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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
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Fault-Zone Guided Wave, Ground

Motion, 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 Mw6.0 South 
Napa Earthquake, California” by Yong-Gang Li, Rufus D. Catchings, and Mark 
R. Goldman.

The 2014 Mw6.0 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
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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 Mw6.0 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
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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 F3DWI-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

Mw7.9 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 OpenLB (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 M6.5+ 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

• 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 Mw6.0 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 Mw6.0 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 (A1, 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 A1 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
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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 M7.1 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 Mw6.0 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 Mw6.0 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 A1 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 M5.8–6.4 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 Mw6.0 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% g 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 (A1, 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 TheAftershockData andWaveform Analyses

Four days after the Mw6.0 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 A1 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. A1 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 A1, 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 L22 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 (A1, 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. FZTWs 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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1 Fault-Zone Trapped Waves to Characterize Subsurface Rupture Zone 23

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 − tS)/(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 tS are the P- and S-arrival times; tC − tS 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 A1

We first examined FZTWs for aftershocks located north of array A1. Figure 1.2a

shows three-component seismograms recorded at A1 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− tS)/(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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Fig. 1.2 Three-component seismograms and amplitudes recorded at 20 stations
(A1-01 to A1-20) of A1 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 A1. 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 A1. Aftershock magnitude, focal depth,
and epicentral distance from A1 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 A1 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 A1 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 A1 and 1.5 s at A2

within the rupture zone. The (tC − tS)/(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 A1 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 A1 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 A1 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

A1 and A2 for aftershocks (E19 and E1 in Fig. 1.1 and Table 1.1). The epi-

central distance between A1 and E19 is ∼10.5 km while the epicentral distance

between A2 and E1 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 A1 for E19

and 1.6 s at A2 for E1. At array A1, 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 A1

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 A1 and A2.
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Fig. 1.3 Vertical-component seismograms recorded at array A1 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 A1 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
A1 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 A1 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
A1 and A2. Seismograms recorded at away-fault stations A1-01, A1-14 to A1-20 of
A1 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.

 EBSCOhost - printed on 2/13/2023 8:47 PM via . All use subject to https://www.ebsco.com/terms-of-use



1 Fault-Zone Trapped Waves to Characterize Subsurface Rupture Zone 27

Fig. 1.4 (a) Vertical-component seismograms, amplitudes, and normalized spectral
energy registered (top) at A1 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 A1 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 A1 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 − tS)/(tS − tP) ratios of post-S coda durations registered

at A1 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 A1 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 A1, 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 (tC − tS)/(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 A1 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 A1 (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 A1 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 A1-
08 of A1 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 A1 range from 2 to 3 km; therefore raypaths

between these aftershocks and A1 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 A1, 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 − tS)/(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 A1 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 FZTWs 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 A1 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 A1for the same aftershocks, suggesting

a remarkable low-velocity waveguide exists along the rupture zone between A1

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 A1 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 (tC − 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 A1 and A2 has strong trapping efficient along the

rupture zone extending from the surface to depths of 5–7 km.

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 A1 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 A1. Spectral amplitudes
of seismograms at station A1-08 of A1 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 A1 and stations A2-13 to A2-17 of A2.
Post-S coda durations of FZTWs at A1 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 A1 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 A1-5 to A1-9 of A1 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 A1 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 A1 (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 A1-5 to A1-9
of A1 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 A1; 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 A1 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 A1 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 − tS)/(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 A1 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 A1, 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 A1 and A2 located within the rupture

zone. Post-S coda durations of the FZTWs average ∼2.8 s at A1 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 A1 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 A1 (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 A1 and
stations A2-13 to A2-17 of A2. Post-S-wave coda durations of FZTWs at A1 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 A1 and A2
are shown in histograms.
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Fig. 1.10 Vertical-component seismograms, amplitudes, and normalized spectral am-
plitudes registered at A1 (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 A1 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.

A1 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 E8,

E6, and E4 (Table 1.1 and Fig. 1.1b) occurringwithin and far away from the WNFZ.
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Fig. 1.11 (a) and (b) Vertical-component seismograms at A1, 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 A1 and stations A2-12
to A2-17 of A2. Post-S coda durations of FZTWs average 2.4 s at A1 and 1.6 s at A2
for aftershock E8, and 3 s at A1 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 A1, 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 A1, ∼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 A1 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 A1 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 − tS)/(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 − tS)/(tS − tP) ratio for FZTWs should be much smaller than

that for a continuous waveguide.
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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 A1, 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 A1 and A2, respectively. Post-S coda durations of

FZTWs range from 1.8 s to 2.9 s at A1 and A2, with the longer post-S coda du-

ration of FZTWs traveling longer hypocentral distance. The (tC − tS)/(tS − tP)
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Fig. 1.13 (a) Seismograms at A1, 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. FZTWs (in boxes) are observed at stations A1-05 to A1-09
of A1 and stations A2-12 to A2-17 of A2. Post-S coda durations of FZTWs average
2.9 s at A1 and 1.8 s at A2 for E13, and 1.9 s at A1 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 A1 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 A1. 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 A1 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 − tS)/(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 A1,

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 A1 and 1-km to A2. Post-S coda

durations of FZTWs are 2.4 s at A1 and 1.7 s at A2. The (tC − tS)/(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 A1. 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 FZTWs
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Fig. 1.14 (a) Seismograms at A1, 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 A1, A2 and A3. 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 2.4 s at A1,
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 A1, 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 A1. Post-S coda durations of FZTWs

average 1.0 s to 1.2 s at A1 and 2.8 s to 3.0 s at A2. The (tC − tS)/(tS − tP)

ratios for these FZTWs recorded at A1 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 A1. The (tC − tS)/(tS − tP) ratios at A3

are ∼1.0 (Table 1.2), smaller than those at A1 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 to1.5 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 E20 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 to1.6 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 A1 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 A1, 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 A1 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. It 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 (A1, A2, and A3) and four REFTEK

seismographs (R1 to R4) deployed along the WNFZ and the Franklin Fault. The

(tC − tS)/(tS − tP) ratios for FZTWs are equal to or larger than 1.2 on most

seismograms recorded at A1, 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 − tS)/(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 A1, 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 A1, 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 M7.4 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 A1 (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 A1 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 A1 (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 A1 and 7–8 km depths beneath A2.
The interpreted rupture zone is schematic geometry used in the model of Figure 1.18b.
(c) 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 A1
and A2 (thick bars). Stars denote aftershocks which did not generate clear FZTWs.

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−tS)/(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 A1 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 − tS)/(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 − tS)/(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 (Q) 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

(km)

1.0 3.0 5.0 8.0 10.0

Waveguide width (m), Damage

zone/core

400/200 400/200 300/150 200/100

Waveguide S velocity (km/s) 1.0/0.75

(1.3/1.0)

1.3/1.0

(1.7/1.3)

1.8/1.25

(2.3/1.6)

2.0/1.5

(2.6/2.0)

Waveguide P velocity (km/s) 2.0/1.5

(2.6/2.0)

2.6/2.0

(3.4/2.6)

3.5/2.5

(4.5/3.2)

4.0/3.0

(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 A1 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 A1 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 x − y − z

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 A1 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 A1, 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 Q 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. 1.18c) computed using our inferred velocity model

(Fig. 1.18b) compare well with seismograms recorded at seismic array A1 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 A1 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 A1 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 A1. 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 Q 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,

 EBSCOhost - printed on 2/13/2023 8:47 PM via . All use subject to https://www.ebsco.com/terms-of-use



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

Fig. 1.19 (a) Map shows the 2014 Mw6.0 South Napa earthquake (red star), multi-
ple surface ruptures (red lines) along the main and east strands (marked by WNFm,
WNFe1 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 Mw6.0 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

 EBSCOhost - printed on 2/13/2023 8:47 PM via . All use subject to https://www.ebsco.com/terms-of-use



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

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

 EBSCOhost - printed on 2/13/2023 8:47 PM via . All use subject to https://www.ebsco.com/terms-of-use



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

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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1.5 s. Thus, (tC−tS)/(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 − tS)/(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 WNFe1 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 − tS)/(tS − tP)

ratio (2.1) than those at higher frequencies (2–10 Hz). The (tC − tS)/(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 V p to V s 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 − tS)/(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 WNFe1 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 WNFe1 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 WNFe1 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 WNFe1, 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 x-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 (WNFe1 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 WNFe1

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/WNFe1/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

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 WNFe1 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 s) 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 WNFe1 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 FZTWs 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 A1 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 5–6 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 Mw6.0 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 FZTWs recorded in the 1999 Mw7.1

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 Mw7.3 Landers and 1999 Mw7.1

Hector Mine ruptures along which fault-zone trapped waves (FZTWs) 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. (c) 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 km×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

L22 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

 EBSCOhost - printed on 2/13/2023 8:47 PM via . All use subject to https://www.ebsco.com/terms-of-use



80 Yong-Gang Li

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 x-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 B9õB19 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
B9õB21 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 B1 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

B01, 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 B9õB21 located
within a ∼1-km-wide compliant zone. P” denotes multiple P-waves rebounded between
the surface and Moho. (c) 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 B1 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 L22 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 ∼1-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 B1 and B26

out of the compliant zone (Fig. 2.6c). 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.

