source location with respect to the low-velocity waveguide (e.g.,
Li and Leary, 1990; Li and Vidale, 1996; Ben-Zion, 1998), whereby earthquakes
located within the waveguide generate stronger FZTWs than earthquakes lo-
cated out of the waveguide. Thus, the relative amplitudes of the FZTWs allow
us to delineate the geometry of subsurface rupture zone. Figures 1.17b, 1.17c
shows the locations of 55 aftershocks (refer to Fig. 1.1) in a 3-D volume, includ-
ing 41 aftershocks with prominent FZTWs recorded at A1, A2, R1, R2 and R3
that have (tc —tg)/(ts — tp) ratios greater than 1.1 and 14 aftershocks without
prominent FZTWs and with (tc —ts)/(ts — tp) ratios less than 0.7 (refer to Ta-
ble 1.1). Hypocenters of aftershocks that generated prominent FZTWs delineate
a NNW-SSE-striking rupture zone that dips to the west at > 80°. The most
recently damage zone at depth is several kilometers longer than the ~14-km-
long 2014 surface rupture and likely extends to at least 7-8 km depth near the
mainshock hypocenter but only 5-6 km deep in the northern portion of rupture
zone.

1.4 3-D Finite-Difference Simulations of FZTWs
Generated by Aftershocks

We developed models of the WNFZ subsurface rupture zone on the basis of the
hypocenters of aftershocks that generated prominent FZTWs and the measure-
ments of FZTW coda durations and waveguide trapping efficiency (Fig. 1.17).
With layer depths, fault dip, and velocities of the surrounding basement rocks
based on an existing velocity model for the region (Fig. 1.18a) from Stidham
et al. (1999) and Brocher et al. (2005), we constructed a velocity model (see
Fig. 1.18b and Table 1.3) for the WNFZ and Franklin Fault. Velocities and at-
tenuation (@) in our model are depth dependent because increasing pressure
with increasing depth influences (e.g. Suess and Shaw, 2003; McGarr et al.,
2009) the density and the bulk modulus of rocks as well as the healing rates
of damaged rocks (e.g. Byerlee, Rice, 1992; Sibson, 1996; Marone, 1998). The
depth-dependent pressure increase may also influence the development of fault
gouge due to normal stress and rock strength (Scholz, 1990; Guo and Morgan,
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Table 1.3 Model parameters for West Napa Rupture Zone and Franklin Fault.

Model parameters WNF (FF) Layer 1 Layer 2 Layer 3 Layer 4  Layer 5
Depth of the layer bottom 1.0 3.0 5.0 8.0 10.0
(km)

Waveguide width (m), Damage  400/200 400/200 300/150 200/100
zone/core

Waveguide S velocity (km/s) 1.0/0.75 1.3/1.0 1.8/1.25 2.0/1.5

(1.3/1.0)  (1.7/1.3)  (2.3/1.6)  (2.6/2.0)
Waveguide P velocity (km/s) 2.0/1.5 2.6/2.0 3.5/2.5 4.0/3.0

(2.6/2.0)  (3.4/2.6)  (4.5/3.2)  (5.2/4.0)
Waveguide Q-value 20 30 50 60
Wall-rock S velocity (km/s) 1.5 2.0 2.5 3.0 3.5
Wall-rock P velocity (km/s) 3.0 4.0 5.0 6.0 6.5
Wall-rock Q-value 50 80 100 150 200

2007). For these reasons, we used varying velocities with depth in our model.
Our 3-D model includes a 20-km-long 400-m-wide rupture zone within which ve-
locities are reduced by 25%—50% relative to wall-rock velocities along the West
Napa Fault where A1, A2, R1, R2 and R3 were located, and a 30-km-long fault
zone within which velocities are reduced by 20%-35% along the Franklin Fault
where R4 and A3 were located (Fig. 1.18b). We infer a maximum velocity re-
duction within a 200-m-wide damaged fault core at shallow depths (see model
parameters in Table 1.3). The depth of the low-velocity rupture zone increases
from 5 km beneath A1l to 8-km beneath A2 and A3. The damage zone diminishes
below those depths.

To compute synthetic seismograms, we used a 3-D finite-difference code that
fits waveforms of FZTWs recorded at A1l and A2. The finite-difference computer
code is second order in time and fourth order in space (Graves, 1996; Vidale et al.,
1985), and it propagates the complete wave-field through an elastic media with a
free surface boundary and spatially variable anelastic damping (an approximate
Q). Our calculation used the maximum 90-500-90 element grids in z —y — 2
coordinates, with a grid spacing of 100 m to simulate a volume of 9 km in width
across the fault zone, 50 km in length along the fault line between A1l and A3,
and 9 km in depth (see Fig. 1.18b). When focal depth of aftershocks are larger
than 9 km, we extend the element grids in z to 120 (12 km). In order to reduce
the computer memory in modeling for most aftershocks, we decrease the element
grids in y and/or z to include the receiver array and hypocenter of the aftershock
in study.

The low-velocity waveguide, composed of a 200-m-wide fault core zone of max-
imum velocity reduction sandwiched within a 400-m-wide damage jacket with
milder velocity reduction, is embedded in the higher-velocity surrounding rocks
with a free surface. The north portion of the waveguide with greater velocity
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reductions along the WNF rupture zone is 20 km long while the southern por-
tion of the waveguide with more moderate velocity reductions along the Franklin
Fault is 30-km long (Table 1.3). The seismic array was placed across the waveg-
uide along the fault strike. The seismic waves were derived from a double-couple
source (according to the mainshock focal mechanisms) with radiation patterns
included in the volume.

In the first stage of our error-and trial forward modeling approach, we used
100-m grid spacing to obtain coarse model parameters at low frequency to save
computer memory space and computation time. We then used 50-m or 25-m
grid spacing to increase the resolution of fault-zone structure in the model at
higher frequency. When the grid spacing was 100-m and the minimum velocity
was 0.75 km/s, the maximum frequency of the synthetic seismograms is 1.5 Hz.
When the grid spacing was reduced to 50-m or 25-m, we increased the maximum
frequency to 3-Hz or 6-Hz. When using the small grid spacing, we decreased the
size of the model to an appropriate volume that included source and receivers
to reduce computer memory and computation time, but to avoid losing the
damping function to model edge effect.

We simulated the FZTWs recorded at Al, A2 and A3 as well as R4 for af-
tershocks that occurred at varying depths and epicentral distances via a trial-
and-error, forward-modeling procedure to obtain the well-fit model parameters.
We have used similar modeling parameters for trapped waves observed at the
Parkfield San Andreas Fault zone, the Landers-Hector Mine rupture zones in
California (e.g., Li et al, 2000, 2004, 2008), and the 2010 Darfield and 2011
Christchurch fault zones in New Zealand (Li et al., 2014). These previous stud-
ies show the sensitivity of model parameters to synthetic trapped waveforms,
whereby wider fault zones produce trapped waves with lower frequencies, and
lower velocity fault zones produce longer dispersive trapped waves. A lower-Q)
fault zone produces trapped waves with smaller amplitudes and shorter coda at
lower frequencies. Variations in wall-rock velocities and layer depths affect the
P- and S-arrival times, but variations in wall-rock ) produces minimal variation
in modeling results. We use these results to guide the modeling and interpret
features of the fault zone in the present study.

Synthetic waveforms (Fig. 1.18¢c) computed using our inferred velocity model
(Fig. 1.18b) compare well with seismograms recorded at seismic array Al for
three on-fault aftershocks (E8, E31 and E2 in Table 1.1 and Fig. 1.1b). We use
a double-couple source within the fault zone. FZTWs with large amplitudes and
2.2-2.4 s of post-S coda durations are observed at five near-fault stations A1-05
to A1-09 of Al within the rupture zone. The consistency of the observed and
computed seismograms suggests that the 2014 rupture zone consists of a remark-
able low-velocity waveguide formed by severely damaged rocks. Seismic energy
is trapped and best propagated with large amplitudes along the waveguide for
frequencies between 1 and 6 Hz.
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We compare synthetic waveforms (Fig. 1.18d) developed from our velocity
model (Fig. 1.18b) with seismograms recorded at array A2 for other three on-
fault aftershocks (E33, E22 and E26). The synthetic FZTW post-S-wave coda
durations (2.2-3 s) compare well at five near-fault stations A2-13 to A2-17 of A2
located within the rupture zone. We then show comparisons for A3 (Fig. 1.18e)
using three aftershocks (E22, E12 and E18). Post-S coda durations (3.5-5.2 s)
for synthetic FZTW waveforms show large amplitudes at two stations A3-09
and A3-10 of array A3 near the Franklin Fault are consistent with the observed
data recorded at A3. We also compared synthetic and observed waveforms at
REFTEK station R4 for these three on-fault aftershocks showing 3.3-4.5 s coda
durations of FZTWs (Fig. 1.18f).

In general, the coda duration times of FZTWs generated by these on-fault af-
tershocks increase as their travel (hypocentral) distances within the low-velocity
fault-zone waveguide increase. However, the increasing rate of coda duration
with distance for FZTWs traveling along the WNF rupture zone, within which
rocks were severely damaged in the 2014 M6 mainshock is higher than that along
the south WNF and Franklin that were unbroken at the surface in the 2014 M6
earthquake. We also note that the FZTW coda durations (2.2 s) for deep after-
shocks E22 and E33 at 9-11 km depths is shorter than those (2.3-2.4 s) from
aftershocks E2, E8 and E31 at depths of 4.8-7.7 km, although the hypocentral
distances between two deep events and the recording array are greater than those
between the shallower events and recording array. We suggest the shorter coda
for the deeper event results from a diminished low-velocity waveguide below 7—8
km depth.

In forward modeling, the model parameters are interdependent and are not
uniquely determined, as discussed in previous studies (e.g., Li and Leary, 1990;
Li and Vidale, 1996; Ben-Zion, 1998; Igel et al., 2002). The model parameters
given in Table 1.3 are not uniquely constrained by this forward modeling because
there is trade-offs among them. To obtain the best fit to observed FZTWs in
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Fig. 1.18 (a) 1-D P- and S-velocities for the Napa region from Stidham et al. (1999)
and Brocher et al. (2015) used for wall-rock velocities in our finite-difference modeling
of FZTWs recorded along the West Napa Fault. (b) A 2-D slice of our 3-D velocity
model of the WNFZ. The 400-m-wide rupture zone is exposed at the surface. Velocities
within the rupture zone along the WNFZ are reduced by 40%-50% from wall-rock
velocities, but reduced by 30%-35% along the Franklin Fault. (c) 3-D finite-difference
synthetic seismograms (blue lines) using the model in (b) with observed seismograms
(red lines) at array Al for three aftershocks (E8, E31 and E2) located at depths of
7.6, 4.8 and 7.7 km, and ~10-km epicentral distances south of Al. Seismograms were
<8 Hz filtered. (d) Synthetic and observed seismograms at array A2 for aftershocks
E33, E22 and E26 at depths of 11, 9.2 and 5.1 km, and with epicentral distances of 6,
7 and 14 km south of A2. (e) Synthetic and observed seismograms at stations A3-09
and A3-10 of array A3 across the Franklin Fault for aftershocks E22, E12 and E18 at
depths of 9.2, 7.7 and 4.6 km, and with epicentral distances of 23, 31 and 35 km north
of array A3. (f) Synthetic and observed seismograms at REFTEK station R4 located
at the south WNF for aftershocks E22, E12 and E18 located at 11, 19 and 23 km north
of R4. FZTWs (in green boxes) show large amplitudes and long post-S coda durations
at stations within the rupture-zone.
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modeling, we found that the S-wave velocity reduction and @ value within the
damage zone are more sensitive than other model parameters to the post-S
duration and amplitude of FZTWs at higher frequencies. The width of the
damage zone at shallower depth is more sensitive than the width at deeper
level to observations of FZTWs at stations located within the ~400-m-wide
rupture zone. Although the layer depths and velocities of surrounding rocks
are constrained based on the velocity model for the Napa region (Stidham et
al., 1999), variations in surrounding-rock velocities and layer depths affect the
arrival times of P and S waves, As a result of the limited available constraints,
we permitted a 1-3 km variation in the locations of hypocenters used in our
model to allow for possible lateral heterogeneity along the rupture zone and for
aftershock location errors. Although our inferred velocity model resulted from 3-
D finite-difference simulations of FZTWs is not well constrained by independent
measurements. the finite-difference simulations provide a first-order estimate of
the overall structure of the WNFZ and Franklin Fault in the subsurface.