 EBSCOhost - printed on 2/13/2023 8:47 PM via . All use subject to https://www.ebsco.com/terms-of-use



90 Yong-Gang Li

Fig. 2.7 (a) and (b) Parallel-component seismograms recorded at seventeen 40T
stations and twenty-six L22 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 Q). In our computation, we use a 160-160-640 element grid in

x−y−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 km×10 km×40 km volume (80–80–320 element grid in

x−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-typeFZTWs are observed in vertical- andperpendicular-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;
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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 3Dgeological 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., Böse 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; Böse 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 τmax
p (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

τmax
p 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, τmax
p 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 τc, also scales well with magnitude (Wu

and Kanamori, 2005; Wu et al., 2007). In practice, by combining τc and τmax
p ,

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, Pd, is found to be more robust than the peak velocity

or acceleration, although the peak velocity is also useful when Pd 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

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 (Suárez 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-

reau” (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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Fig. 3.2 Observed (a) and synthetic (b) peak ground velocity map for the 16 Jun
2005, ML4.9 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.

• 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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• Unlike conventional numerical schemes, which often adopt a relatively low-

order time-stepping method such as the Newmark scheme or a high-order,

multi-stage method that requires storing intermediate fields such as the

Runge-Kuttamethod, the DG method uses a high-order, single-step, explicit

time integration scheme, the Arbitrary high-order DERivatives (ADER)

method. The DG method allows for different polynomial degrees inside dif-

ferent elements (i.e., p-adaptivity) and also different time-step lengths for

different elements (i.e., local time stepping). In conventional global time-

stepping schemes, the element with the smallest time step length dictates

its own time step length to all other elements. In the local time-stepping

scheme, each element can use a different time-step length that is optimal

according to its own local stability condition. This is particularly advan-

tageous for meshes with strongly degenerate elements (i.e., slivers), as the

time-step lengths for other elements are not restricted in any way by the

small time-step lengths of the badly-shaped elements.

• The DG method is particularly suitable for modeling wave propagation

in heterogeneous fluid-solid environment. The Riemann solver used for

computing the numerical flux across element interfaces can automatically

recognize discontinuities in material properties across highly irregular fluid-

solid interfaces. The acoustic fluid is characterized by simply setting the

shear modulus to zero. The DG method also accounts for the convection of

the fluid, which allows us to correctly model the effects of ocean currents

on wave propagation in complex acoustic environment.

• The majority of the operators in the DG method are applied in an element-

local way, with weak nearest-neighbor coupling between elements through

numerical flux functions. The resulting locality allows the DG method

to achieve very high parallel efficiency on single-instruction-multiple-data

(SIMD) distributed-memory parallel computers.

The primary disadvantage of the DG method is its high computational cost.

Preliminary results have shown that it is about 50–60 times more expensive

than the SE method. However, some recent results have shown that the DG

method for solving the elastodynamic equation can be effectively accelerated us-

ing graphic processing units. Compared with the CPU implementation, the

GPU-CPU hybrid implementation can achieve a speedup of about 28 times

with a moderate-level optimization of the GPU memory access pattern. This

is highly encouraging because with the current computing capability, the GPU-

accelerated DG algorithm can already be used for solving F3DWI problems of

moderate size. With the continued development of the computing technology,

the DG method will be applicable to much larger problems in the near future.

Numerical algorithms for solving the elastodynamic equation are not limited to

those discussed above. We also mention the boundary-element method (BEM),
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the finite-volume method, the variable- and discontinuous-grid finite-difference

method, the hybrid finite-difference-finite-element method. Different numerical

algorithms have different advantages and drawbacks.

3.2.3.2 Receiver Green’s tensor (RGT) and reciprocity

The RGTs are the strain fields, as functions of both space and time, generated by

three orthogonal unit impulsive point forces acting at the receiver locations. By

applying the reciprocity principle, it can be shown that the RGTs provide exact

partial derivatives of the waveforms at the receiver locations with respect to the

moment tensor at any point in the modeling volume. The RGTs can be calculated

with high accuracy in a 3D earth structure model by solving the elastodynamic

equation using numerical methods, such as the finite-difference, finite-element

and spectral-element methods, and stored on disk. Since the synthetic seismo-

grams and their partial derivatives can be retrieved from the database very

rapidly, the RGT-based approach is better suited for real-time source parameter

inversions. The disadvantage of this approach is that since the RGTs have to be

constantly on-line for rapid access, the disk storage cost could be quite high.

Following Zhao et al. (2006), the displacement field from a point source located

at r′ with moment tensor Mij can be expressed as (e.g. Aki and Richards 2000)

uk(r, t; r′) = Mij∂
′
jGki(r, t; r

′), (3.1)

where ∂′
j denotes the source-coordinate gradient with respect to r′ and the

Green’s tensor Gki(r, t; r
′) relates a unit impulsive force acting at location r′

in direction êi to the displacement response at location r in direction êk. Tak-

ing into account the symmetry of the moment tensor, we also have

uk(r, t; r′) =
1

2
[∂′

jGki(r, t; r
′) + ∂′

iGkj(r, t; r
′)]Mij . (3.2)

Applying reciprocity of the Green’s tensor

Gki(r, t; r
′) = Gik(r′, t; r), (3.3)

equation (3.2) can be written as

uk(r, t; r′) =
1

2
[∂′

jGik(r′, t; r) + ∂′
iGjk(r′, t; r)]Mij . (3.4)

For a given receiver location r = rR, the receiver Green tensor (RGT) is a

3rd-order tensor defined as the spatial-temporal strain field

Hjik(r′, t; rR) =
1

2
[∂′

jGik(r′, t; rR) + ∂′
iGjk(r′, t; rR)]. (3.5)
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Using this definition, the displacement recorded at receiver location rR due to a

source at rS with moment tensor M can be expressed as

uk(rR, t; rS) = MijHjik(rS, t; rR)

or

u(rR, t; rS) = M : H(rS, t; rR), (3.6)

and the synthetic seismogram due to a source at rS with the basis moment tensor

Mm can be expressed as

gm(rR, t; rS) = Mm : H(rS, t; rR). (3.7)

Most of the numerical algorithms for solving the seismic wave equation, such

as finite-difference, finite-element, spectral-element and discontinuous Galerkin

methods, explicitly use the spatial gradients of the displacement (or velocity)

and the stress (or stress rate) in their calculations. For a given receiver, the

RGT can therefore be computed through three wave-propagation simulations

with a unit impulsive force acting at the receiver location rR and pointing in

the direction êk(k = 1, 2, 3) in each simulation and store the strain fields at all

spatial grid points r′ and all time sample t. The synthetic seismogram at the

receiver due to any point source located within the modeling domain can be

obtained by retrieving the strain Green’s tensor at the source location from the

RGT volume and then applying equation (3.6). For large earthquakes, the point-

source representation may not be adequate. But we can always approximate

a finite source through superposition of multiple point sources and the linear

equation (3.6) can be easily generalized to account for a finite source model.

3.2.3.3 General concept

The conceptual diagram for the F3DWI-based EEW is shown in Figure 3.3.

We adopt the network-based approach in this diagram. Observed waveforms

recorded at stations close to the epicenter are being streamed to the processing

center, where we can invert for a source model using equation (3.6). Because the

RGTs for all receivers in a seismic network (including those close to the epicenter)

were pre-computed and stored on disk, the source model can be inverted in real-

time and constantly updated as new waveform data become available. When

using equation (3.6) for the source inversion, the left-hand-side is the observed

waveform data, the RGTs on the right-hand-side can be retrieved from disk

and we can therefore invert for a source model through simple least-square or

other numerical optimization algorithms depending upon the amount of usable

waveform data and the computational resources available.
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Fig. 3.3 A conceptual diagram of a F3DWI-based EEW system.