1.5 FZTWs Generated by Explosions

1.5.1 The Explosion Data and FZTW Waveform Analysis

In September of 2016, an active seismic experiment with shots conducted in Napa
Valley by Catchings et al. of the United States Geological Survey (USGS). A
15.4-km-long seismic line (called 2016 W-E Line in Fig. 1.19) consisting of 155
stations with vertical and horizontal L28 4.5-Hz sensors was deployed across the
West Napa Fault Zone (WNFN) and adjacent faults. The station spacing is
100 m. The W-E seismic line nearly perpendicularly crossed multiple surface
ruptures along at least three sub-parallel fault strands of the WNFZ. Another
seismic array (called 2016 N-S Line) was NW-SE-oriented and 19.9-km in length,
consisting of 200 vertical and horizontal sensors with 100-m station spacing 100
m, deployed across Napa Town. During the 2016 experiment, 36 shots were
detonated along the two seismic lines, and two explosions (called SP1001 and
SP1002 in Fig. 1.19) were detonated within the west rupture zone along the main
trace of the WNFN at ~3.5-km north and ~5-km south of the 2016 W-E Line,
respectively. Small amount of explosives set off at the bottom of 7-10 m deep
drill holes allows seismic energy generated by tiny artificial sources to eliminate
the near-surface soil affect and travel through the subsurface geological layers
efficiently. All shots were detonated between the mid night and 5 am to avoid the
day-time environmental and traffic noises. Because the length of the 2016 W-E
Line is much longer than the cross-fault seismic arrays in the 2014 experiment,
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Fig. 1.19 (a) Map shows the 2014 M«6.0 South Napa earthquake (red star), multi-
ple surface ruptures (red lines) along the main and east strands (marked by WNFm,
WNFel and WNFe2) of the West Napa Fault Zone (WNFZ), 1.9-km-long seismic Array
1 and Array 2 (yellow bars) deployed in the 2014 experiment, 15.4-km-long W-E Line
(straight red line) consisting of 155 stations number by 1 to 155, and 19.9-km-long
N-S Line (green line) consisting of 200 stations deployed in the 2016 experiment. 36
in-line shots (red and green circles) were detonated along the W-E and N-S seismic
lines, respectively. Two explosions SP1001 and SP1002 (white stars) were detonated
within the WNFm in 2016. Adjacent faults (brawn lines) with their names are shown
in figure. (b) 3-D volume shows schematic geometry of multiple fault strands of the
WNFZ and the CF, which connect at ~3-km depth. Multiple fault strands of the
WNFZ ruptured with surface breaks (marked by black rectangular bars) in the 2014
M6 mainshock. White curves with arrows denote raypaths from the explosions to
stations located within the multiple strands of the WNFZ and the CF.

we expect that the FZTWs recorded in the 2016 experiment will provide more
information on the rupture branching during the 2014 M6.0 earthquake and
allow us to measure the width of multiple rupture zones more accurately.

In this section, we use FZTWs generated by two explosions and recorded at
a 15.4-km long seismic array across multiple surface ruptures of the WNFZ and
adjacent faults in the experiment to insight the branching structure of rupture
associated with the 2014 South Napa earthquake.

Figure 1.20 shows vertical-component raw seismograms recorded at 100 sta-
tions (numbered by 1 to 100; 9.9 km in length) of the 2016 W-E Line for ex-
plosions SP1001 and SP1002. Air waves are clearly observed in seismograms
because the site was very quiet during shots in experiment. The arrival times of
air wave from explosion SP1001 (SP1002) to seismic stations of W-E Line are

EBSCChost - printed on 2/13/2023 8:47 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



EBSCChost -

1 Fault-Zone Trapped Waves to Characterize Subsurface Rupture Zone —— 57

Napa 2016 W-E Line Profiles
SP1001 Vertical SP1002 Vertical

Distance (km)

Time (s) Time (s)

Fig. 1.20 Vertical-component raw seismograms recorded at 100 stations (numbered
by 1 to 100 from west to east) of 2016 W—-E Line for two shots (left) SP1001 and
(right) SP1002 detonated within the rupture zone along the main strand of the WNFN
at ~3.5 km north and ~5 km south of the center of seismic array. The station spacing
is 100 m; the distance range of the seismic profile is from 0 km to 9.9 km from the
west end of 2016 W-E Line. Vertical bars denote locations and widths of rupture zones
including surface breaks along the main strand and east strands of the WNFZ (called
WNFm and WNFe), and the width of the adjacent CF. Seismograms are plotted using
a fixed amplitude scale in the profile. P, S and air waves are shown in seismograms.

consistent that it traveled over the distance of ~3 km (~5 km) at the sound
speed of 343 m/s. We estimate Vp and Vs to be 3-4 km/s and 1.5-2 km/s along
raypaths reaching 2-3 km depths, consistent with the fault wall-rock velocities
in South Napa area (see Table 1.3).

In the same way as we identified the FZTWs generated by aftershocks. In the
same way, we use the ratio of post-S coda time to S-P arrival time difference (tc—
ts)/(ts — tp), to indicate prominent guided waves well generated and observed
for explosions detonated within the low-velocity rupture zone when the ratio is
higher than 1.2.

Figure 1.21a shows band-pass (2-10 Hz) filtered seismograms recorded at 2016
W-E Line for explosion SP1001. Since we are mostly interested in the rupture
branching associated with the WNFZ and nearby faults in the 2014 M6 main-
shock, we use the data recorded at 60 stations numbered between 20 and 79
in the present study. We identify prominent FZTWs with large amplitudes
and long durations (2.0-2.5 s) after S-wave at stations located within the main
and branch rupture zones exposing at the surface along multiple strands of the
WNFZ. The time differences between the P- and S-arrivals are approximately
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Fig. 1.21 (a) Vertical-component (left) and horizontal-component (right) seismo-
grams recorded at 60 stations (numbered by 20 to 79 from west to east) of the 2016
W-E Line for explosion SP1001 detonated within the rupture zone along the WNF
at ~3.5 km north of the seismic array. The station spacing is 100 m; the distance
range of the seismic profile is from 2 km to 8 km from the west end of the 2016 W-E
Line. Vertical bars denote widths of rupture zones including surface breaks along the
main strand and east strands of the WNFZ (called WNFm, WNFe and WNFe2), and
the width of the adjacent CF. Seismograms have been band-pass (2-10 Hz) filtered,
and are plotted using a fixed amplitude scale in the profile. (b) Same as in (a), but
seismograms have been band-pass (2-5 Hz) filtered. Prominent FZTWs (in rectangu-
lar boxes) with large amplitudes and long durations following P- and S-waves (called
P-FZTWs and S-FZTWs) were recorded at stations located within rupture zones of
along multiple strands of the WNFZ. The duration of FZTWs shown in the box is
the average value of measurements at stations located within the rupture zone width
marked by a vertical bar. The leaking-mode FZTWs are recorded at the adjacent
Carneros fault but with relatively short S-code duration.
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1.5s. Thus, (tc—tg)/(ts —tp) ratios for these FZTWs generated by shot SP1001
range from 1.4 to 1.7, suggesting that remarkable low-velocity waveguides were
formed by damaged rocks along multiple fault strands of the WNFZ at shallow
depth during the 2014 M6 South Napa earthquake. FZTWs were well excited
by the explosion and well recorded at stations as both the source and receiver
located within the waveguide. The longest post-S coda (~2.5 s) of FZTWs
with largest (tc — tg)/(ts — tp) ratio (~1.7 s) are registered at stations (num-
bered from 48 to 54) located within the 500-600 m wide rupture zone along the
main strand of the WNFZ (called WNFm), indicating that fault rocks along
the WNFm experienced most severely damage during the 2014 M6 mainshock.
Comparatively, we observe FZTWs with 2.1-2.3 s post-S coda durations and
1.4-1.5 (tc —ts)/(ts — tp) ratios at stations (numbered from 61 to 65, and from
69 to 72) located within 300-400 m wide rupture zones along east strands of
the WNFZ (called WNFel and WNFe2), suggesting that fault rocks along the
east rupture zones experienced slightly less damage than those along the main
rupture zone.

Figure 1.21b shows band-pass (2-5 Hz) filtered seismograms recorded at 2016
W-E line for explosion SP1001. The explosion-generating FZTWs at lower fre-
quencies show even longer durations (~3.2 s) with the larger (tc —tg)/(ts —tp)
ratio (2.1) than those at higher frequencies (2-10 Hz). The (tc — tg)/(ts — tp)
ratios of 1.4-2.1 for FTZWs generated by near-surface explosions are larger than
the ratios of 1.2-1.5 for FZTWs generated by aftershocks occurring at seismo-
genic depths, suggesting that the fault rocks in the shallower portion of rupture
zones had experience more severely damage during dynamic rupture in the 2014
M6 earthquake. We notice the wavetrains with relative large amplitudes and
~1.1 s duration in the post-P coda at stations located within rupture zones. We
call these wavetrains to be P-type FZTWs. The ratio of post-S to post-P coda
durations of FZTWs is ~0.55, consistent with the ratio of Vp to Vs for highly
fractured and water-saturated rocks within the rupture zone.

We also notice wavetrains with relative large amplitudes and 1.5-2.0 s post-
S coda duration in seismograms recorded at stations (numbered from 32-35)
located within the ~400-m-wide the Carneros Fault. These wavetrains are likely
the FZTWs produced within the low-velocity waveguide when a seismic source is
located outside the waveguide. The (tc —ts)/(ts — tp) ratio of these wavetrains
is 1.0-1.2, suggesting that a waveguide with more moderate velocity reduction
and weak trapping effect exists along the CF than those along the WNFZ at
shallow depth. The CF did not rupture in the 2014 M6 earthquake although
minor slips might occur on it due to strong shaking by the nearby earthquake
(Graymer, 2014).

Regarding to shot SP1002, we observe prominent FZTWs with large ampli-
tudes and post-S coda durations of ~4 s at stations located within rupture zones
along multiple strands of the WNFZ and ~3 s at stations within the Carneros
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Fig. 1.22 (a) Vertical-component (left) and horizontal-component (right) seismo-
grams recorded at 60 stations (numbered by 20 to 79 from west to east) of the 2016
W-E Line for explosion SP1002 detonated within the rupture zone along the WNF' at
~5 km south of the seismic array. (b) Same as in (a), but seismograms have been band-
pass (2-5 Hz) filtered. Prominent FZTWs (in boxes) with large amplitudes and long
durations following P- and S-waves (called P-FZTWs and S-FZTWs) were recorded at
stations located within rupture zones of along multiple strands of the WNFZ. FZTWs
are recorded at the adjacent Carneros fault but with relatively short S-code duration.
Other notations are same as in Fig. 1.21.

Fault (Fig. 1.22). The time differences between the P- and S-arrivals are approx-
imately 2.2 s at stations within the WNFZ, and 2.5 s at stations near the CF.
The (tc —ts)/(ts —tp) ratio for FZTWs recorded at the WNFZ is ~1.8, showing
remarkable low-velocity damage zones produced along multiple strands of the
WNFZ in the 2014 M6 earthquake. The post-S durations and (tc —ts)/(ts —tp)
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ratios measured at multiple strands of the WNFZ are similar suggesting that
those surface rupture zones along multiple fault strands might merge at depth
so that FZTWs generated by SP1002 detonated on the southern main WNF
could propagate northward along multiple fault strands at the same manner.
We notice P-type FZTWs with relatively large amplitudes and ~2-s duration in
the post-P coda recorded at stations located within rupture zones for explosion
SP1002.

In contrast, the (tc — tg)/(ts — tp) ratio for FZTWs recorded at the CF is
~1.2, showing a low-velocity waveguide along the Carneros Fault which has less
trapping effect than the waveguide along the WNF rupture zone. This ratio
value (~1.2) measured at the CF for SP1002 located on the main strand of the
WNF is higher than the ratio (~1.0) for SP1001. Combined with the surface
expression and geometry of the WNF and CF, we tentatively explain that the
CF runs subparallel to the north WNF, but likely connects the southern WNF-
Franklin Fault at shallow depth. Fault Rocks within the CF were damaged
by historical earthquakes on it and probably slightly damaged by the 2014 M6
mainshock.

We then compute spectral amplitudes of seismograms recorded at stations of
the 2016 W-E Line located on or off multiple faults for explosions SP1001 and
SP1002 detonated on the main strand of the WNFZ. Figure 1.23 shows promi-
nent FZTWs with larger spectral amplitudes and longer post-S coda durations
at stations on and close to the faults than those at stations away from the faults.
Post-S coda durations of FZTWs measured from seismograms and spectral am-
plitudes are 2.1-2.5 s at stations (numbered by 51, 63, 66 and 69) located within
rupture zones along the main and east fault strands WNFel and WNFe2 of the
WNFZ, and 1.5-2.0 s at station 33 located at the Carneros Fault for explosion
SP1001 detonated ~3.5-km north of the seismic line. In contrast, post-S coda
durations are much short (1.0-1.2 s) at stations 26 and 73 located away from
faults.

For explosion SP1002 detonated ~5-km south of the 2016 W-E Line, post-S
coda durations of FZTWs measured from seismograms and spectral amplitudes
are 3.8-4.0 s at stations (numbered by 51, 62, 69 and 72) located within rup-
ture zones along the main and east fault strands WNFel and WNFe2 of the
WNFZ, and 3.0 s at station 32 located at the CF. In contrast, Post-S coda
durations are less than 1.5 s at stations 26 and 77 located away from faults.
These measurements show remarkable low-velocity waveguides along multiple
fault strands of the WNFZ, within which rocks were severely damaged in the
2014 M6 mainshock. On the other hand, there exists a low-velocity waveguide
formed by moderately damaged rocks along the adjacent Carneros Fault.