As soon as a source model is obtained, equation (3.6) is used again to estimate

synthetic seismograms (ground motion parameters) at all target sites. Because

the RGTs for all target sites (e.g., population centers, locations of important

infrastructures) are also pre-computed and stored on disk, the calculation of

equation (3.6) only involves retrieving from those RGTs at the inverted source

location inside the modeling volume and applying the right-hand-side of equa-

tion (3.6). Once the synthetic seismograms are obtained, ground-motion param-

eters such as PGV, PGA can be easily extracted and interpolated to generate

a synthetic “ShakeMap” (Fig. 3.2). As new observed waveform data becoming

available, the source model can be re-inverted and updated and the synthetic

seismograms and the synthetic ShakeMap can also be updated accordingly.

The accuracy of the inverted source model, as well as the accuracy of the

synthetic seismograms and the synthetic ShakeMap, depends upon the accuracy

of the RGTs. The most important factor that determines the accuracy of the

RGTs is the accuracy of the 3D seismic velocity model used for computing the

RGTs. The seismic velocity model can be determined and refined by assimi-

lating waveform data from previous small- to medium-sized earthquakes and/or

ambient-noise Green’s functions through F3DT.

The appropriate choice of an earthquake source model is another important

factor that can greatly affect the accuracy of ground-motion predictions. In the

majority of previous EEW studies, only the magnitude and hypocenter are esti-

mated. These two parameters, although highly important in estimating ground-

motion based on empirical scaling laws, are not sufficient for computing synthetic
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seismograms using equation (3.6). For a point-source representation, we require

at least a moment tensor solution in order to compute synthetic seismograms.

For EEW purposes, the amount of waveform data that can be used for real-time

source parameter inversion is very low (e.g., ∼10 s after first P-wave arrival). It

is therefore important to choose a source model with few parameters and can

also be used for computing synthetic seismograms.

3.3 Source Inversion

For EEW purposes, we propose a two-stage source inversion process. In the first

stage, we invert for the centroid moment tensor (CMT) point-source represen-

tation. If the estimated moment magnitude exceeds a certain threshold (e.g.,

Mw > 5), we switch to the second stage and invert for the finite moment tensor

(FMT) representation. The CMT representation has 8 independent parameters

for purely double-couple earthquake source. Provided a good station azimuthal

coverage, a few seconds of waveform data after the first P-wave arrival may

allow us to constrain these 8 parameters with some level of confidence. The

FMT representation is the lowest-order finite-source representation. For a pla-

nar rupture, the FMT parameters include the 8 independent CMT parameters

and 6 additional parameters that characterize the spatial and temporal dimen-

sions of the source and also the directivity of the rupture process. As waveform

data are being streamed into the processing center, we invert for and update

the 8-parameter CMT solution first. As soon as the estimated moment magni-

tude exceeds a pre-specified threshold, we automatically transition to the second

stage and invert for and update the 14-parameter FMT representation. It is also

possible to introduce a third stage for very large earthquakes (e.g., Mw > 6.5),

in which we invert for a detailed fault slip distribution (FSD). The number of

parameters in the FSD representation can easily exceed hundreds and will re-

quire a lot more waveform data to obtain a reliable solution. For EEW purposes,

it may not be worthwhile to introduce the third stage into the workflow.

3.3.1 CMT Inversion

For the CMT inversion in the first stage, the rapid full-wave CMT inversion al-

gorithm developed and demonstrated in Lee et al. (2011) can be easily adapted

for EEW purposes, if real-time telemetered seismic waveform data access is pro-

vided. In Lee et al. (2011), we developed a multi-scale grid-search algorithm

based on Bayesian inference to obtain not only an optimal set of CMT param-
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eters but also estimates of the uncertainties associated with each optimal CMT

parameter.

In our multi-scale grid-search scheme, the model space for the 8 CMT parame-

ters (i.e., the longitude, latitude and depth of the centroid location, the centroid

time, the moment magnitude, the strike, dip and rake of the focal mechanism)

is uniformly discretized and successively refined in 3 steps. In the first step, we

use the normalized cross-correlation coefficient (NCC) between synthetic and

corresponding observed waveforms as a criterion for selecting acceptable CMT

solutions in the model space. If the synthetic waveforms computed using a CMT

solution provides acceptable NCC values for all observed waveforms, that CMT

solution is accepted for further analysis. In the second step, the model space is

refined surrounding all the CMT solutions accepted in the first step. We use the

time shift between the synthetic and the corresponding observed waveforms as

the criterion to select CMT solutions in the refined model space. If the synthetic

waveforms computed using a CMT solution have sufficiently small time shifts

(measured using cross-correlation delay time) with respect to their correspond-

ing observed waveforms, that CMT solution is accepted for further processing.

In the third step, the model space is refined again surrounding all the CMT

solutions selected in the second step. We use the amplitude ratio between the

synthetic and the corresponding observed waveforms as the criterion for selecting

CMT solutions. If the ratios between the amplitudes of the synthetic waveforms

computed using a CMT solution and the corresponding observed waveforms are

sufficiently close to unity, that CMT solution is accepted with a posterior prob-

ability computed based on the NCC, time shift and amplitude ratio values for

that solution.

To adapt this multi-scale grid-search scheme to EEW, we propose to combine

the three steps into a single step and instead of using three different criteria

(NCC, time-shift and amplitude ratio) we will use a single criterion based on

the relative waveform misfit (RWM),

RWM =

∫ t1

t0
[s(t) − s̄(t)]2dt

√∫ t1

t0
[s(t)]2dt

∫ t1

t0
[s̄(t)]2dt

, (3.8)

where s(t) is the synthetic waveform computed using different trial CMT solu-

tions and s̄(t) is the corresponding observed waveform. To account for possible

errors in the seismic velocity model, we allow a small time shift when comput-

ing the RWM. If the RWM of the synthetic waveforms computed using a CMT

solution is above a prespecified threshold, that CMT solution is accepted with

a certain probability based on the RWM values.

The entire calculation can be easily parallelized. There are two levels of par-

allelism can be exploited in the algorithm. First, the calculations of the RWMs

for different trial CMT solutions are completely independent of one another,
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therefore we can parallelize over different trial CMT solutions. Second, the cal-

culations of the RWMs for different observed waveforms (i.e., different stations

or channels) for the same trial CMT solution are also completely independent of

each other, therefore we can parallelize over observed waveforms. This parallel

algorithm can be easily implemented on parallel CPU clusters or on GPUs and

we expect a nearly linear strong and weak scaling.

3.3.2 FMT Inversion

If the moment magnitude estimated in the first-stage CMT inversion exceeds

a pre-specified threshold, the second-stage inversion for FMT parameters can

be automatically triggered. The total number of FMT parameters is not much

larger than CMT parameters and the increasing amount of observed waveform

data may warrant a robust inversion of the FMT.

If we assume that the moment density mjk(x, t) is everywhere proportional

to a constant seismic moment tensor Mjk, i.e.,

mjk(x, t) = Mjk

∫ t

−∞

f(x, t′)dt′, (3.9)

where f(x, t) is the source-space-time function and Mjk is independent of space

and time. We can then define the spatial and temporal polynomial moments of

f(x, t) as

µ(0,0) =

∫
dV (x)

∫
dtf(x, t) ≡ M0, (3.10)

µ(0,1) =

∫
dV (x)

∫
dtf(x, t)(t − t0) ≡ t1, (3.11)

µ(1,0) =

∫
dV (x)

∫
dtf(x, t)(x − x0) ≡ x1, (3.12)

µ(0,2) =

∫
dV (x)

∫
dtf(x, t)(t − t0)

2, (3.13)

µ(1,1) =

∫
dV (x)

∫
dtf(x, t)(t − t0)(x − x0), (3.14)

µ(2,0) =

∫
dV (x)

∫
dtf(x, t)(x − x0)(x − x0)

T, (3.15)

where t0 is the reference time and x0 is the reference location. Note that the

source-space-time function defined in equation (3.9) is the moment-rate function

in time, therefore it is compactly supported in time and the second moment

should exist. Equation (3.11) defines the centroid time with respect to the

reference time and equation (3.12) defines the centroid location with respect to
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the reference location. If we replace t0 and x0 in equations with t1 and x1,

respectively, we obtain

µ̂(0,2) =

∫
dV (x)

∫
dtf(x, t)(t − t1)

2 ≡

(
Tc

2

)2

, (3.16)

µ̂(1,1) =

∫
dV (x)

∫
dtf(x, t)(t − t1)(x − x1) ≡ µ̂(0,2)

vd, (3.17)

µ̂(2,0) =

∫
dV (x)

∫
dtf(x, t)(x − x1)(x − x1)

T ≡ UΛU
T, (3.18)

where Tc is the characteristic duration, vd is the directivity velocity vector, the

3-by-3 diagonal matrix Λ is contains the eigenvalues of the second-order spatial

moment µ̂(2,0) and U is an orthogonal matrix of eigenvectors. For a planar

rectangular rupture, the eigenvalue matrix Λ can be expressed as

Λ =




Lc/2 0 0

0 Wc/2 0

0 0 0


 ,

where Lc is the characteristic length and Wc is the characteristic width of the

finite rupture. The directivity velocity vector vd should lie on the plane of a

simple planar rupture. We can define a dimensionless directivity parameter

D ≡ |vd|
Tc

Lc

, (3.19)

to measure the magnitude of the directivity effect. For a perfectly symmetric

rupture (e.g., a bilateral rupture) we have D = 0 and for a perfectly unilateral

rupture we have D = 1.