In summary, Figure 1.24 shows the measured spectral amplitudes and post-S
coda durations of seismograms recorded at 60 stations of the 2016 W—E Line
for two shots SP1001 and SP1002. We observe largest spectral amplitudes and
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Fig. 1.23 (a) Spectral amplitudes of vertical- and horizontal-component seismograms
recorded at seven stations (numbered by 26, 33, 51, 63, 66, 69 and 72) of the 2016 W—
E Line located on or out of surface ruptures (marked by vertical black bars) along
the WNFZ for shot SP1001 detonated on the main WNF at ~3.5 km north of the
seismic line. Seismograms have been low-pass (<10 Hz) filtered. Spectral contours
are computed using SAC program (SPG) and normalized with respect to the maxi-
mum amplitude among them between 0 and 1 (colored from green to red). Prominent
FZTWs with larger spectral amplitudes are observed at on-fault stations (33, 51, 63,
66 and 69) but smaller amplitudes at off-fault stations (26 and 72). Post-S coda du-
rations of FZTWs measured from seismograms and spectral amplitudes show 2.5 s at
station 51 located within the west rupture zone along the main WNFm, 2.1-2.3 s at
stations 63, 66 and 69 within east rupture zones along strands WNFel and WNFe2 of
the WNFZ, 1.5-2.0 s at station 33 on the Carneros Fault. In contrast, much shorter
post-S coda durations (~1.2 s) are registered at off-fault stations 26 and 72. (b) Same
as in (a), but for explosion SP1002 located ~5 km south of the 2016 W-E Line. Post-S
coda durations of FZTWs show 3.8-4.0 s at stations 51, 62, 69 and 72 located within
rupture zones along multiple strands of the WNFZ, and 3.0 s at station 32 on the CF.
In contrast, less than ~1.5 s post-S coda durations are registered at off-fault stations
26 and 77.
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Fig. 1.24 Measured spectral amplitudes (black dots with line) and post-S coda du-
ration (gray dots with line) of seismograms recorded at 60 stations (numbered by 20
to 79) of the 2016 W-E Line for two explosions (a) SP1001 and (b) SP1002. Seismo-
grams have <10 Hz filtered. Spectral amplitudes have been normalized in plot. Larger
spectral amplitudes and longest post-S coda durations of FZTWs are registered at
stations located within rupture zones along multiple fault strands (marked by WNFm
and WNFel, 2 with black horizontal bars) of the WNFZ. Moderate spectral amplitudes
and post-S coda durations of FZTWs are registered at stations located at the CF.

longest post-S coda durations of FZTWs at stations located within multiple
rupture zones along the WNFZ, and moderate large spectral amplitudes and
long post-S coda durations of FZTWs at stations at the Carneros Fault that had
no surface breaks but might be lightly damaged due to strong shaking from the
nearby 2014 M6 South Napa earthquake. These measurements show remarkable
low-velocity waveguides formed by highly damaged rupture zones along multiple
fault strands of the WNFZ. The multiple rupture zones likely connect at depth,
although their surface breaks are separated from each other at surface. The
CF runs sub-parallel to the north WNF and approaches the Franklin Fault so
that the guided waves generated by explosion SP1002 could propagate along the
waveguide with moderate velocity reduction to seismic stations located within
or close to the CF.

1.5.2 3-D Finite-Difference Simulations of FZTWs Generated by

Explosions

We have developed a model of the subsurface rupture zone along the main strand
of the WNFZ on the basis of the hypocenters of aftershocks that generated promi-
nent FZTWs and the measurements of FZTW coda durations and waveguide
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trapping efficiency (Fig. 1.18b). In the present modeling of FZTWs generated
by near-surface explosions detonated within the rupture zone, we assume that
the raypaths from two explosions SP1001 and SP1002 located at ~3.5-km north
and ~5-km south of the 2016 W—E Line may penetrate the depths above 2-3
km. Thus, we use the model parameters of two top layers in the model shown
in Fig. 1.18b as the starting values of our present model.

To compute synthetic seismograms, we use a 3-D finite-difference code (Vi-
dale et al., 1985; Graves, 1996). Our calculations use the maximum 120-200-100
element grids in z-y-z coordinates, with a grid spacing of 50 m to simulate a
volume of 6 km in width across the NWFZ and the CF, 10 km in length along
the WNFZ, and 5 km in depth. This volume includes the 2016 W-E Line and
two explosions SP1001 and SP1002. In order to reduce the computer memory
in modeling for most aftershocks, we decrease the element grids in y to include
the receiver array explosions in study.

The low-velocity waveguides along the main fault strand (WNFm) and two
east strands (WNFel and WNFe2) of the WNFZ are 500-m (400-m) and 400-m
(300-m) wide in the top layer (second top layer) of the model, within which seis-
mic velocity reduced by 50%, 45% and 40% from surrounding rocks (Table 1.4).
The Carneros Fault is 400-m (300-m) wide in the top layer (second top layer)
of the model, within which seismic velocity reduced by 35% from surrounding
rocks. These fault traces are separated from each other at the surface with the
spans shown in the map (see Fig. 1.19). We assume the east strands WNFel
and WNFe2 merge into the main strand WNFm of the WNFN near explosion
SP1001 to north and SP1002 to south, and the CF connects the south WNF-
Franklin Fault at depths above 3-km. The model parameters of deeper layers
are the same as those in Table 1.3. The seismic array (2006 W-E Line) was
placed across the multiple waveguides. The seismic waves were derived from an
explosion source within the WNFm at ~3.5-km (~5-km) from the seismic array
for SP1002 (SP1002).

In the first stage of our error-and trial forward modeling approach, we used
50-m grid spacing to obtain coarse model parameters at low frequency to save
computer memory space and computation time. When the grid spacing was
50-m and the minimum velocity was 0.75 km/s, the maximum frequency of the
synthetic seismograms is 3 Hz. We then used 25-m grid spacing to increase the
resolution of fault-zone structure in the model at higher frequency. When the
grid spacing was reduced to 25-m, we increased the maximum frequency to 6-
Hz. When using the small grid spacing, we decreased the size of the model to
an appropriate volume that included source and receivers to reduce computer
memory and computation time, but to avoid losing the damping function to
model edge effect.

Figure 1.25 exhibits 3-D finite-difference synthetic waveforms using model pa-
rameters in Table 1.4 for comparison with seismograms for explosion SP1001
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Table 1.4 Model parameters for WNFZ rupture zones and CF at shallow depth.

Model parameters WNF (FF) Layer 1 Layer 2 Layer 3
Depth of the layer bottom (km) 1.0 3.0 5.0
Waveguide width (m) 500,/400,/400,/400 400/300,/300,/300 300
WNFm/WNFel/WNFe2/CF
Waveguide S velocity (km/s) 0.75/0.825/0.9/0.975  1.0/1.1/1.2/1.3 1.25
Waveguide P velocity (km/s) 1.5/1.65/1.8/1.95 2.0/2.2/2.4/2.6 2.5
Waveguide Q-value 20 30 50
Wall-rock S velocity (km/s) 1.5 2.0 2.5
Wall-rock P velocity (km/s) 3.0 4.0 5.0
Wall-rock @Q-value 50 80 100

Observed and Synthetic Seismograms along W-E Line for Explosion SP1001
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Fig. 1.25 Observed (red lines) and 3D finite-difference synthetic (blue lines) vertical-
and horizontal-component seismograms at 60 stations (numbered by 20 to 79) of the
2016 W-E Line for explosion SP1001. Seismograms have been 1-6 Hz band-pass filtered
and plotted using a fix amplitude scale for all traces. Prominent FZTWs with large
amplitudes and 2.5-s, 2.3-s and 2.1-s post-S coda durations at stations located within
the 500-m and 400-m wide rupture zones (marked by vertical bars) along the main
strand (WNFm), and east strands WNFel and WNFe2 of the WNFZ, within which
seismic velocities are reduced by 50% from those of surrounding rocks. FZTWs with
1.5 s post-S coda duration are recorded at stations within the 400-m wide Carneros
Fault (CF), within which seismic velocities are reduced by 35%. The FZTWs with
~1.2-s post-P coda durations appear in vertical-component seismograms at stations
within rupture zones along multiple strands of the WNFZ.
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and recorded at the 2016 W—E Line across multiple faults. An explosion source
is located within the rupture zone along the main strand of the WNFZ and
3.5-km from the seismic line. Both P- and S-FZTWs generated by explosion
appear at stations located within multiple rupture zones along the WNFZ and
the CF, showing waveguide effect to trap seismic waves. The synthetic FZTW
post-S-wave coda durations are comparable with observations at stations lo-
cated within these low-velocity fault-zone waveguides. The longest post-S coda
(~2.5 8) of FZTWs are registered at stations (numbered from 48 to 54) located
within the ~500-600-m wide rupture zone along the main strand WNFm of
the WNFZ, within which fault rocks experienced most severely damage in the
2014 M6 mainshock. Comparatively, we observe FZTWs with 2.1-2.3 s post-S
coda durations at stations (numbered from 61 to 65, and from 69 to 72) lo-
cated within ~400-m wide rupture zones along east strands WNFel and WNFe2
of the WNFZ, within which fault rocks experienced slightly less damage than
those along the main rupture zone. In contrast, ~1.5-s post-S coda duration is
at stations (numbered from 32-35) within the ~400-m wide the Carneros Fault
with more moderate velocity reduction and weak trapping effect than those along
the WNFZ rupture zones at shallow depth. The synthetic P-FZTWs with ~1.2-
s coda durations are agreeable with those in vertical-component seismograms
recorded at stations within WNFZ rupture zones.

In forward modeling, we used model parameters shown in Table 1.4. The P-
and S-wave velocities for the rupture zone along the main strand WNFm of the
WNFZ and surrounding rocks as well as layer thickness are the same as those
in our previous model obtained from observations and simulations of FZTWs
generated by the 2014 South Napa aftershocks (Li et al., 2016). However the
width of the rupture zone is 500-600 m, wider than the ~400-m in the previous
model at the top layer. The width of the low-velocity waveguide at shallower
depth is more sensitive than the width at deeper level to observations of FZTWs
at surface stations located within the rupture zone. The rupture zone width
determined from FZTWs generated by near-surface explosions detonated within
the rupture zone is likely more accurate and realistic. The widths and velocities
of the east rupture zones of the WNFZ and the CF in the model come from
simulations of FZTWSs recorded at stations located within these multiple fault
zone.

Although our inferred velocity model resulted from 3-D finite-difference simu-
lations of FZTWs generated by aftershocks and explosions is not well constrained
by independent measurements, our finite-difference simulations provide a first-
order estimate of the overall structure of the WNFZ and Carneros Fault.
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1.6 Discussion and Conclusion

The 2014 M6 South Napa earthquake sequence caused significant damage to
fault rocks along the WNFZ, resulting in a remarkable low-velocity waveguide
that traps seismic waves generated by earthquakes (Figs. 1.2 to 1.16) and explo-
sions (Fig. 1.20 to Fig. 1.23). The measured post-S coda durations of FZTWs in
our study show that longer coda durations generally result from longer distances
of FZTWs propagating within the fault-zone waveguide (Fig. 1.17a), particu-
larly for paths in the shallower parts of the seismogenic zone. The numerical
tests of waveguide trapping effects show that if there is an obvious gap (more
than 3-5 times of the wavelength of the FZTWs at its dominant frequency),
such as a step-over of the fault zone between the aftershock and seismic array,
FZTWs will be disrupted by this gap and not observed clearly at seismic array
(Li and Vidale, 1996). Therefore, our observations of FZTW generated by 2014
Napa aftershocks occurring within the rupture zone and recorded at cross-fault
seismic arrays (A1, A2 and A3) and along-fault stations (R1 to R4) in 2014 sug-
gest that the continuity of waveguide along the WNFZ and the Franklin Fault at
seismogenic depths, consistent with results from slip models derived from tele-
seismic, SAR and InSAR, field mapping data (Melgar et al., 2015; Brocher et al.,
2015; Wei et al., 2015) and aftershock lineaments (Hardebeck and Shelly, 2014).
Combining the total length of the fault zone inferred by FZTWs, the combined
WNF/Franklin Fault zone is at least 50 km long, extending from north of Al to
at least A3. On the basis of FZTW generated from more earthquakes that are
north of those shown in this study and from other geophysical data, Catchings
et al. (2016) interpret that the overall WNF/Franklin Fault is at least 74 km
long, and is likely continuous with the Calaveras Fault.

Using a velocity model of the subsurface rupture zones along the main fault
of the WNFZ associated with the 2014 South Napa earthquake, we have devel-
oped finite-difference simulations of FZTWs generated by aftershocks at varying
depths and epicentral distances (Li et al., 2016). This model (Fig. 1.18b and
Table 1.3) suggests a 400-500 m wide low-velocity waveguide along the main
WNF that extends to at least 56 km (7-8 km) depth beneath the northern
(southern) portion of the rupture zone, within which velocities are reduced by
40%-50% relative to wall rock velocities with the degree of damage and velocity
reduction becoming less as the depth increases. Our observations and simulations
of FZTWs generated by aftershocks indicate that the south WNF and Franklin
Fault are less damaged than the ruptured north WNF in the 2014 mainshock.
We assume the damage zone along the WNF had been mostly healed to the back-
ground level before the 2014 M6 earthquake due to the long intervals between
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ruptures. Thus, our current measurements provide an opportunity to charac-
terize newly developed damage along this fault and therefore a base line for
monitoring healing on active faults over time in the Napa region.

The FZTWs generated by shots detonated within the rupture zone and recorded
at a long seismic array (W-E Line) across multiple faults in 2016 show the rup-
ture branching structure on multiple fault strands of the WNFZ at shallow depth
in the 2014 M,6.0 South Napa earthquake. These rupture zones are separated
at the surface but like merge at the shallow depth as shown in Figure 1.19b. The
rupture bifurcation had been studied by FZTWSs recorded in the 1999 M, 7.1
Hector Mine earthquake in Mojave Desert, Southern California (Li et al., 2003).
Eventually the dynamics of branched fault system involved in the Hector Mine
earthquake has been simulated by Oglesby et al. (2003). On the other hand,
the adjacent Carneros Fault did not rupture but possibly had minor slips due to
strong shaking by the M6 South Napa mainshock occurred nearby. The FZTWs
generated by explosions show a waveguide with moderate velocity reduction (by
~35%) along the CF running subparallel to the north WNF and connects the
north end of the Franklin Fault to form the Carneros-Franklin Fault (Graymer,
2014). Furthermore, our observations and simulations of FZTWs generated by
explosions suggest a 1-2 km wide damage zone. An extensive (~1.5-km-wide)
and long-lived compliant zone along the Calico Fault in Mojave Desert has been
evidenced by seismic and geodetic data (Cochran et al., 2009). Although our
inferred velocity model resulted from 3-D finite-difference simulations of FZTWs
generated by aftershocks and explosions is not well constrained by independent
measurements, the finite-difference simulations provide a first-order estimate of
the continuity of the low-velocity damage zone along the WNFZ and the Franklin
Fault as well as the branching structure of rupture zones along multiple strands
of the WNFZ.