Once a CMT solution is obtained, we can invert for the FMT using a gradient-

based iterative optimization algorithm, which usually converges very quickly.

The partial derivatives of the waveform misfit measurements with respect to the

FMT parameters can be derived analytically. Figure 3.4 shows examples of the

partial derivatives computed in the uniform whole-space structure model. For

example, a perturbation in µ
(1,0)
1 produces an infinitesimal shift of the centroid

location along the x-axis towards east, which reduces the travel-time (hence a

decrease in phase-delay time) and increases the amplitude (hence a decrease in

amplitude-reduction time) for receivers on the east side of the reference point

source. The decrease in travel-time on receivers to the east is caused by reduced

source-receiver distances and the increase in amplitude on those receivers is due

to the geometric spreading effect. A perturbation in µ
(1,1)
1 is linked to the effect

of source directivity along the x-axis.

Suppose we have an infinitesimal-length unilateral line source lying along the

x-axis, centered at the origin and propagating from west to east. The travel-time

is reduced (hence a decrease in phase-delay time) on receivers to the west and
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Fig. 3.4 Spatial variations of the partial derivatives of the frequency-dependent
phase-delay time (left column) and amplitude-reduction time (right column) with re-

spect to µ
(1,0)
1 (top row), µ

(1,1)
1 (second row), µ

(2,0)
11 (third row), µ

(2,0)
12 (fourth row),

µ
(2,0)
13 (bottom row).

increased (hence an increase in phase-delay time) because the rupture initiates

from the west and propagates to the east. The amplitude is increased (hence

a decrease in amplitude-reduction time) on receivers to the east because of the

constructive interference effect in the direction of rupture propagation. The spa-

tial variations in the partial derivatives with respect to components of µ(2,0) can

be explained by the constructive and destructive interference effect. The partial
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derivatives shown in Figure 3.4 are for phase-delay and amplitude misfits and

those partial derivatives have more intuitive explanations. The partial deriva-

tives for waveform differences can also be computed without any difficulty by

using the RGTs.

3.4 F3DT for EEW

The accuracy of the 3D seismic velocity model affects the overall performance

of the EEW system through the RGTs at two places: the inversion of the earth-

quake source model and the estimation of the ground motion at target sites (Fig.

3.3). It is therefore critical to improve the accuracy of the 3D seismic velocity

model.

3.4.1 Crustal Structure

For regions such as Southern California, the most important 3D crustal struc-

ture features that have significant effects on ground motion are sedimentary

basins. In Southern California, many at-risk urban areas are situated on deep

basins. Past wave-propagation simulations have demonstrated the importance

of detailed 3D basin structures (e.g., the thickness of the sediments, 3D basin

boundaries, velocity contrasts with basement rocks) and the coupling between

earthquake ruptures and 3D basin structures in controlling the propagation and

amplification of seismic waves (Graves et al., 1998; Olsen et al., 2006, 2008; Day

et al., 2012). In the past, basin structures in Southern California were calibrated

using various techniques. Passive-source ray travel-time tomography (RTT) has

been used to provide crustal-scale images of large basins (e.g., Hauksson, 2000;

Lin et al., 2010). Controlled-source seismic surveys were able to provide high-

resolution basin images, but the results are usually confined to a few 2D pro-

files (e.g., Lutter et al., 1999; 2004; Shaw et al., 2015). Geological studies of

the age and depths of sediments combined with sonic log data have been used

to construct rule-based basin velocity models at locations where such data are

available (e.g., Magistrale, 1996; Magistrale et al., 2000). Geostatistical meth-

ods have also been applied to direct velocity measurements to construct basin

models (e.g., Süss and Shaw, 2003; Shaw et al., 2015).

The techniques for seismic tomography have been rapidly evolving in the past

decade, partly driven by rapid advances in computing technology (e.g., Graves,

1996; Komatitsch and Tromp, 2002; Käser and Dumbser, 2006; Cui et al., 2010;

Komatitsch et al., 2010; Mu et al., 2013). The latest seismic tomography tech-
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nique is full-3D seismic waveform tomography (F3DT), which uses fully numeri-

cal solutions of the 3D (visco) elastic wave equation to construct Frechet kernels

and is able to iteratively update the 3D velocity model by minimizing waveform

misfits (e.g., Chen, 2011; Liu and Gu, 2012; Fichtner, 2012; Chen and Lee, 2015).

Its application in Southern California has shown that F3DT is now capable of

providing high-resolution, high-accuracy 3D basin velocity models (Lee et al.,

2014; Chen and Lee, 2015).

The Southern California Earthquake Center (SCEC) has been supporting the

development of Community Velocity Models (CVMs) and there are currently

two major braches of 3D CVMs for Southern California: CVM-S and CVM-

H. CVM-S was constructed by embedding rule-based seismic velocity models

of major basins in Los Angeles and Salton Trough areas within a background

seismic velocity model determined from regional seismic travel-time tomography

(Magistrale et al., 2000). It was later improved by adding geotechnical layers on

top of the basins, a laterally varying Moho interface determined from receiver

function studies (Zhu and Kanamori, 2000) and an upper-mantle model obtained

from teleseismic RTT (Kohler et al., 2003). The 4th version of this model is

referred to as CVM-S4. A recent update has incorporated the perturbations

obtained by applying 26 iterations of F3DT on CVM-S4 and the updated 3D

model is referred to as CVM-S4.26 (Lee et al., 2014).

CVM-H was also constructed by embedding high-resolution basin structure

models within the regional seismic tomography model (Süss and Shaw, 2003;

Shaw et al., 2015). In the latest version, CVM-H15.1, the basin models were

mainly determined using a large number of borehole data, sonic logs, 2D seismic

reflection profiles, and a few 3D reflection surveys from various sources (Süss and

Shaw, 2003; Shaw et al., 2015); the Moho interface was obtained from receiver

functions and wide-angle reflection results (Yan and Clayton, 2007; Gilbert,

2012; Tape et al., 2012); the background crustal model was obtained through

16 iterations of F3DT based on the adjoin-wavefield method (Tape et al., 2009,

2010); the upper-mantle structure was determined through finite-frequency tele-

seismic surface wave tomography (Prindle and Tanimoto, 2006).

Figure 3.5 shows the comparison of the isostatic gravity anomaly (Phillips et

al., 1993) (Fig. 3.5b) with the Z2.5 map for CVM-S4 (Fig. 3.5c), CVM-S4.26 (Fig.

3.5d), and CVM-H15.1 (Fig. 3.5e). The Z2.5 refers to the depth of Vs = 2.5 km/s

and has been used to estimate the depth of sediments for GMPEs (Campbell and

Bozorgnia, 2008). Sediment depths in the three CVMs are significantly different.

Some basins that are well imaged in CVM-S4.26 are completely missing or not as

well imaged in CVM-S4 and CVM-H15.1, such as the Santa Maria Basin (SMB),

Cuyama Basin, Southern San Joaquin Basin (SSJB), Owens Valley, Indian Wells

Valley, Santa Barbara Channel, Antelope Valley, Santa Monica Bay, and San

Bernardino Basin (SBB). These low-velocity sedimentary regions in CVM-S4.26

are fairly consistent with topography (Fig. 3.5a) and also the low-value areas in
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the isostatic gravity anomaly map (Fig. 3.5b). For many sedimentary regions

in CVM-S4.26 the locations of maximum depths in the Z2.5 map (Fig. 3.5d)

coincide with local minima in the isostatic gravity anomaly map, such as the

SMB, SSJB, Owens Valley, Antelope Valley and SBB. Note that different CVMs

use different types of data to constrain basin structures. For example, the basins

in Inner California Borderland in CVM-H15.1 were constructed by kriging direct

velocity measurements (Shaw et al., 2015). However, those basins in CVM-S4.26

were imaged purely from F3DT.