Our observations and 3-D finite-difference simulations of FZTWs generated by
both aftershocks and explosions show their large amplitudes and long wavetrains
at stations located within the fault zone, illuminating that a great amount of
seismic energy is localized within the damage zones along multiple strands of the
WNFZ due to the trapping effect of low-velocity waveguides. The results from
FZTWs are consistent with the observed amplification of strong ground motion
to the south in the along-strike direction of the Franklin or Southampton faults in
Napa Valley (Baltay and Boatwright, 2015), potentially indicating a fault-zone
guided wave. Therefore, the longer and more continuous WNF-FF zone as well
as multiple rupture branching structure in a broader range may pose significant
regional hazards from localized amplification, extended ground shaking, and
increased damage along the fault-zone waveguides, even if the surface rupture is
limited to only a portion of the overall fault zone.
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Chapter 2

The Calico Fault Compliant Zone at Depth
Viewed by Fault-Zone Trapped Waves from
Teleseismic Earthquakes

Yong-Gang Li

The fault-zone trapped waves (FZTWs) are first-time identified in teleseisms
recorded at a square seismic array consisting of 40 intermediate-period stations
and 60 short-period stations deployed atop the Calico Fault (CF) in Mojave
Desert, California. We examined the data from 26 M>6 teleseismic earthquakes
occurring at distances of 40°-80° great circles to the Calico array site in 2006,
and found FZTWs characterized by large amplitudes and long durations of 3.5—4
s following the first P-arrival and 6-8 s after the Moho converted P-to-S waves
in teleseisms registered at seismic stations within the ~1 km-wide CF compliant
zone. This type of FZTWs has not been used before, but they appear to have
great promise for providing unprecedented constrains of the depth extension of
fault damage zone because they arise from seismic waves entering the bottom of
fault zone at deep level. In the previous study on the CF (Cochran et al., 2009),
the FZTWs generated by explosions and local earthquakes had been combined
with travel-times inverse and InSAR observations to image the CF low-velocity
compliant zone, within which seismic velocities are reduced by 40%-50%, to
depths in excess of 5—6 km. In order to obtain the better image of the deeper
portion of the CF compliant zone, we use the FZTWs recorded for teleseismic
earthquakes to document deep fault damage structure. In conjunction with the
receiver function analysis and the pre-existing velocity model of the CF, our
observations and simulations of the FZTWs identified in teleseisms show the
Calico fault compliant zone with velocity reduction of ~50% extending to the
depth of at least ~8 km beneath Mojave Desert.

https://doi.org/10.1515/9783110560329-084
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Key words: Fault compliant zone and depth extension, teleseismic earthquake
and teleseisms, fault-zone trapped waves, receiver function.

2.1 Introduction

Some geodetic estimates suggest that the Calico Fault (CF) has as much as 7
mm/yr dextral slip rates within the eastern California shear zone (Peltzer et al.,
2001). Recent trench data indicate that the last earthquake occurred on it at
least several hundred years ago (Ganev et al., 2008). Coseismic interferograms
for both the Landers and Hector Mine earthquakes showed the strain localized
on the CF and other nearby faults (Fialko et al, 2002; Fialko, 2004). Line-
of-sight displacements with amplitudes of a few centimeters and wavelengths of
a few kilometers were clearly associated with the CF (Fig. 2.1a). Observed
interferometric synthetic aperture radar (InSAR) anomalies for the CF are best
explained with a 1-2 km wide zone around the fault with a shear modulus
reduced by up to ~60% extending to at least 5 km depth.

The CF is located midway between the 1992 M, 7.3 Landers and 1999 M,7.1
Hector Mine ruptures along which fault-zone trapped waves (FZTWSs) gener-
ated by explosions and aftershocks had observed and used to characterize the
co-seismic damage and post-seismic heal of fault rocks at depth (Li et al., 1994,
1998, 1999, 2000, 2001, 2002, 2003a,b; Vidale and Li, 2003). Following up these
studies, a seismic investigation of the compliant zone along the CF was con-
ducted in Mojave Desert in 2006 (Cochran et al., 2009). Using seismic travel
times, FZTWs generated by explosions and local earthquakes combined interfer-
ometric Synthetic Aperture Radar observations, an approximate 1-1.5 km wide
CF compliant core zone was imaged to the depth of 5—6 km, within which seis-
mic velocities are reduced by up to ~40% compared with wall-rock (Fig. 2.1c¢).
The observed seismic velocity (rock rigidity) reductions along the CF zone are
likely due to the cumulative mechanical damage by dynamic ruptures in the
past earthquakes occurring on it. This result suggests that faults can affect
rock properties at substantial distances from the primary fault slip surfaces and
throughout much of the seismogenic zone, implying that the portion of energy
expended during rupture can drive rock cracking and develop fault systems. Per-
manent damage zones may, thus, play a critical role in ground motion intensity
and earthquake hazard along the fault resulting from its waveguide trapping
effect.
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Fig. 2.1 (a) Map shows locations of 40 (40T, 0.025 Hz) stations (black triangles)
and 60 (L22, 2 Hz) stations (red circles) along 4 seismic lines A, B, C and D deployed
across the Calico Fault in 2006 (Cochran et al,, 2009). Colors in high-pass-filtered
co-seismic interferogram from the 10/16/1999 Hector Mine earthquake during 01/13-
10/20/1999 denote variations in line of sight (LOS) displacements (Fialko et al., 2002).
(b) Map shows locations of intermediate- (triangles) and short-period (dots) stations
along seismic lines A, B, C and D deployed across the CF compliant zone (marked
by grey color) with the 1 km-wide fault core zone (dark grey). Station spacing is not
even, but with denser stations within the compliant zone. (¢) Model of P-wave low-
velocity zone along Calico fault with 40% reduction in velocity obtained by Cochran
et al. (2009). The fault compliant zone is 1.0-1.5 km wide at the surface. The lateral
velocity profile across the fault is approximated as a Hanning taper, and the velocity
reduction tapers linearly to zero between 0 and 10 km depth. The damage zone is
modeled to extend to 10 km depth, but with small relative velocity reductions below
5-6 km. (d) Map shows locations of 71 teleseismic earthquakes (white circles) with
M > 6 recorded at 4 seismic lines in the square array atop the CF. Red circles marked
by labels with TE followed by Julian date, M followed by magnitude and D followed
by depth, denote seven teleseismic earthquakes for which FZTWs are identified in
teleseisms and shown in this article.
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However, the depth extension of the CF compliant zone is still less constrained
by the FZTWs generated by near-surface explosions and local earthquakes at
shallow depths because those FZTWs from these seismic sources mostly travel
within the shallow portion of the fault zone. Recently, we examined the data
recorded at the dense array atop the CF in the 2016 experiment for teleseismic
earthquakes, and identified FZTWs in teleseisms. Because these FZTWs arise
from the first-arrival P and P-to-S waves converted at the Moho discontinuity
and sub-vertically enter the bottom of the Calico fault zone, they are capable
to provide unprecedented constraints on the depth extension of fault compliant
zone in the crust. In this chapter, we demonstrate the new type of FZTWs
identified in teleseisms recorded at the CF and use them to image the deep
portion of the low-velocity fault compliant zone.

2.2 The Data and Waveform Analyses

Cochran et al. (2009) installed a dense array of 40 intermediate-period (40T)
stations and 60 short-period (L22) stations in a 1.5 kmx 5.5 km square adjacent
to the Calico Fault (CF) to record three shots detonated within and out of the
Calico Fault zone, and then to record earthquakes for six months starting from
June in 2006. This square array consists of four seismic lines (Line A, Line
B, Line C and Line D in Fig. 2.1a) with 1-km line spacing nearly perpendicu-
larly across the CF. The geometry of the array and station intervals is shown
in Figure 2.1b. Each station has a short-period sensor (L22 2Hz) and/or an
intermediate-period sensor (40T, 0.025 Hz) buried in a 0.5-1 m deep dig hole
with three components in the vertical, parallel and perpendicular to the fault
strike. Seismometers worked in continuous mode at 100 samples per second, and
were synchronized by internal GPS clocks. The data recorded at four cross-fault
lines A, B, C and D for three explosions and five earthquakes on the CF were
used for FZTWs analysis, and twenty local earthquakes and eight teleseismic
earthquakes were used for travel time tomography (Cochran et al., 2009).

In the present study, we examine the data recorded at four seismic lines A,
B, C and D for 72 teleseismic earthquakes with magnitudes M>6 occurring at
distances of 40°-80° great circles (approximate 5,000-11,000 km) to the Calico
seismic array site between June and November of 2006 (Fig. 2.1d). We use
the data with good signal-to-noise ratio (SNR) from 26 teleseismic earthquakes
occurring at depths deeper than 28 km, and identified FZTWs immediately
following the first P-arrivals in teleseisms recorded at Lines A, B, C and D.
These FZTWs are interpreted to arise from the first-arrival P-wave and the
P-to-S wave converted at the Moho discontinuity (at ~30 km depth beneath
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Mojave Desert), which enter the bottom of the CF compliant zone. Seismograms
recorded for teleseismic earthquakes occurring at depths shallower than ~30 km
are in general dominated by strong surface waves so that they are not suitable
used in this study. In the present article, we show the FZTWs identified in
teleseisms from 7 teleseismic earthquakes which locations and magnitudes are
shown in Figure 2.1d and in Table 2.1.

Table 2.1 Teleseismic earthquakes and local earthquakes recorded at the seismic array
atop the Calico fault, which waveforms are shown in this study.

Event ID Type Magnitude Latitude Longitude Depth (km) Distance (°)
TE162 Teleseismic 6.3 33.130 131.150 140.0 72.2
TE244 Teleseismic 6.7 —6.780 155.540 38.0 69.5
TE271 Teleseismic 6.9 —16.613  —172.035 28.0 73.5
TE272 Teleseismic 6.1 10.910 —61.650 53.0 55.0
TE276 Teleseismic 6.3 —18.860 169.090 161.0 65.7
TE288 Teleseismic 6.7 19.878 —155.935 38.9 37.8
TE317 Teleseismic 6.8 —26.038 —63.243 547.5 78.9

2.2.1 Teleseismic Earthquakes in the Southwest Direction from the
Array Site

Figure 2.2a shows seismograms recorded at five 40T stations of seismic Line D
across the CF for a M6.7 teleseismic earthquake (TE288 in Table 2.1 and Fig.
2.1d) occurring at 39-km depth beneath Hawaii Islands and ~4200 km (37.8°)
southwest from the CF seismic array site in Southern California. Because the
array site located in Central Mojave Desert is very quiet, the primary P-wave and
S-wave are visible in teleseisms while strong surface waves appear after ~1000-s
from the event origin time. We apply a band-pass filter on teleseisms to suppress
the surface waves, and cut teleseisms by a 25-s time window between 435-s and
460-s, starting from ~3 s before the first-arrival P-wave (P’).

Figures 2.2b and 2.2c exhibit the band-pass (0.5-2 Hz) filtered three-component
teleseisms recorded at twenty-five stations along Line B installed with 40 T and
22 sensors, respectively. We observe prominent wavetrains with large ampli-
tudes and ~7.5-s duration staring from ~5-s after the first-arrival P’ in two
horizontal-component teleseisms at stations between B9 and B15 located within
the ~1-km-wide CF compliant core zone. However, they are not clearly ob-
served in vertical-component teleseisms. We measure the durations of these
large-amplitude wavetrains at five stations within the compliant zone where
the waveform amplitudes are above twice the background signal level, and take
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the average of measurements. In contrast, no such large-amplitude and long-
duration wavetrains recorded at stations out of the CF compliant zone. We
interpret these long-duration wavetrains with large amplitudes dominant in
two horizontal-component teleseisms to be fault-zone trapped waves (FZTWs)
formed by S-waves that are converted from first-arrival P waves at the Moho
discontinuity (~30-km depth beneath Mojave Desert) and sub-vertically enter
the bottom of the low-velocity CF compliant zone at certain depth. We call P’
for the refracted P-wave and S’ for the P-to-S converted wave of the first-arrival
P at the Moho discontinuity. The time difference between P’ and S’ is 5-5.5
s corresponding to the distance of waves traveling sub-vertically between the
Moho at depth of ~30-km and seismic array at the surface. When the P’ and S’
waves enter the bottom of the vertical fault zone, the P-type and S-type FZTWs
are produced due to constructive interference of multiple reflected waves at the
boundary between the low-velocity compliant zone and high-velocity surround-
ing rocks.

Both of P-type and S-type FZTWs were recorded at the stations located
within the CF compliant zone at the ground surface. We observe the wavetrains
with relatively large amplitudes and ~4-s duration immediately following the
P’ in vertical-component teleseisms at stations located within the CF compliant
zone. We call these wavetrains in P coda to be the P-type FZTWs polarized
sub-vertically. They are not dominant in horizontal-component teleseisms, but
visible in the perpendicular-component because the ray path from teleseismic
earthquake TE288 to the seismic array is nearly perpendicular to the CF strike.
We notice the multiple peaks (called P”) in late coda of teleseisms, probably
due to waves rebounded between the free surface and the Moho discontinuity.
Figure 2.2d shows ~7.5-s post-S’ and ~4-s post-P’ coda durations of FZTWs
in perpendicular-component teleseisms at stations of Lines A, C, and D located
within the CF compliant zone.

We have examined seismograms recorded for other three teleseismic earth-
quakes occurring southwest of the CF array site. Figures 2.3a and 2.3b exhibit
teleseisms recorded at Line B and Lines A, B, C and D installed with 40T sensors
for a M6.3 teleseismic earthquake (TE276 in Table 2.1 and Fig. 2.1d) occurring
at 161-km depth beneath Solomon Islands, approximately 10,000 km (65.7°)
southwest of the CF seismic array. The S-type FZTWs with large-amplitudes
and 7-8-s coda duration starting from 5-5.5 s after the first P-arrives are dom-
inant in two horizontal-component teleseisms recorded at stations within the
~1-km-wide CF compliant core zone. On the other hand, the P-type FZTWs
with ~3.5—4-s duration immediately following the P’ are dominant in vertical-
component teleseisms at stations within the compliant zone for this deep tele-
seismic earthquake from which waves propagate nearly vertically to the seismic
array. Figures 2.3c and 2.3d show spectral contours at stations located within
and out of the ~1-km-wide CF compliant zone. The S-type FZTWs show large
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Fig. 2.2 (a) Seismograms in the fault-perpendicular component recorded at six 40T
stations along Line D for a teleseismic earthquake TE288 which location is shown in
Figure 2.1d. Station D15 is located on the fault trace. Station names and distance with
respect to D15 are shown in plot. Surface waves are dominant in raw seismograms,
but primary P and S waves are visible. The time scale in z-axis is 200-1800 s. (b)
and (c) Three-component seismograms recorded at seventeen intermediate-period 40T
stations and twenty-six L22 2-Hz stations along Line B for TE288. Station B15 is
located on the fault trace. The time scale in plot is 25 s starting before the first-P
arrival. P’ and S’ are transmitting P-wave and P-S converted wave at the Moho. P”
denotes multiple waves. Seismograms have been band-pass (0.5-2 Hz) filtered and are
plotted using a fixed amplitude scale for all traces in each profile, showing prominent
FZTWs (in brackets) either in P-coda or S-coda at stations B9 - B19 located within a
~1-km-wide compliant zone (marked by a vertical grey bar). (d) Band-pass (0.5-2.0
Hz) filtered perpendicular-component teleseisms recorded at Lines A, C and D show
prominent FZTWs (in brackets) with large amplitudes and long wavetrains (marked
by horizontal bars) at stations located within the ~1-km-wide compliant core zone.
Other notations are same in (a) and (b).
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spectral amplitudes at 1-2 Hz and ~7-s duration at stations A15, B15, C15 and
D15 located within the CF compliant zone, but much shorter wavetrains (du-
ration <3-s) are registered at stations B1 and B26 out of the compliant zone.
The P-type FZTWs with ~4-s duration are also visible in normalized spectral
amplitude contours of teleseisms registered at stations A15, B15and D15 located
within the CF compliant zone.

Figures 2.3e and 2.3f show teleseisms recorded at Line B with L22 sensors and
Lines A, C and D with 40T sensors for a M6.9 teleseismic earthquake (TE271
in Table 2.1 and Fig. 2.1d) occurring at 28-km depth beneath Tonga Islands
in Pacific Ocean and ~6,200-km (55°) southeast of the CF array. We observe
large-amplitude FZTWs with 7.5-8 s post-S’ coda duration dominant in two
horizontal-component teleseisms and 4-4.5 s duration immediately following the
P’ in vertical component teleseisms at stations within the ~1-km-wide CF com-
pliant core zone, but not at stations farther away from the zone. We notice
the S-type FZTWs in vertical-component teleseisms and the P-type FZTWs
in perpendicular-component teleseisms for this shallow teleseismic earthquake
because the ray path from it enters the bottom of the CF compliant zone sub-
vertically and is nearly perpendicular to the CF strike. We also notice the mul-
tiples in the later coda.
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Fig. 2.3 (a) Three-component seismograms recorded at seventeen 40T stations along
Line B for the deep teleseismic earthquake TE276 show prominent FZTWs (in brackets)
with 7-8 s post-S’ duration (denoted by horizontal bars) in two horizontal-component
and ~4 s post-P’ duration in vertical-component teleseisms recorded at stations
B9 - B21 located within the ~1-km-wide CF compliant core zone. (b) Perpendicular-
component teleseisms recorded at Lines A, C and D for TE276. Other notations
are same as in Figure 2.2. (c) and (d) Normalized spectral amplitude contours of
perpendicular-component teleseisms show large-amplitude FZTWs at 1-2 Hz with ~7-
s post-S’ and ~4-s post-P’ durations at on-fault stations B15, A15, C15 and D15 but
lower amplitude and shorter duration (<3-s) at stations Bl and B26 out of the com-
pliant zone. The same amplitude scale is used for plots. (e) and (f) Same as in (a)
and (b), but for teleseisms recorded at twenty-six L22 stations along Line B, and 40T
stations along Lines A, C and D for the shallow teleseismic earthquake T271, showing
7.5-8 s post-S’ and 4-4.5 s post-P’” FZTWs at stations within the CF compliant zone.

Figures 2.4 shows teleseisms and normalized spectral amplitude contours
recorded at Lines A, B, C and D for a M6.7 teleseismic earthquake (TE244 in
Table 2.1 and Fig. 2.1d) occurring at 38-km depth beneath Papua New Guinea
Islands ~11,000 km (69.5°) southwest of the CF seismic array site in Califor-
nia. We observe large-amplitude and long-duration (~7.5-s) wavetrains starting
from ~5.5 s after the first-P arrivals at stations between B9 and B21 located
within the ~1-km-wide CF compliant core zone but not at stations out of the
zone (Figs. 2.4a and 2.4b). Consistently, these wavetrains are interpreted to be
S-type FZTWs arising from the S’-wave which is converted from the P-wave
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Fig. 2.4 (a) and (b) Three-component teleseisms recorded at sixteen 40T stations
along Line B for a M6.7 teleseismic earthquake occurring at 38-km depth (TE244 in
Table 1 and Fig. 1d), showing prominent FZTWs (in brackets) with ~4-s post-P’ and
~7.5-s post-S durations (denoted by horizontal bars) at stations B9-B21 located within
a 1-km-wide compliant zone. Normalized spectral amplitude contours of teleseisms
show large-amplitude (red color) FZTWs at 1-3 Hz with ~7.5-s duration at on-fault
station B15, but lower amplitude with much shorter duration (2-s) at stations B1 and
B26 out of the compliant zone. (c¢) Perpendicular-component teleseisms recorded at
seismic Lines A, C and D. (d) Normalized spectral amplitude contours of teleseisms
show large-amplitude FZTWs at 1-2 Hz with ~7.5-s duration at stations A15, C15 and
D15 located on the CF surface trace. (e) Receiver functions computed by deconvolution
between the radial- and vertical-component teleseisms at 4 stations of Line B and 2
stations of Line A and Line C for each. P’-arrivals are aligned at time 0 s. P-to-
S converted waves (S’) appear at ~5 s. The S-type FZTWs following S’ show large
amplitudes and ~7.5-s duration (in grey box) at stations (B-12, B13, A15 and C15)
within the CF compliant zone while lower amplitudes at stations (B01, B26, A04 and
C04) outside the compliant zone. Large amplitudes following P’ and P” might relate
to the P-type FZTWs. The multiple P” arrives at ~15 s.
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at the Moho and sub-vertically enters the bottom of the CF compliant zone
at depth. The S-type FZTWs are observed on teleseisms recorded at stations
of Lines A, C and D within the CF complaint zone (Figs. 2.4c and 2.4d). We
also observe the P-type FZTWs immediately following the first-arrival P’ wave
in vertical- and perpendicular-component teleseisms for this shallow teleseismic
event, from which waves propagate almost perpendicular to the fault strike. The
multiple phases of FZTWs are seen in the late coda on teleseisms.

We use the receiver function to confirm that the identified P-type and S-
type FZTWs in teleseisms arise from the transmitted P-wave and P-to-S wave
converted at the Moho discontinuity. In general, the receiver function analysis
is helpful to equalize near-source effects in three-component seismograms and
isolate the receiver effects from the observed waveforms so that we can use them
to document the deep portion of the CF compliant zone. We compute receiver
functions by waveform deconvolution between the radial-component and vertical-
component teleseisms for isolating the local response. Figure 2.4e shows receiver
functions computed for teleseisms recorded at stations of Lines A, B and C that
were located within and out of the CF compliant zone for teleseismic earthquake
TE244. The peak amplitudes of P’ and P-to-S converted wave S’ from the Moho
in receiver functions arrive at 0 s and ~5 s; the multiple-phase P” arrives at
~15 s, corresponding to the ~30-km Moho depth and the average ~6 km/s P-
wave speed beneath Mojave Desert. Large-amplitudes between 5 s and 12 s in
receiver functions at stations B12, B13, A15 and C15 located within the CF
compliant zone are likely associated with S-type FZTWs arising from S’ wave.
In contrast, much lower amplitudes following S’ in receiver functions at stations
BO01, B26, A04 and C04 located outside the compliant zone. The amplitude peaks
in receiver functions immediately following the firs-arrival P’ wave at stations
located within the CF compliant zone are likely the P-type FZTWs.

2.2.2 Teleseismic Earthquakes in the West Direction from the Array
Site

We then examine teleseisms recorded for a M6.3 earthquake (TE162 in Table
2.1 and Fig. 2.1d) occurring at 140-km depth in Honshu Prefecture of Japan,
approximately 9500-km (72.2°) west of the CF array site in California. Both
of P- and S-type FZTWs are identified in teleseisms registered at Line B (Fig.
2.5a, b and c). P-type FZTWs immediate after the first-arrival P’ wave show
~4-s coda duration in vertical- and perpendicular-component teleseisms but in-
visible in parallel-component because the waves come from this deep teleseismic
event to surface stations nearly vertically and perpendicular to the CF strike.
S-type FZTWs with large-amplitude and long-duration (~7-s) wavetrains follow-
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ing the S” wave are dominant in two horizontal-component teleseisms at stations
between B9 and B21 located within the ~1-km-wide CF compliant zone. In
contrast, shorter wavetrains with lower amplitudes are registered at stations out
of the compliant zone, indicating abundance of seismic energy trapped within
the CF compliant zone. These P- and S-type FZTWs identified in teleseisms are
similar to those FZTWs generated by explosions and local earthquakes recorded
at the same seismic array atop the CF (Cochran et al., 2009), but they arise from
the transmitting P’ wave and the P-to-S converted wave (S’) of the first-arrival
P wave at the Moho discontinuity, which enter the bottom of CF compliant zone
at depth. These FZTWs are also identified in teleseisms recorded at stations of
Lines A and C located within the CF compliant zone for teleseismic earthquake
TE162 (Fig. 2.5d).

The receiver functions computed by deconvolution between the radial- and
vertical-component teleseisms recorded at five stations of Line B for teleseismic
earthquake TE162 are shown in Figure 2.5e. The peak first-arrival P’ wave and
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Fig. 2.5 (a) and (b) Three-component seismograms recorded at fifteen intermediate-
period 40T stations and twenty-six L22 2-Hz stations along Line B for a M6.3 teleseis-
mic earthquake TE162 show prominent FZTWs with ~7-s post-S duration (in brackets)
in two horizontal seismograms and ~4-s post-P duration at stations B9 - B21 located
within a ~1-km-wide compliant zone. P” denotes multiple P-waves rebounded between
the surface and Moho. (¢) Normalized spectral amplitude contours of teleseisms show
large-amplitude (red color) FZTWs at 1-3 Hz with ~7-s duration after S’ and ~4-s
duration after P’ at station B15 located on the CF trace, but lower amplitude with
shorter duration (<3-s) at stations Bl and B26 out of the CF compliant zone. (d)
Perpendicular-component teleseisms recorded at Lines A and C installed with 40-T
sensors show both P- and S-type FZTWs at stations located within the CF compliant
zone. (e) Receiver functions of teleseisms at 5 stations of Line B. The Moho converted
P-to-S wave S’ appear at ~5 s. The S-type FZTWs following S’ show large amplitudes
and ~7-s duration in S-coda (in grey box) and ~3.5-4 s duration in P-coda at stations
B13, B14 and B15 located within the CF compliant zone, but lower amplitudes at
stations B03 and B24 outside the compliant zone.

the Moho converted P-to-S wave (S’) arrive at 0 s and ~5 s, and the multiple-
phase P” arrive at 14-15 s, according to the ~30-km Moho depth and ~6 km/s
P-wave speed beneath Mojave Desert. The large-amplitudes between ~5 s and
12 s in receiver functions at stations B13, B14 and B15 located within the CF
compliant zone are likely associated with the S-type FZTWs arising from P-
to-S converted wave S’ that enters at the bottom of the CF at certain depth.
In contrast, much lower amplitudes following S’ in receiver functions registered
at stations B03 and B24 located outside the CF compliant zone. The large
amplitudes immediately following the first-arrival P’ at stations B13, B14 and
B15 are likely associated with the P-type FZTWs. In contrast, the amplitudes
in P coda at stations B03 and B24 out of the CF compliant zone are much lower.
The receiver functions of recorded teleseisms indicate that our identified FZTWs
are produced by a low-velocity CF compliant zone along the CF at depth rather
than a shallow anomaly structure.
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2.2.3 Teleseismic Earthquakes in the Southeast Direction from the
Array Site