Fig. 3.5 (a) Map shows topography, bathymetry, major geological provinces and
active faults in Southern California. Major faults are drawn in bold black: SAF-San
Andreas Fault, SJFZ-San Juan Fault Zone, OF-Ozena Fault, SNFZ-Sierra Nevada
Fault Zone, WWT-White Wolf Fault, GF-Garlock Fault, APF-Arroyo Parida Fault,
SGF-San Gabriel Fault, EF-Elsinore Fault, SJF-San Jacinto Fault, and ECSZ-Eastern
California Shear Zone. Basins mentioned in the text are labeled 1–12: 1-Santa Maria
Basin (SMB), 2-Cuyama Basin, 3-Southern San Joaquin Basin (SSJB), 4-Owens Val-
ley, 5-Indian Wells Valley, 6-Santa Barbara Channel, 7-Santa Monica Bay, 8-Antelope
Valley, 9-San Bernardino Basin, 10-Ventura Basin, 11-Los Angeles Basin, 12-Salton
Trough. The red and yellow dash boxes indicate Lee et al.’s (2014a). (b) Maps of iso-
static gravity anomaly, (c–e) Z2.5 maps for 3 CVMs in Southern California, and (f–g)
enlarged isostatic gravity anomaly and Z2.5 map of CVM-S4.26 in the San Bernardino
Basin region. Some sedimentary basins absent in our initial model are numbered.
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The depths for some well-constrained large basins in CVM-S4 have been mod-

ified in CVM-S4.26. For instance, the Los Angeles Basin (LAB) is shallower and

wider in CVM-S4.26 than it was in CVM-S4 (Figs. 3.5c, d). The depths of some

offshore basins in CVM-S4.26 are increased substantially compared with those

in CVM-S4. These results are corroborated by the offshore basin models in

CVM-H11.5, which used controlled-source surveys to constrain offshore basin

structures (Shaw et al., 2015). In spite of the fact that the offshore data cover-

age is relatively poor due to the limited number of stations on offshore islands

(Lee et al., 2014a), we were still able to construct many of the offshore basins

that are mostly missing in our starting model CVM-S4. For instance, in CVM-

S4.26, the sediments in the Santa Barbara Channel area (Fig. 3.5d), which is

in the structural down-warp of a fold-and-thrust belt, is much deeper than that

in CVM-S4. This feature agrees well with geology and also gravity anomalies

(Fig. 3.5). Another example is the Santa Monica Bay area in CVM-S4.26, which

is highly consistent with that in CVM-H15.1 and also the gravity observations

(Fig. 3.5).

3.4.2 Geotechnical Layer

In addition to crustal structures, such as sedimentary basins, ground motion is

also strongly influenced by shallow material properties, S-velocity in particular,

of the regolith in the upper few tens to hundreds of meters below surface. This

regolith layer is sometimes called the “geotechnical layer” in the engineering

community. When modeling ground motion at a target site at high frequencies

(> 0.5 Hz), the crustal structure model may need to be supplemented with a

velocity model for the geotechnical layer at target sites. A standard approach

for mapping seismic site conditions is measuring V 30
s , which is the average S-

velocity between 0 and 30-meter depth. Many of the ground-motion prediction

equations (GMPE) used in EEW systems are calibrated against site conditions

described using V 30
s values. Maps of seismic site conditions at a regional scale

are not always available due to the fact that it takes a significant amount of

resources to gather the geological and geotechnical data needed to estimate the

site conditions. For some seismically active urban areas, such as areas in Cal-

ifornia, site conditions can be estimated based on geologic information (e.g.,

Wills and Clahan, 2006). For other areas, site conditions can be estimated from

topographic elevation data (Wald and Allen, 2007).

The geotechnical layer is actually part of the “critical zone”, a general con-

cept used to define the outermost layer of the solid earth that extends from the

deepest reach of the groundwater chemical reactions to the top of the vegetation

canopy (Anderson et al., 2007; Brantley et al., 2007). It is a highly dynamic
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layer that hosts a wide variety of physical, chemical, hydrological and biological

processes. These processes and the interactions among them create and trans-

form the environment that sustains agriculture and most terrestrial life. In the

past few years, we have started to apply F3DT to image the critical zone and

have obtained very promising results.

Our initial experiments were conducted in the Blair-Wallis Watershed (BWW)

in Laramie Range, Wyoming (Fig. 3.6). Seismic refraction data along all the lines

shown in Figure 3.6 were acquired using 4–6 interconnected 24-channel Geomet-

rics Geode systems and 40 Hz vertical-component geophones spaced at 1 m (for

lines passing boreholes) and 2.5 m (for other lines). A 12-pound steel sledge-

hammer produced the seismic source by striking a 20-cm-long, 20-cm-wide and

2-cm thick stainless steel plate on the ground. Shot spacing was 10 m. When

recording, eight shots were summed at each shot location to reduce uncorrelated

noise and increase SNR. A straightened tape was used to ensure that all the

geophones were in-line. Topographic relief along the lines was measured using

a tape measure and inclinometer. The estimated accuracy of the surveyed po-

sitions was within ±0.2 m, which is sufficiently accurate for F3DT and other

geophysical imaging techniques.

Over the last two summers, we have deployed 400 vertical component seismic

10 Hz Zland nodes nine times in 200 by 200 meter sized squares. Each deploy-

ment recorded the ambient wavefield at a 500 Hz sampling rate for 3–4 days.

Three different critical zone environments are sampled by the three array deploy-

ments in each of these critical zone study sites: the southern Sierra batholith,

the Laramie Range (Fig. 3.7), and the Medicine Bow Mountains. The total size

of these seismic recordings is 2.7 Tb and currently resides on our disk storage.

We use the seismic refraction data from Line 17 (Fig. 3.6) as an example. Our

Vp starting model (Fig. 3.8a) was constructed using first-arrival ray-theoretic

travel-time tomography (RTT). The observed travel-time was picked manually.

The velocity inversion grid comprised 241×181 grid points covering the 240 m ×

90 m modeling region with horizontal and vertical grid spacing of 1 m and 0.5 m,

respectively. We used the ray bending implementation of Koulakov et al. (2010).

The misfits between model-predicted and observed first-arrival travel-time were

minimized using the LSQR algorithm (Paige and Saunders, 1982). After 10

iterations, the RMS travel-time misfit reduced to about 1.6 milliseconds. In our

preliminary F3DT inversion, our Vs starting model was obtained by scaling our

Vp starting model using a constant factor.

In our preliminary study, we have adopted the discontinuous Galerkin method

as our wave-equation solver. For our preliminary F3DT inversion of Line 17, we

constructed a 3D tetrahedral mesh with element sizes adapting to both spatial

variations of seismic velocities and also the desired resolution (Fig. 3.9). The 2D

starting model obtained from refraction tomography (Fig. 3.8a) was extended in

the other horizontal dimension and interpolated onto our 3D tetrahedral mesh.
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Fig. 3.6 Geophysical survey lines across the Blair-Wallis Watershed in Laramie Range,
Wyoming. Black lines: survey lines with both seismic refraction and electrical resis-
tivity data; gray line: Line 17 used in our preliminary F3DT inversion; gray stars:
locations of borehole data. Background gray-scale shows local topography.

Fig. 3.7 The three arrays deployed in the Blair-Wallis Watershed during the summer
of 2015. Green, red, and yellow dots show locations of the Blair Wallis 1, 2, and
3 nodal arrays, respectively. Stars indicate the locations of borehole wells, of which
the three arrays were centered for ground truthing. Each array is roughly 200 m by
200 m. Each receiver recorded the ambient-noise field continuously for 3–4 days.
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Fig. 3.8 Seismic velocity and electrical resistivity models for Line 17 (Fig. 6). (a)
Vp model from first-arrival RTT; (b) Vp model from our preliminary F3DT using
P/P-coda waves after 12 iterations; (c) Vs model from ambient noise simple-imaging;
(d) Vs model from our F3DT using surface waves after 9 iterations; (e) Vp/Vs ratio
model computed from (b) and (d); (f) electrical resistivity model. Black circles on
(e) and (f) indicate major structural features that are anti-correlated (see text). For
seismic velocity models, cool colors represent lower velocity values and warm colors
represent higher velocity values, which is different from the convention used in large-
scale seismic tomography but consistent with past critical-zone seismic tomography
studies. For the electrical resistivity image, cool colors represent low resistivity and
warm colors represent high resistivity and color scale is in log10.
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Fig. 3.9 A perspective view of the tetrahedral mesh used in our DG simulations.
The top surface of the mesh conforms to local topography derived from DEM data.
Locations of the seismic shots and geophones are indicated using black dots and gray
dots, respectively. Element size increases gradually with both depth and the distance
from the survey line.