We finally examine the teleseisms recorded at the seismic array atop the CF
for teleseismic earthquakes with azimuths in the south direction from the array.
Figure 2.6 shows teleseisms recorded for a M6.8 earthquake (TE317 in Table
2.1 and Fig. 2.1d) occurring at 548-km depth in Bolivia, approximate 7,900-km
(78.9°) southeast of the CF seismic array in California. We observe both S-
and P-type FZTWs at Line B installed by both intermediate (T40) and short-
period (L22) sensors. Surface waves are invisible in teleseisms for this deepest
earthquake recorded in the 2016 experiment. The S-type FZTWs with 6-7 s
duration following the P-S converted S’ waves (~5-s after the first P-arrival) in
two horizontal-component teleseisms recorded at stations within the ~1-km-wide
CF compliant zone. The S-type FZTWs are not visible in the vertical-component
teleseisms because the ray path from this deep teleseismic earthquake to the CF
array is almost vertical. Normalized spectral amplitude contours of teleseisms
show large-amplitude FZTWs at 1-3 Hz with ~7-s duration at on-fault station
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Fig. 2.6 (a) and (b) Three-component seismograms recorded at sixteen 40T sta-
tions and twenty-six 1,22 2-Hz stations along Line B for a M6.8 teleseismic earthquake
(TE317 in Table 2.1 and Fig. 2.1d). Teleseisms show prominent FZTWs (in brackets)
with ~6-7 s post-S’ duration in two horizontal teleseisms and 3.4 s post-P’ duration
in the vertical- and perpendicular-component teleseisms recorded at stations B9-B21
within a ~I1-km-wide compliant zone. (c¢) Normalized spectral amplitude contours
of perpendicular-component teleseisms show large-amplitude FZTWs at 1-3 Hz with
~7-s duration S-coda and ~4-s duration in P-coda at station B15 located at the CF
trace, but much lower amplitude with shorter duration at stations B1 and B26 out
of the compliant zone. (d) Teleseisms recorded at 40-T stations of Line C, showing
both P- and S-type FZTWs for teleseismic earthquake TE317. (e) Receiver functions
computed by deconvolution between the radial- and vertical-component seismograms
recorded at (left) 5 stations of Line B (left) and (right) 2 stations of Line C. P’-arrivals
are aligned at time 0 s. P-to-S converted waves (S’) appear at ~5 s. The S-type
FZTWs following S’ show large amplitudes and ~6.5 s duration in S-coda (in grey
box) and 3.5-4 s duration in P-coda registered at stations (B11, B13, B15, and C15)
within the CF compliant zone while lower amplitudes at stations (B03, B26, and C03
outside the compliant zone.

B15, but much weaker and shorter post-S’ wavetrains at stations Bl and B26
out of the compliant zone (Fig. 2.6¢). We also identify the P-type FZTWs with
3.5—4 s duration following the first-arrival P’ dominant in vertical- and parallel-
component teleseisms at stations within the CF compliant zone because waves
from this deep teleseismic earthquake are nearly vertically and parallel to the CF
strike from the SSE direction. We note that the P-type and S-type FZTWs for
this deep event have shorter durations (~3.5 s and 6-7 s) than those in teleseisms
from shallower events because the ray paths from it enters the Moho and then
the bottom of the CF compliant zone more steeply than the ray paths from the
shallower events. Therefore, seismic waves travel shorter distances within the
low-velocity fault zone before they arrive at the seismic array at the surface.
Figure 2.6d shows both P- and S-type FZTWs in parallel-component tele-
seisms recorded at Line C installed with 40T sensors for this deep event. Figure
2.6e shows receiver functions computed for teleseisms recorded at five stations
of Line B and two stations of Line C, located within or out of the CF compliant
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zone for teleseismic earthquake TE317. The peak amplitudes of P’ and P-to-S
converted wave S’ from the Moho are aligned at 0 s and ~5 s, and the multiple-
phase P” arrives at ~14-15 s in receiver functions. The large-amplitudes with
durations between ~5 s and ~12 s in receiver functions at stations (B11, B13,
B15 and C15) located within the CF compliant zone are likely associated with
S-type FZTWs following the P-to-S converted S’ wave while large-amplitudes
with durations between 2 s and 5 s in receiver functions are likely associated
with P-type FZTWs arising from the first-arrival P’ wave. In contrast, the am-
plitudes following P’ and S’ in receiver functions at stations (B03, B26, and C03)
located outside the compliant zone are much lower.

In Figure 2.7, we identify FZTWs in teleseisms recorded at seismic Lines
A, B, C and D for a M6.1 earthquake (TE272 in Table 2.1 and Fig. 2.1d)
occurring in South America, at 53-km depth and ~6,200-km (55°) southeast of
the CF array site. FZTWs with large amplitudes, ~6-s post-S’ duration and
~4-s post-P’ duration were recorded at stations located within the ~1-km-wide
CF compliant zone. P-type FZTWs following the first P-arrivals are obvious in
parallel-component teleseisms for this teleseismic earthquake because the ray
path to the seismic array is sub-vertical and sub-parallel to the CF strike. We
notice the multiples in later coda, probably due to waves rebounded between
the free surface and Moho discontinuity.

In above examples (Fig. 2.2 to Fig. 2.7), we identify the wavetrains with rela-
tively large amplitudes and ~4-s duration immediately following the first-arrival
P’ waves dominant in vertical-component teleseisms recorded at stations located
within the ~1-km-wide CF compliant zone for teleseismic earthquakes occurring
in various azimuthal directions from the CF array site. We interpret them to be
the P-type of FZTWs arising from the transmitted P’ wave from the Moho dis-
continuity at ~30-km depth and entering the bottom of the CF compliant zone
at certain depth in the earth crust. We also observe consistent wavetrains having
large amplitudes with 6-8 s duration starting from ~5 s after the first-arrival P’
dominant in two horizontal-component teleseisms. We tentatively interpret these
large-amplitude long-duration wavetrains to be S-type FZTWs arising from co-
hesive interference of the P-to-S converted S’ wave at the Moho and entering the
bottom of the CF compliant zone. The CF compliant zone plays a low-velocity
waveguide to trap/guide seismic waves within it. These FZTWs identified in
teleseisms are similar to those generated by explosions and local earthquakes
(Cochran et al., 2009), but they are recorded for teleseismic earthquakes.
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Fig. 2.7 (a) and (b) Parallel-component seismograms recorded at seventeen 40T
stations and twenty-six 1.22 stations along Line B for a M6.1 teleseismic earthquake
(TE272 in Fig. 2.1d) occurring at 53-km depth. Teleseisms have been band-pass (0.5—
2 Hz) filtered, showing prominent FZTWs with ~6-s post-S’ duration in teleseisms
recorded at stations located within the ~1-km-wide CF compliant zone. (c) Parallel-
component teleseisms recorded at Lines A, C and D for this teleseismic event, showing
prominent FZTWs with ~6-s post-S duration at stations within the compliant zone.
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2.3 Simulations of FZTWs for Teleseismic
Earthquakes

We construct a structural model of the Calico Fault compliant zone on the basis
of the previous model shown in Fig. 2.1c (Cochran et al., 2009) combined with
newly observations of FZTWs for teleseismic earthquakes. Figure 2.8a shows a
schematic diagram in 2-D across the fault zone to illustrate the ray path of first-
arrival P wave from a teleseismic earthquake hitting the Moho discontinuity at
30-km depth, and the transmitting P (P’) and converted P-to-S (S’) waves that
sub-vertically enter the bottom of the CF compliant zone at a certain depth
in the upper crust to produce P-type and S-type FZTWs due to constructive
interference of waves propagating within the low-velocity fault-zone waveguide.

We use a 3-D finite-difference code (Graves, 1996; Vidale et al., 1985) to com-
pute synthetic seismograms that fits teleseisms recorded at seismic lines across
the CF. The finite-difference computer code is second order in time and fourth
order in space, and it propagates the complete wave-field through an elastic
media with a free surface boundary and spatially variable anelastic damping
(an approximate @). In our computation, we use a 160-160-640 element grid in
x—1y— z coordinates with a grid spacing of 62.5 m to simulate a volume of 10 km
in width, 10 km in length, and 40 km in depth. The waveguide composed of a
1-km-wide low-velocity fault zone with 50% velocity reduction embedded in the
higher-velocity surrounding rocks in a half space with the free surface. The re-
ceiver array is placed at the surface and perpendicularly across the low-velocity
fault-zone. We assume plane waves with P-motion come from the teleseismic
earthquakes at various azimuth directions and incident angles to the Moho in-
terface between the lower crust and the mantle.

In order to save computer memory space and computation time, we use a 125
m grid spacing in a 10 kmx10 kmx40 km volume (80-80-320 element grid in
2 —y — z coordinates) to obtain coarse model parameters at low frequency in the
first stage of error-and-trial forward modeling approach. When the grid spacing
is 125 m and the minimum velocity within the shallow part of the fault zone was
0.75 km/s, the maximum frequency of the synthetic seismograms is 1.5 Hz. We
then use 62.5-m grid spacing to increase the resolution of fault-zone structure in
the model at higher frequency. When the grid spacing is reduced to 62.5-m, the
maximum frequency increases to 3 Hz.

We tested a model including the 1-km-wide vertical waveguide with velocity
reduction of 50% from wall-rock velocities in a layered half-space with velocity
profile shown in Fig. 2.8b. The low-velocity waveguide extends from the surface
to various depths of 4 km, 8 km and 12 km. Plane waves with P-motion from
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Fig. 2.8 (a) Schematic diagram illustrates the first-arrival P wave from a teleseismic
event hitting the Moho discontinuity between the lower crust and the upper mantle
and transmitting P’ and S’ waves, which enter the bottom of the low-velocity fault
zone (marked by brawn color rectangular) to produce P-type and S-type fault-zone
trapped waves (P-FZTW and S-FZTW). They are recorded at stations (triangles) atop
the CF compliant zone. (b) 1-D P- and S-velocities beneath Mojave Desert used for
surrounding-rock velocities in finite-difference modeling of FZTWs recorded at the CF
seismic arrays for teleseismic earthquakes. (c) The model of P-wave velocities across
the Calico fault with a low-velocity waveguide along the CF compliant zone is similar
to the velocity model provided by Cochran et al. (2009), but the CF compliant core
zone with the maximum velocity reduction of 50% extending to the depth of ~8-km.
The fault core zone is ~1 km wide at the surface and diminishes at 10-km depth. Only
0-13 km depth section of the model is plotted.

a teleseismic earthquake hit the Moho at 30-km depth in the direction sub-
perpendicular to the fault strike (at 75° azimuth angle) and at 45° incidence
angle to the vertical waveguide.

Figure 2.9 shows 3D finite-difference synthetic teleseisms using this model.
The P-type and S-type FZTWs with large amplitudes and long wavetrains are
observed in both P coda and S coda in teleseisms at stations located within the
low-velocity waveguide. In contrast, no such wavetrains are registered at stations
out of the waveguide. While S-type FZTWs are dominant in three-component
teleseisms, P-type FZTWs are observed in vertical- and perpendicular-components,
but not clearly seen in parallel-component teleseisms due to the waves form the
teleseismic event propagate sub-parallel to the seismic array. The coda dura-
tions of P-type and S-type FZTWs increase from 3.5 s to 4.5 s and 6 s to 9 s,
respectively, as the depth extension of the fault zone increases from 4 km to 12
km because FZTWs traveling a longer distance with the low-velocity waveguide
to have a longer wavetrain. The duration times of synthetic P-FZTWs (~4 s)
and S-FZTWs (~7.5 s) produced by the 8-km-deep low-velocity waveguide are
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Fig. 2.9 3D Finite-difference synthetic profiles of three-component teleseisms along
the cross-fault line for plane waves hitting the Moho in the direction sub-perpendicular
to the fault strike and at 45° incident angle to the Moho. Seismograms have been
bandpass filtered at 1-3 Hz. The P-type and S-type fault-zone trapped waves (denoted
by P-FZTW and S-FZTW) with large amplitudes and long wavetrains (in rectangular
boxes) are dominant in teleseisms registered at stations within a 1-km-wide low-velocity
waveguide (marked by a vertical black bar). The duration times of FZTWs (denoted
by horizontal black bars), within which the waveform amplitudes are above twice the
background signal level, increase as the depth extension of the low-velocity waveguide
increases (seen as the move-out of slop lines). Thin vertical lines aligned with the
first-arrival P wave and the converted P-to-S wave in teleseisms, respectively.

mostly consistent with observations shown in Figures 2.2 to 2.7, suggesting a
low-velocity compliant zone along the CF most likely to extend to a depth of
approximately 8 km.