The seismic velocities at shallower depths are much lower than those at larger

depths (Fig. 8a–d) and the wavelengths at shallower depths are therefore much

shorter. So at shallower depths, we used tetrahedral elements with much smaller

sizes (∼0.75 m at the ground surface) than those at larger depths (∼10 m at

about 150 m depth) (Fig. 3.9). To improve the resolution of the seismic velocity

model just below the refraction survey line, the tetrahedral mesh was further

refined on and around the vertical plane containing the survey line. As the

seismic velocity model was updated from iteration to iteration, the tetrahedral

mesh can be updated accordingly to adapt to the changing velocity model. If any

sharp geological interfaces, e.g., the sharp boundary at the base of the weathering

interface (Fig. 3.8b), spontaneously emerge during the iterative F3DT inversion,

the tetrahedral mesh can be easily modified to adapt to such changes in the

structure model.

Our waveform misfit quantification technique can be applied to any segment

of the seismogram. Figure 3.10 shows an example of a surface wave from Line 17.

For this particular example, the Rayleigh wave on the synthetic and observed

seismograms can be isolated in the time domain through windowing operations

using a cosine-taper window. The frequency-dependent phase and amplitude dif-

ferences can be represented as weighted summations of B-spline functions and

the optimal weights can be found by minimizing the energy of waveform dif-

ferences in the time domain using the Levenberg-Marquardt algorithm. Figure

3.10d shows the frequency-normalized optimized phase difference as a function of

frequency, which is called the “frequency-dependent phase-delay time” and can

be roughly considered as frequency-dependent “travel-time” differences between
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Fig. 3.10 (a) Observed (solid line) and synthetic (dashed) seismograms; (b) The top
traces show the observed waveform (solid line) and the synthetic waveform (dashed);
the bottom traces show the perfect fit between the observed and synthetic waveforms
after correcting the synthetic waveform with the frequency-dependent phase and am-
plitude misfit measurements; (c) The amplitude spectrums of the observed (solid line)
and synthetic (dashed) waveforms; (d) Frequency-dependent phase-delay time misfits
between observed and synthetic waveforms. Kernels for the two black dots are shown
in Figure 3.12.

the windowed synthetic and observed waveforms. In our preliminary F3DT in-

version, this technique was applied on a hand-selected waveform subset mainly

composed of P/P-coda waves (i.e., each time window is around the first-break on

a seismogram) and surface waves (i.e., each time window is around the wave with

the largest amplitude on a seismogram). And the frequency-dependent phase-

delay time measurements were used to compute the perturbations (corrections)

to the seismic velocity models.

Examples of the adjoint kernels for frequency-dependent phase-delay time

measured on P/P-coda waves and surface waves used in our preliminary F3DT

inversion are shown in Figure 3.11 and Figure 3.12. We have examined many

kernels computed in our preliminary F3DT inversion and in the following we

summarize major features of those kernels, which are also consistent with what
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Fig. 3.11 Example adjoint kernels for P/P-coda waves for two source-receiver paths
on opposite sides of the ridge top. (a), (b): cross-section views perpendicular to the
vertical plane containing the source and receiver; (c), (d): map views at 15 m depth
below the topography. Warm and cool colors are negative and positive perturbation
to P-velocity. Green reverse triangle: source location; green triangle: receiver location;
thick gray line: topography. Note that these are misfit-weighted Frechet kernels and
the sign of the kernel depends upon the sign of the misfit measurement.

we expect from 3D wave physics. (i) The spatial sampling patterns of P/P-coda

wave kernels are highly different from those of surface wave kernels. The cross-

section views of P/P-coda kernels show the typical “banana-doughnut” shape

with diminishing sensitivities along the ray-paths as discussed in Marquering et

al. (1999) and Dahlen (2000). (ii) The sensitivities of surface wave kernels are

concentrated close to the ground surface. At lower frequencies, the kernel has

a wider Fresnel zone and higher sensitivities at larger depths than the kernel

at higher frequencies. (iii) These two types of waves are sensitivity to different

structure parameters. The kernels for P/P-coda waves show much stronger sen-

sitivities to P-velocity (Vp) than to S-velocity (Vs). In general the sensitivities to

Vs (not plotted in Fig. 3.11) is less than one tenth of their sensitivities to Vp. The

surface wave kernels show stronger sensitivities to Vs than to Vp in general. (iv)

The intensity of the sensitivity kernels is highly variable through space (Fig. 3.11

and Fig. 3.12). For P/P-coda wave kernels, the amplitudes of the sensitivities at

source and receiver locations are much larger than those between the source and

receiver locations. For surface waves, the kernel intensity decreases rapidly with

depth. The intensity of both types of kernels shows significant spatial variations

caused by 3D heterogeneities.
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Fig. 3.12 Examples of adjoint kernels for a surface wave along the hill slope. (a), (c),
(e): cross-section views perpendicular to the source-receiver plane; (b), (d), (f) map
views at 2 m below topography. (a), (b) kernel for phase-delay time measured at 16
Hz; (c), (d) kernel for phase-delay time measured at 24 Hz; (e), (f) misfit-weighted
summation of adjoint kernels for phase-delay time measured at multiple frequencies.
Warm and cool colors are negative and positive perturbation to S-velocity. Note that
these are misfit-weighted Frechet kernels and the sign of the kernel depends upon the
sign of the misfit measurement. For the kernel at 16 Hz in (a), (b), the misfit is positive
(Fig. 10d) and the kernel is mostly red. For the kernel at 24 Hz in (c), (d), the misfit
is negative (Fig. 10d) and the kernel is mostly blue.

At the current stage, we have carried out carried out 12 adjoint iterations

using P/P-coda waves and 9 adjoint iterations using surface waves. Our current

P- and S-velocity models for Line 17 are shown in Figure 3.8. The velocity images

constructed using F3DT (Fig. 3.8b) show many small-scale structural features

that do not exist in the image obtained from RTT (Fig. 3.8a). Our image of

the Vp/Vs ratio (Fig. 3.8e) shows a truly remarkable anti-correlation (i.e., a high

Vp/Vs value corresponds to high saturation and a low resistivity value) with

the electrical resistivity image (ERI) (Fig. 3.8f), which is highly sensitive to

water saturation. (i) There exist two low-resistivity (blue) zones on both sides

of the ridge top in the ERI (Fig. 3.8f), which might indicate the existence of

two potential water channels. The low-resistivity zone on the left side of the

ridge top has even lower resistivity than the one on the right. We observe a
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similar pattern in our Vp/Vs image (Fig. 3.8e) and there exist two zones with

high Vp/Vs values on both sides of the ridge top at about the same horizontal

distances and depths as the two low-resistivity zones in Figure 8f. The high Vp/Vs

zone on the left side of the ridge top has higher Vp/Vs value than the one on the

right. (ii) At a larger scale, the high-resistivity zone from horizontal distance of

∼20 m to ∼70 m on the x-axis in Figure 3.8f is anti-correlated with the low

Vp/Vs zone at about the same horizontal distance and depth ranges in our Vp/Vs

image in Figure 8e. (iii) The high-resistivity zone extending from horizontal

distance of ∼140 m to ∼230 m on the x-axis in Figure 3.8f anti-correlates with

the low Vp/Vs zone with a similar shape in our Vp/Vs image (Fig. 3.8e).

3.5 Summary and Discussion

In this chapter, we have developed a conceptual outline of an F3DWI-based

EEW system and we have justified the feasibility of such a system. Compared

with conventional EEW systems based mainly on scaling relations and empirical

rules for seismic source parameter and ground motion estimations, the F3DWI-

based EEW system has the potential to substantially improve the accuracy of

the warning. It replaces scaling relations with a more robust real-time seismic

source inversion based on a 3D seismic velocity model. It also replaces mostly

empirical ground-motion prediction equations with a more accurate real-time

synthetic seismogram generator that incorporates the full physics of elastic wave

propagation in a 3D seismic velocity model. Moreover, the 3D seismic velocity

model used in the EEW system can be iteratively improved through F3DT as

new waveform data become available.

The central component of the F3DWI-based EEW system is the RGTs. Their

efficient storage and query are of paramount importance to the feasibility of the

F3DWI-based EEW system. Destructive earthquakes tend to occur on existing

faults. Rather than store and query the RGTs on all grid points in our modeling

volume, we can store the RGTs only on grid points that are located on faults and

their proximities. It is therefore highly important to gather accurate information

about the fault system, including incipient faults, for a region. The scaling of

the seismic source inversion algorithm and the synthetic seismogram generation

algorithm is nearly linear, which means the overall computing time needed to

obtain a source model and all synthetic seismograms decreases almost linearly

with increasing amount of computing resources. Even on today’s commodity

computing hardware, F3DWI-based EEW system should already be feasible.

With the continued development of computing technologies, F3DWI-based EEW

may become a routine practice for earthquake hazard mitigation.
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Suárez, G., D. Novelo, and E. Mansilla (2009). Performance evaluation of the seis-

mic alert system (SAS) in Mexico City: A seismological and a social perspective.

Seismological Research Letters, 80(5), 707–714.

Süss, M.P. and J.H. Shaw (2003). P-wave seismic velocity structure derived from sonic

logs and industry reection data in the Los Angeles basin. California. J. Geophys.

Res., 108, 1–18.

Tape, W. and C. Tape (2012). Angle between principal axes triples. Geophys. J. Int.,

191, 813–831.

Tape, C., Q. Liu, A. Maggi, and J. Tromp (2009) Adjoint tomography of the southern

California crust. Science, 325, 988–992.

Tape, C., Q. Liu, A. Maggi, and J. Tromp (2010). Seismic tomography of the southern

California crust based on spectral-element and adjoint methods. Geophys. J. Int.,

180, 433–462.

Wald, D. J. and Allen, T. I. (2007). Topographic slope as a proxy for seismic site

conditions and amplification. Bulletin of the Seismological Society of America, 97(5),

1379–1395.

Wald, D.J., Quitoriano, V., Heaton, T.H., Kanamori, H., Scrivner, C.W., and Worden,

C.B. (1999). TriNet “ShakeMaps”: Rapid generation of peak ground motion and

intensity maps for earthquakes in southern California. Earthquake Spectra, 15(3),

537–555.

 EBSCOhost - printed on 2/13/2023 8:47 PM via . All use subject to https://www.ebsco.com/terms-of-use



3 Earthquake Ground-Motion Estimation 135

Wills, C.J. and K.B. Clahan (2006). Developing a map of geologically defined site-

condition categories for California. Bulletin of the Seismological Society of America,

96(4A), 1483–1501.

Wu, Y.-M. and H. Kanamori (2005). Experiment on an onsite early warning method for

the Taiwan early warning system. Bulletin of the Seismological Society of America,

95, 347–353.

Wu, Y.-M. and H. Kanamori (2008). Development of an earthquake early warning

system using real-time strong motion signals. Sensors, 8, 1–9.

Wu, Y.-M. and T.L. Teng (2002). A virtual subnetwork approach to earthquake early

warning. Bulletin of the Seismological Society of America, 92(5), 2008–2018.

Wu, Y.-M., H. Kanamori, R. M. Allen, and E. Hauksson (2007). Experiment using

the tau-c and Pd method for earthquake early warning in southern California. Geo-

physical Journal International, 170, 711–717.

Wurman, G., R. M. Allen, and P. Lombard (2007). Toward earthquake early warn-

ing in northern California. Journal of Geophysical Research, 112, B08311, doi:

10.1029/2006JB004830.

Yan, Z. and R.W. Clayton (2007). Regional mapping of the crustal structure in

southern California from receiver functions. J. Geophys. Res., 112, B05311, doi:

10.1029/2006JB004622.

Zhao, L., P. Chen, and T. Jordan (2006). Strain Green’s tensors, reciprocity, and their

applications to seismic source and structure studies. Bull. Seism. Soc. Am., 106(6),

2066–2080.

Authors Information

Po Chen, Wei Wang

Department of Geology and Geophysics, University of Wyoming,

Laramie, WY 82071, USA

E-mail: pochengeophysics@gmail.com

En-Jui Lee

Department of Earth Sciences, Cheng Kung University, Taiwan, China

 EBSCOhost - printed on 2/13/2023 8:47 PM via . All use subject to https://www.ebsco.com/terms-of-use



Chapter 4

Comparisons of ETAS Models on Global

Tectonic Zones with Computing

Implementation

Annie Chu

Branching point process models such as the ETAS (Epidemic-Type Aftershock

Sequence) models are often used in modeling seismic catalogs to predict future

seismicity. Different features have been revealed by data analysis using ETAS

models on five global tectonic zones. In this chapter, global analysis will be

expanded by using two types of ETAS models to fit global catalogs of the major

tectonic zones. Model (A) implemented in this chapter has a spatial response

kernel scaled by the magnitude of the triggering earthquake and Model (B) is

non-scaled. This chapter investigates the differences between the two models in

computation and seismic interpretation across the tectonic zones. An EM-type

algorithm is implemented for model fitting. Although both models are commonly

used in seismic data analysis, computationally 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 maximum

likelihood estimates (MLEs). Model (B) fits some seismic regions better than

Model (A), such as Japan Honshu region, but computing time may be sacrificed

for large catalogs. While their difference in computing may appear negligible for

smaller datasets or regions that are easier to converge, Models (A) and (B) show

a pronounced difference in computing time for large datasets. 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 are used. Computation is

emphasized with details throughout the chapter.

https://doi.org/10.1515/9783110560329-146
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Key words: Branching point processes, earthquake forecasting, epidemic type

aftershock sequence model, global seismicity, space-time point process models,
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4.1 Introduction

Researchers have recently defined global tectonic zones according to geophysi-

cal characteristics such as crust types and relative plate velocities using plate

boundary models (Bird, 2003; Bird and Kagan, 2004; Kagan et al., 2010). Chu et

al. (2011) have fitted the five global tectonic zones based on the plate boundary

model of Bird (2003) using Ogata’s model (2.4) (Ogata, 1998) and have discov-

ered differences of tectonic zones in their background seismicity rates, triggering

behaviors and seismicity patterns such as rate of swarming, implicated by model

parameters. This chapter take a further step to include Ogata’s (2.3) (1998),

another commonly employed seismic model. In this chapter, Ogata’s models

(2.3) and (2.4) are called Models (A) and (B), respectively. While Model (B)

fits better for some regions like Japan Honshu (Ogata, 1998), Model (A) fits

better in some other regions like Southern California. We use the zone partition

of Chu et al. (2011) and apply model fitting to global tectonic zones with the

two models. The two models are compared in aspect of their computation and

goodness-of-fit.

In computation aspect, the EM-type (Expectation-Maximization) algorithm

introduced by Dempster et al., (1977) is used. Veen and Schoenberg (2008) pro-

posed EM-type algorithms to find MLEs of ETAS model parameters, and one

of the algorithms is implemented by using Java programming for model fitting

in this chapter. The EM scheme is widely used in algorithm computing and

optimization. It is more robust comparing to Newton-Raphson type procedures

(Veen, 2006; Veen and Schoenberg, 2008). Since EM-type algorithms do not

guarantee a global extremum solution, the program includes a remedial step

to find global extremum solution within a reasonable range of seismic parame-

ters. While computation with all parameter values varying does not guarantee

convergence, especially for very small dataset or extremely long and narrow re-

gions, this remedial solution fixes one parameter’s value and uses an alternative

procedure to find the other parameters’ MLEs.

This chapter is organized as follows. Tectonic zones of Bird (2003) are briefly

described in Section 4.2 for zone descriptions. In Section 4.2, we also describe

the earthquake catalogs analyzed in this study. In Section 4.3, two models of

Ogata (1998) are presented. Section 4.4 provides the computational methods of

EM-type algorithm of Veen and Schoenberg (2008) with mathematical details
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given. In Section 4.5, we provide the computation results of catalogs of various

time windows and compare them. Moreover, methods and results of goodness-

of-fit are presented in this section. Section 4.6 gives a conclusion with discussions

on possible future work to extend global seismic analysis.

4.2 Seismic Data and Tectonic Zones with

Computation Aspects

Bird (2003) categorized the globe into five zones. Each zone is a collection of

complex polygons on the Earth’s surface whose locations and sizes are based on

the PB2002 plate boundary set of Bird (2003) and the plate-boundary seismicity

study of Bird and Kagan (2004), respectively. The Appendix in Kagan et al.

(2010) provides the details on the zones’ partition rules. The descriptions of the

four major zones are summarized in Chu et al. (2011) and given below.

1. Active continent (including continental parts of all orogens of PB2002, plus

continental plate boundaries of PB2002).

2. Slow-spreading ridges (oceanic crust, spreading rate <40 mm/y, including

transforms).

3. Fast-spreading ridges (oceanic crust, spreading rate >40 mm/y, including

transforms).