We then construct a updated velocity mode (Fig. 2.8c) for the Calico Fault
compliant zone based on the previous model (Cochran et al., 2009) combined
with the test model used in the above example. The updated model includes a
low-velocity fault core zone that is ~1 km wide at the surface and diminishes at 8-
km depth, within which seismic velocities are reduced by 50% from the wall-rock
velocities. The velocities from the fault core zone are increased to background
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Fig. 2.10 Observed (red lines) and synthetic (blue lines) parallel- and perpendicular-
component teleseisms at Line B with L22 and T40 sensors, respectively, for two tele-
seismic earthquakes (a) TE288 and (b) TE244 in Table 2.1. S-type FZTWs with
~7.5-s coda duration (marked by horizontal black bar) following the S’ wave are domi-
nant in both horizontal-component teleseisms at stations between B7 and B17 located
within the 1-km-wide Calico Fault compliant zone (marked by a vertical black bar).
The P-type FZTWs with ~4-s coda duration following the S’ wave are prominent in
perpendicular-component teleseisms. Seismograms have been 0.5-3 Hz filtered and are
plotted using a fixed amplitude scale for all traces in profile.

velocity values of surrounding rocks (Fig. 2.8b) across a 1.5-km-wide sleeve zone
with moderate velocity reduction 25%. The width of the fault zone decreases
with a linear taper as the depth increases to 10 km.

Figure 2.10 shows 3D finite-difference synthetic seismograms using the up-
dated structural velocity model in Figure 2.8c for comparison with teleseisms
recorded for teleseismic earthquakes TE288 and TE244 occurring southwest of
the CF array site. In modeling, we assume plane waves with P-motion hit the
Moho at 30-km depth with the azimuth angle 75° (sub-perpendicular to the fault
strike) and incidence angle 60°.

Prominent wavetrains with large amplitudes and ~7.5-s duration staring from
~5-s after the first-arrival P’ are dominant in two horizontal-component tele-
seisms recorded at stations between B7 and B17 located within the ~1-km-
wide CF compliant zone for both teleseismic earthquakes. However, no such
large-amplitude and long-duration wavetrains recorded at stations out of the CF
compliant zone. We interpret these long-duration wavetrains with large ampli-
tudes dominant in two horizontal-component teleseisms to be S-type fault-zone
trapped waves (S-FZTWs) formed by the S’ wave converted from the first-arrival
P wave at the Moho discontinuity (~30-km depth beneath Mojave Desert) and
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sub-vertically entering the bottom of the low-velocity CF compliant zone at 8-
km depth. The time difference between P’ and S’ is ~5 s corresponding to the
distance of waves traveling sub-vertically between the Moho at depth of ~30-km
and seismic array at the surface. When the S’ wave enters the bottom of the
vertical fault zone, S-type FZTWs are produced due to constructive interference
of multiple reflected waves at the boundary between the low-velocity compliant
zone and high-velocity surrounding rocks, and recorded at the stations located
within the CF compliant zone at the ground surface.

The large-amplitude wavetrains with ~4-s duration following the first-arrival
P’ wave are shown in perpendicular-component teleseisms recorded at stations
within the CF compliant zone. We interpret these wavetrains to be P-type
FZTWs arising from the P’ when it sub-vertically enters the bottom of the
low-velocity fault compliant zone. Because waves from the teleseismic earth-
quake TE288 propagate in the direction sub-vertically and sub-perpendicular to
the fault strike, the P-type FZTWs are prominent in perpendicular-component
teleseisms but not so obvious in parallel-component teleseisms.

Although the layer depths and velocities of surrounding rocks are constrained
based on the previous velocity model (Cochran et al., 2009), variations in
surrounding-rock velocities and layer depths affect the arrival times of P and
S waves, As a result of the limited available constraints, we permitted a £1 s
variation in the arrival times used in our model to allow for possible lateral het-
erogeneity along the fault zone and for different azimuth and incidence angles.
Nevertheless, the finite-difference simulations of FZTWs in teleseisms provide a
first-order constraint on the depth extension of the CF compliant zone beneath
Mojave Desert. Also, because two key model parameters, the depth extension
and the velocity reduction of the low-velocity waveguide, are negotiable in the
trial-and-error forward modeling, we need to conduct a systematic simulation
of teleseisms for more teleseismic earthquakes with various azimuth and inci-
dence angles to obtain better constraints on the true depth extension of the CF
compliant zone.

2.4 Discussion

An outstanding question is the depth extent of the low-velocity damage zone
along the fault. Some researchers argue that the low-velocity damage zone on
faults is a near-surface feature that reaches only down to the top of seismogenic
zone at the depth less than 2-3 km (e.g., Ben-Zion et al., 2003; Lewis et al.,
2010). Others argue that it extends from the surface across seismogenic zone at
depths to ~10-km depth (e.g., Korneev et al., 2003; Li et al.,, 2000, 2012, 2014;

printed on 2/13/2023 8:47 PMvia . Al use subject to https://ww.ebsco. confterms-of-use



EBSCChost -

96 —— Yong-Gang Li

Li and Malin, 2008). Wu et al. (2010) showed that the low-velocity waveguide on
the San Andreas Fault (SAF) at Parkfield, California extends to the depth of 10
km or more using San Andreas Fault Observatory Drilling (SAFOD) borehole
data. Ellsworth and Malin (2011) document a profound zone of rock damage on
the Parkfield SAF downwards to at least half way (>5-6 km) through the seis-
mogenic crust using both P-type and S-type of FZTWs recorded at the SAFOD
mainhole seismograph. FZTWs recorded at Parkfield surface and borehole sta-
tions shows that the LVZ on the Parkfield SAF extends to the depth of at
least 7-8 km although the velocity reduction within the damage zone decreases
with depth due to the increasing confining pressures (Li and Malin, 2008). Al-
though FZTWs generated by explosions and local earthquakes have been used
for characterization of the subsurface fault damage structure, the wave propa-
gation coverage is poor for the deep fault zone structure because these seismic
sources are located at shallow depths.

In this chapter, the author introduces the FZTWs first time identified in
seismograms recorded at the dense seismic array atop the Calico fault zone in
Mojave Desert, California for teleseismic earthquakes. We interpret that the
transmitting P wave and the converted S wave of the first-arrival P-wave hit at
the Moho discontinuity, sub-vertically enter the bottom of compliant zone of the
Calico Fault (CF) at a certain depth and produce the FZTWs at the low-velocity
fault-zone waveguide. These waves are capable to provide more unprecedented
constraints on the depth extension of fault damage zone beyond approach of
waves generated by explosions and local earthquakes at shallower depths. Re-
sults from observations and finite-difference simulations of these FZTWs identi-
fied in teleseismic earthquakes suggest that a low-velocity waveguide on the CF
has 50% velocity reduction and extends to depths in excess of ~8 km. We shall
simulate this new type of FZTWs using a full waveform modeling technique with
inverse, such as the FD3D tomography method (Chen, 2012) to further confirm
our results from this new type of FZTWs.
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Chapter 3

Towards Real-Time Earthquake Ground-
Motion Estimation Based on Full-3D
Earth Structure Models

Po Chen, En-Jui Lee, and Wei Wang

Strong ground motion during disastrous earthquakes depends upon the earth-
quake source that generates seismic waves and the 3D geological structure through
which seismic waves propagate. Kinematic properties of the earthquake source
can be estimated, perhaps in real-time or near real-time, from seismic wave-
form data recorded at broadband 3-component seismic stations located in the
vicinity of the earthquake source. Realistic 3D crustal structure models can be
constructed beforehand through full-3D seismic waveform tomography (F3DT)
using seismic waveform data from previous small to medium-sized earthquakes
and ambient-noise Green’s functions. Once an estimate of the seismic source
and also a 3D structure model are available, synthetic seismograms at sites of
interest can be computed in real-time through the use of the reciprocity princi-
ple. In this chapter, we explore the feasibility of real-time earthquake ground-
motion estimation (forecast) using results from our previous studies in Southern
California.

Key words: Towards real-time strong motion estimation, full-3D waveform to-
mography, 3D structure model, receiver Green’s tensor, centroid moment tensor
and finite moment tensor.
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3.1 Introduction

Reliable predictions of the time, location and magnitude of an earthquake, either
natural or induced, remain elusive because direct observations of the various
fault-zone processes that link physical parameters, such as stress, pore pres-
sure and slip on fault, have proven extremely difficult (e.g., Kanamori et al.,
1997). Current efforts to mitigate seismic hazards mainly focus on three areas:
long-term (50-year) probabilistic ground-motion estimate, rapid post-earthquake
ground-motion notification and earthquake early warning (EEW).

Long-term probabilistic ground-motion estimates are often presented using
ground-shaking maps, which plot the probability of ground motion exceeding
some threshold in different areas in the next 50 years. Such maps are used widely
in the development of building codes to prevent collapses of buildings during
disastrous earthquakes, determining earthquake insurance rates in earthquake-
prone areas, making land-use policies and educating the public about earth-
quake emergency preparedness and response. In the US, the U.S. Geological
Survey (USGS) periodically updates the National Seismic Hazard Maps, which
show 50-year probabilistic ground-motion estimates for the US based on geo-
logical and geophysical information (e.g., Frankel et al., 2002; Petersen et al.,
2008). In recent years, physics-based probabilistic ground-motion estimates are
becoming available. Different from conventional estimates, they account for
wave-propagation path effects using empirical relations (e.g., Campbell and Bo-
zorgnia, 2008; Chiou and Youngs, 2008; Petersen et al., 2008). Physics-based
probabilistic ground-motion estimates account for the full-physics of 3D wave-
propagation using purely numerical solutions of the elastodynamic equation,
thereby improving the overall accuracy of ground-motion estimates (Graves et
al., 2010).

Rapid post-earthquake notifications are usually provided by seismic networks,
which often consist of large numbers of telemetered seismic stations equipped
with high-dynamic range broadband and strong-motion instruments (e.g.,
Kanamori et al., 1997; Hauksson et al., 2001). Seismograms recorded by the
network can be used for rapid estimation of earthquake source parameters,
which can be broadcast to users within minutes of a disastrous earthquake (e.g.,
Kanamori et al., 1991). Peak ground motions recorded by the seismic network
can be used to produce a map of ground motion distribution over the affected re-
gion using some interpolation techniques within 3 to 5 minutes of an earthquake
(e.g., Wald et al., 1999). Such a map can be distributed to emergency-response
agencies for rapid dispatch of rescue missions to areas with potentially large
damages.

Earthquake early warning (EEW) can fill in the gap between long-term
measures such as long-term probabilistic ground-motion estimates and post-
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earthquake short-term measures such as rapid post-earthquake notifications.
EEW aims to provide a few seconds to tens of seconds of warning of oncoming
strong ground shaking, which may allow certain emergency mitigation efforts
to take place. The usefulness of EEW depends upon, to the first-order, dense
seismic networks (i.e., short inter-station distances) and fast communications
(i.e., the recorded ground-motion data and/or estimated parameters at different
stations can be transferred across the network rapidly). In the past two decades,
significant progresses have been made around the world both in seismic instru-
mentation (i.e., seismic networks are becoming denser and denser) and also in
communication technologies, which have made EEW an increasingly more useful
option for seismic hazard mitigation (e.g., Bose et al., 2013). For example, even
a few seconds of warning time allows the implementation of preprogrammed
emergency measures, such as the deceleration of rapid-transit vehicles and high-
speed trains to prevent derailment, the orderly shutdown of industrial facilities
(e.g., gas pipelines, manufacturing operations, computer facilities) to minimize
secondary hazards (e.g., fire hazards) and potential economic losses (e.g., Wu
and Teng, 2002). EEW may also allow people to prepare for the oncoming strong
shaking (e.g., getting under a sturdy table or moving away from dangerous lo-
cations), potentially saving lives.

Rapid advances in seismic instrumentation have inspired a tremendous amount
of interest in the research of EEW algorithms that can effectively transform the
improvements in instrumentation to shorter reporting time and lower uncertain-
ties in the estimated ground-motion. All EEW algorithms are based on the
fundamental observation that the transmission speed of electromagnetic signals
is much faster than the propagation speed of seismic shear-waves and surface
waves that usually generate the strongest shaking (Gasparini et al., 2007). If a
potentially disastrous earthquake can be detected early enough around its source
region, it is possible to transmit a warning, using electromagnetic signals, to the
affected sites located some distances away from the source before the damaging
shear waves or surface waves propagate to those sites. Therefore, the perfor-
mance of EEW algorithms is usually measured in terms of the reporting time
Tr (i.e., the time needed for the EEW system to trigger and record a sufficient
length of waveform data plus the time needed to process those waveform data
to obtain magnitude and hypocenter), the accuracy of the estimated earthquake
source parameters and the predicted ground motions at the affected sites.

Recent advances in computing technology have made full-3D seismic wave-
form inversion (F3DWI) a reality (e.g., Chen and Lee, 2015). F3DWI is capable
of (near) real-time seismic source parameter inversions in a 3D earth structure
model (Lee et al., 2012). Moreover, the 3D earth structure model can be con-
stantly improved by assimilating seismic waveform observations through full-3D
tomography (F3DT) (Lee et al., 2014a). In Southern California, synthetic seis-
mograms computed using 3D structure models obtained through F3DT show a
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excellent waveform agreement with observed seismograms, not only for seismo-
grams used in the F3DT inversion, but also for seismograms from earthquakes
not included in the inversion. This capability of “predicting” seismic wave-
forms using 3D earth structure models obtained from F3DT has been utilized
in long-term physics-based probabilistic ground-motion estimates (Graves et al.,
2010). In this chapter, we explore the possibilities of improving EEW algorithms
through F3DWI.

3.2 Methodology

Depending upon the algorithm used in issuing an alert, current EEW approaches
can be roughly grouped into two categories: single-station (or onsite) approaches
and network-based (or regional) approaches (e.g., Allen et al., 2009; Behr et al.,
2015). In the single-station (onsite) approach, an alert is issued when one or
more thresholds of waveform parameters measured in real-time are exceeded at
one or two stations (e.g., Nakamura, 1988; Kanamori, 2005; Bose et al., 2009). In
the network-based approach, the first few seconds of waveforms recorded at mul-
tiple stations are used to estimate the earthquake source parameters (mainly the
magnitude and hypocenter), the expected ground motions at target sites are then
estimated based on the source parameters using certain empirical relations and
then an alarm is issued if the expected ground motions exceed certain thresholds
(e.g., Wu and Teng, 2002; Allen and Kanamori, 2003; Cua and Heaton, 2007;
Cua et al., 2009; Satriano et al., 2011). In practice, both types of approached
can be combined such as in the EEW system implemented by the Japan Mete-
orological Agency (JMA) (Kamigaichi et al., 2009).

3.2.1 Single-Station Approach

The single-station or onsite approach is based on detecting seismic signals at one
station or a few very close-by stations and issuing warning of the oncoming strong
shaking at the same location of the one or a few close-by stations. This type
of approaches is usually based upon detecting and analyzing P-waves. Because
the strongest ground shaking usually arrives at the time of, or after, the S-wave
arrival and the P-wave usually travels much faster than the S-wave, it is possible
to use the information contained in the P-wave to issue a warning before the
oncoming strong shaking.

Various P-wave-based observational parameters have been devised for EEW
purposes. One of the widely used parameters is the dominant period of the first
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few seconds of the P-wave 7% (Nakamura, 1988). The intuition behind this pa-
rameter is that larger earthquakes usually involve ruptures over larger asperities
on faults; they therefore radiate lower frequency energy. It has been found that
7" scales well with earthquake magnitude for stations located within a few
hundred kilometers of the epicenter (Allen and Kanamori, 2003). In practice,
an initial estimate of magnitude can be obtained within about one second. As
new waveform data become available, 7,7** and the magnitude estimate can be
continuously updated.

A slightly modified P-wave parameter is the average period of the P-wave
within a fixed time window, which is often selected to be three seconds (Kanamori,
2005). This parameter, often denoted as 7., also scales well with magnitude (Wu
and Kanamori, 2005; Wu et al., 2007). In practice, by combining 7. and 7%,
it is possible to obtain a more robust estimate of the magnitude (e.g., Shieh et
al., 2008).

It has been shown that the peak displacement, velocity or acceleration of the
first few seconds of the P-wave scales well with magnitude if a correction for the
epicentral distance can be made (e.g., Wu and Kanamori, 2008). In practice,
the peak displacement, Py, is found to be more robust than the peak velocity
or acceleration, although the peak velocity is also useful when P, is not easily
obtained (Wurman et al., 2007).

In a typical onsite or single-station approach, a combination of the P-wave
parameters described above is often used. Amplitude information alone may not
be sufficient for issuing a warning. Small earthquakes may generate waveforms
with large amplitudes and high frequency content. But if large amplitudes are
associated with low frequencies, the magnitude can potentially be large and a
warning should then be issued. Figure 3.1 shows a simple onsite EEW workflow

based on this concept. The UrEDAS (urgent earthquake detection and alarm
Small event or large,
distance event
Small event or large,
near event

Large amplitude?

Yes

Large dominant period?

Large event, large

peak amplitude,
warning

Fig. 3.1 A simple onsite early warning algorithm based on P-wave amplitude and
dominant frequency (Tom Heaton’s method).
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system) in Japan is a good example of the onsite approach (Nakamura, 1988).
In UrEDAS, the first three seconds of the P-wave waveform is used to estimate
source parameters. The dominant period is used to estimate the magnitude.
Once the magnitude is estimated, the amplitude can be used to estimate the
epicentral distance based on a certain attenuation model. Because UrEDAS
uses three-component instruments, the particle motion can be used to estimate
the event azimuth and depth. A single three-component station can therefore
provide estimates of all those source parameters with quite remarkable accuracy.

3.2.2 Network-Based Approach

Most of the seismic networks today are equipped with fast communication net-
works, which allow fast streaming of seismic waveform data recorded by individ-
ual stations inside the network to a data processing center, where new process-
ing modules aimed at EEW can be deployed and tested. In the network-based
or regional approach, seismic data from multiple stations are combined at the
processing center to derive more accurate estimation of earthquake source pa-
rameters and ground motion across the affected region. Onsite or single-station
algorithms can still be used inside the network setting. Parameters estimated
at individual stations can also be transmitted to the processing center and in-
tegrated into the processing and assessment workflow. Different from the onsite
approach, which usually detects seismic signals and provides warnings for the
same location, the network-based approach aims at detecting earthquakes us-
ing stations close to the hypocenter and provides warnings to users at greater
distances.

One typical example of the network-based approach is also known as the “front
detection” method, which was initially proposed for San Francisco following the
1868 Hayward fault earthquake (Cooper, 1868). The fundamental concept of
the front-detection method is to install seismic sensors between hypocenters of
potentially disastrous earthquakes and population centers that will likely expe-
rience damaging ground motion. One example of EEW systems based on the
front-detection method is the SAS (seismic alert system) implemented in Mex-
ico for Mexico City. The SAS seismic network is composed of 12 accelerometers
distributed along the coast of Guerrero above the subduction zone, where poten-
tially damaging earthquakes may occur, and provides warning to Mexico City,
which is about 320 km to the north (Espinosa-Aranda et al., 1995; Espinosa-
Aranda et al., 2009). In general, at such a large epicentral distance, the ground-
motion should be quite weak due to geometrical spreading and attenuation. But
because Mexico City was built on thick basin sediments, the ground-motion can
still be very strong due to the basin amplification effect, which was estimated to
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increase the ground-motion amplitude by a factor of 100 to 500 (Sudrez et al.,
2009). The system uses recorded waveform data from the first-arriving P-wave
to well after the arrival of the S-wave to determine if an alert should be issued,
but because of the large epicentral distance, it can still provide about 60 s of
warning time for Mexico City.

The virtual subnetwork (VSN) approach adopted by the “Central Weather Bu-
rean” (CWB) of Taiwan, China is also a variation of the front-detection method
(Wu and Teng, 2002). The seismic network is composed of 79 real-time, teleme-
tered three-component accelerometers distributed throughout Taiwan, an area
of about 100 km by 300 km. As soon as the network is triggered by an event,
stations located within about 60-km epicentral distance are automatically se-
lected to form a VSN and seismic waveform data from the VSN are extracted
from the large number of input channels of the entire seismic network for further
processing to estimate the magnitude and the hypocenter. On average, about
22 s are required for event triggering and VSN data processing, which allows the
CWB to provide warning for areas lying at distances greater than about 75 km
from the epicenter.

The disadvantage of the network-based approach is that there will likely be a
“blind zone” around the epicenter where no warning is possible. This is due to
the fact that it takes time to transmit the seismic data from the stations near the
epicenter to the processing center, to analyze those data and to issue a warning.
In practice, the network-based or regional approach can be combined with the
single-station or onsite approach to reduce the reporting time.

3.2.3 EEW Based on F3DWI

The strong ground motion experienced at a target site is the joint result of the
earthquake source that generates seismic energy and the subsurface structure
through which the seismic wave propagates. In principal, the subsurface struc-
ture can be imaged through full-3D tomography (F3DT) using seismic waveform
data from previous small- to medium-sized earthquakes and/or ambient-noise
Green’s functions. And the seismic source parameters can be estimated, per-
haps in real-time, using the waveform data recorded at stations surrounding the
epicenter and also the 3D subsurface structure model determined beforehand
through F3DT. As soon as an estimated earthquake source model is available,
synthetic seismograms and the estimated ground motion at the target site can be
computed in real-time by applying the reciprocity principle. As more waveform
data become available at the processing center, the earthquake source model can
be updated and the synthetic seismograms at the target site can be re-computed
accordingly. It is therefore feasible, at least in principle, to implement the EEW
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system based on F3DWI. The difficulty lies in the efficient implementation of
the entire workflow and the availability of sufficient computational resources for
carrying out the entire workflow in a sufficiently short amount of time.

With the rapid advances in computing technology and the wide availability
of commodity high-performance computing hardware (e.g., multi-/many-core
CPUs, graphic processing units) in the past decade, the cost of computational
resources has reduced dramatically. On the other hand, significant progresses
have been made in numerical methods for solving the elastodynamic equation
(i.e., elastic seismic wave equation) in complex 3D geological media. Using to-
day’s computing technology, it is already feasible to build an EEW system based
on F3DWI. Take for example the EEW system in Taiwan, the average reporting
time is around 22 s and only the first 10 s of the waveforms after the first P
arrival for a VSN network are used in data processing. In Southern California,
we can obtain a relatively robust centroid moment tensor (CMT) solution using
10 s of waveforms after the first P arrival on the closest 5 stations around the
epicenter. The entire calculation can be carried out on a small computer cluster
with about two dozen nodes or on a couple of graphic processing units (GPUs)
within about 5 s. Synthetic seismograms that account for the full physics of 3D
wave propagation can be computed for all target sites within about 1 s. The syn-
thetic peak-ground-velocity (PGV) map can then be computed using a simple
kriging algorithm in less than 1 s and our synthetic PGV map shows excellent
agreement with the actual post-earthquake observed PGV map for the example
shown in Figure 3.2. With the continued advancement in computing technol-
ogy, our processing time can be reduced even further, potentially providing even
more warning time.

3.2.3.1 Numerical waver-equation solver

F3DWI-based EEW is based on the capability to solve the elastodynamic equa-
tion using a purely numerical method. In the past few decades seismologists have
developed various numerical algorithms to solve the elastodynamic equation.
Those numerical algorithms include the finite-difference, finite-element, pseudo-
spectral, spectral-element, discontinuous-Galerkin methods. Compared with the
seismic ray method, these numerical solutions can provide complete representa-
tions of the seismic wavefields in highly complex 3D geological structure models.
Of course, these numerical solutions are limited by the accuracy of the underlying
numerical algorithms used for solving the elastodynamic equation. Nevertheless,
they should contain all possible waves propagating in a given geological structure
model and there is no inherent limit in improving the accuracy of the numerical
solutions in any frequency range or time window in those numerical algorithms,
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(b)
Fig. 3.2 Observed (a) and synthetic (b) peak ground velocity map for the 16 Jun

2005, M1,4.9 Yucaipa earthquake. White dots: locations of seismic stations, black solid
lines: major faults in Southern California.

given sufficient computational resources. The computational cost for obtaining
numerical solutions is significantly higher than that for obtaining ray-theoretic
solutions, especially for large models at high frequencies. However, our com-
puting capability has been increasing exponentially, more than doubling every
two years in the past 20 years. The computing industry marched from the first
teraflop machine to the first petaflop machine in just 12 years and it is antici-
pated that the fastest computer will have a peak performance of about 1 EFLOP
in around 2020. The progress in the computing technology has opened up the
possibilities for solving seismic inverse problems using numerical solutions of the
three-dimensional elastodynamic equation.
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Among all the numerical algorithms that have been adopted to solve the seis-
mic wave equation, several algorithms have been developed more substantially
than others. In the 1970s and 1980s the finite-difference (FD) method was
introduced to simulate SH and P-SV waves on regular, staggered-grid, two-
dimensional meshes. Extensions of the FD method to three spatial dimensions
and other curvilinear coordinates and to account for anisotropic, visco-elastic
material properties were carried out subsequently. The spatial derivatives in the
FD method is approximated through differencing schemes and their accuracy is
mainly controlled by the number of grid points required to accurately sample
the wavelength. The pseudo-spectral (PS) method with Chebychev or Legendre
polynomials partially overcomes some limitations of the FD method and can
substantially improve the accuracy of spatial derivatives. The PS method also
has its drawbacks, mainly due to the global character of its spatial derivative op-
erator, which makes it relatively cumbersome to account for irregular modeling
geometries. And parallelizing the PS method on modern distributed-memory
computer clusters in an efficient and scalable way is not as straightforward as
parallelizing the FD method.

There are also numerical algorithms based on the weak (i.e., variational) form
of the elastodynamic equation. The finite-element (FE) method and the spectral-
element (SE) method have received wide attention in the seismic modeling com-
munity. An important advantage of the weak form representation is that the
free-surface boundary condition is naturally accounted for even for highly ir-
regular surface topography. In the SE method, each element is mapped to a
reference cube using the Jacobian matrix. High-order Lagrange polynomial in-
terpolants are used to represent functions on the reference cube. The control
points needed in defining the Lagrange polynomials are chosen to be the clas-
sical Gauss-Lobatto-Legendre (GLL) quadrature points. Any smooth 3D func-
tion can then be interpolated in a 3D hexahedral element by triple products of
Lagrange polynomials at the GLL points. The spatial derivatives of any func-
tions can be obtained by computing the derivatives of the Lagrange polynomials
and the integrals of any functions can be approximated using the GLL integra-
tion quadrature. A direct consequence of using Lagrange interpolants and GLL
quadrature is that the resulting mass matrix of the system is diagonal and a
fully explicit time-marching scheme can be adopted.

The discontinuous-Galerkin (DG) method was adopted to solve the elasto-
dynamic equation very recently. The advantages of the DG method can be
summarized as follows.

e In three spatial dimensions, the DG method can achieve high-order ac-
curacy on fully unstructured tetrahedral meshes, which are substantially
easier to generate than hexahedral meshes, especially for geological struc-
ture models with complex geometries associated with topography, faults
and other types of structural discontinuities.
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e Unlike conventional numerical schemes, which often adopt a relatively low-
order time-stepping method such as the Newmark scheme or a hig