4. Trench (including incipient subduction, and earthquakes in outer rise or

upper plate).

The zones are not divided based on the depths of the earthquakes because these

depths are not very accurately recorded in global catalogs. Figure 4.1a displays

the zones with world map. All regions that are not part of these four zones are

grouped into zone 0.

The zone data are from http://bemlar.ism.ac.jp/wiki/index.php/Bird’s Zones.

The data consist of longitude and latitude of a grid on the earth surface. A num-

ber 0, 1, 2, 3 or 4 is used to indicate the zone where the grid resides. Each grid is

0.1 degree by 0.1 degree in area (approximately 111 km×111 km=12,321 km2).

The Java program uses the data with global map data (CIA World DataBank II,

https://www.evl.uic.edu/pape/data/WDB/) to plot Figure 4.1a. Table 4.1 pro-

vides each zone’s area with percentage of area with respect to the entire global

area.

The seismic data used in this work are retrieved from the PDE (Preliminary

Determination of Epicenters) database of the United States Geological Survey

(2008). The time window of events used in this work is from January 1, 2000 to

December 31, 2006. Following Bird et al. (2002), the data analysis in this article
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limits to only shallow events of depth 670 km, and only events with moment

magnitude >5.0 are considered. Such catalogs are near completeness due to

the moment magnitude’s cumulative distribution function (survivor function)

being nearly linear on logarithmic scale (Chu et al., 2011). Besides time and

magnitude, other variables used in the model are longitude and latitude. Figures

4.1a–4.1f depict the delineations of events in zones 1, 2, 3, 4 and 0, all in time

window 2000–2006.
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Fig. 4.1 (a) Global Tectonic Zones. Zones 1, 2, 3, 4, and 0 are represented in blue,
green, yellow, red, and white, respectively. (b) Zone 1’s events with depth 670 km
and magnitude >5.0. Time window is 2000–2006. Blue regions indicate zone 1. Red
points indicate events. (c) Zone 2’s events with depth 670 km and magnitude >5.0.
Time window is 2000–2006. Green regions indicate zone 2. Red points indicate events.
(d) Zone 3’s events with depth 670 km and magnitude >5.0. Time window is 2000–
2006. Yellow regions indicate zone 3. Red points indicate events. (e) Zone 4’s events
with depth 670 km and magnitude >5.0. Time window is 2000–2006. Red regions
indicate zone 4. Blue points indicate events. (f) Zone 0’s events with depth 670 km
and magnitude >5.0. Time window is 2000–2006. Red points indicate events. Events
are not clustered, with no significant pattern comparing with the other zones.
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Table 4.1 Number and proportion of each zone in time window 2000–2006 with
restrictions of minimum depth 70 km and magnitude cutoff 5.0. Each zone’s area is
provided by Chu et al. (2011). Total area is the entire global surface area.

Zone Area

(×107 km2)

Proportion

of area

Number

of events

Percentage

of events

Average intensity

(Number of events

per 107 km2)

1 3.36 6.58% 1444 16.0% 430

2 1.58 3.09% 773 8.53% 489

3 0.844 1.65% 652 7.20% 774

4 1.52 2.98% 5811 64.2% 3823

0 43.8 85.8% 372 4.11% 9

Total 51.0 100% 9119 100% 179

Note that in Chu et al. (2011), the time window of 34 years (from January

1, 1973 to December 31, 2006) is used to investigate the zones’ seismic nature,

but this chapter uses a shorter time window of seven year (from January 1, 2000

to December 31, 2006). This chapter’s primary goal is comparison between the

two models used in computation and seismicity interpretation. Seven years of

seismic data are adequate for this purpose.

As shown in Table 4.2, in the time window 2000–2006, the total number of

global events is 9119; zones 1, 2, 3, 4 and 0 have 1444, 773, 652, 5811 and

372 events, respectively. The actual seismicity rate in space (number of events

per 107 km2) is given in Table 4.2. It can be seen that zone 4 has the highest

seismicity rate with 3823 events per 107 km2 in 2000–2006. Zones 1, 2, 3 and 0

have 430, 489, 774 and 9 events per 107 km2 in 2000–2006, respectively. Since

zone 0 has few events, and zone 0 does not generally include seismic active

regions, it is excluded from model comparison.

To show comparisons in computing time, the complete data of 2000–2006 are

grouped into the following seven groups, with time windows of one through seven

years.

(1) 2000–2000: Jan. 1, 2000–Dec. 31, 2000. (1235 global events)

(2) 2000–2001: Jan. 1, 2000–Dec. 31, 2001. (2373 global events)

(3) 2000–2002: Jan. 1, 2000–Dec. 31, 2002. (3466 global events)

(4) 2000–2003: Jan. 1, 2000–Dec. 31, 2003. (4581 global events)

(5) 2000–2004: Jan. 1, 2000–Dec. 31, 2004. (5994 global events)

(6) 2000–2005: Jan. 1, 2000–Dec. 31, 2005. (7575 global events)

(7) 2000–2006: Jan. 1, 2000–Dec. 31, 2006. (9119 global events)

Such time windows are chosen so that most of the catalogs are relatively small

and do not cause computing burden. From each of the seven time windows,

zones 1, 2, 3, and 4’s sub-catalogs are fitted into two models for a comparison

in computing time. Table 4.2 shows the size of each sub-catalog.
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Table 4.2 Performance comparison (tolerance is 0.01). N denotes catalog size. The
number of iterations for a catalog analyzed using Models (A) and (B) is shown in
each cell. The figures in parentheses are time taken to find the MLEs, in seconds. If
iteration number 1000 is shown, it means the convergence is not completed and may
need more iterations, or it may never converge. An alternative grid method is used to
find the MLEs. All are run with the same set of initial values.

1 2 3 4

2000–2000 N = 172

A:36(11.71)

B:48(14.96)

N = 99

A:78(8.68)

B:1000(101.31)

N = 67

A:29(2.2)

B:1000(63.51)

N = 848

A:47(277.68)

B:57(353.34)

2000–2001 N = 311

A:20(17.48)

B:27(24.07)

N = 191

A:93(36.2)

B:1000(314.31)

N = 146

A:55(13.34)

B:1000(185.51)

N = 1614

A:48(1022.87)

B:60(1327.77)

2000–2002 N = 481

A:25(50.00)

B:31(58.05)

N = 280

A:89(67.62)

B:1000(612.88)

N = 226

A:1000(369.45)

B:1000(412.49)

N = 2323

A:48(2013.29)

B:58(2128.96)

2000–2003 N = 651

A:33(121.95)

B:47(147.59)

N = 384

A:63(98.58)

B:1000(1152.43)

N = 304

A:1000(634.62)

B:1000(753.35)

N = 3046

A:50(3217.49)

B:62(4351.35)

2000–2004 N = 911

A:21(148.23)

B:30(193.34)

N = 528

A:42(107.04)

B:57(171.27)

N = 400

A:1000(1072.35)

B:1000(1298.85)

N = 3902

A:47(5957.41)

B:59(6171.12)

2000–2005 N = 1260

A:25(340.78)

B:31(373.21)

N = 632

A:40(114.49)

B:54(217.19)

N = 563

A:1000(2087.95)

B:1000(2312.39)

N = 4799

A:45(8024.01)

B:55(8793.78)

2000–2006 N = 1444

A:25(423.41)

B:32(498.96)

N = 773

A:44(213.34)

B:55(239.99)

N = 719

A:1000(3888.11)

B:1000(3931.51)

N = 5811

A:46(10584.13)

B:54(13162.17)

4.3 Models

The ETAS model is a type of Hawkes point process model and is also called

branching or self-exciting point process. For a temporal Hawkes process with

only the time of events considered, the conditional intensity rate at time t, given

history information Ht of all events prior to time t, has the form:

λ(t|Ht) = µ + Σi:ti<tg(t − ti) (4.1)

where µ > 0 denotes the background rate. Background rate indicates number

of events per unit time. Background events are the events treated as always ex-

isting and not being triggered by previous events. Σi:ti<tg(t− ti) is the model’s

triggering part. g(t − ti) > 0 is the triggering function dictating the aftershock

activity rate associated with a prior event with time ti. In other words, trig-

gered events are those triggered by previous seismic activity. Note that whether
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an event is a background event or triggered event is not observed, and the dis-

cretion is stochasticly determined by model fitting. Also note that the ETAS

model allows assignments where a triggered event has larger magnitude than its

parent event. Additionally, g(u)du < 1 in order to ensure stationarity (Hawkes,

1971). Models described as (4.1) are called epidemic by Ogata (1988): an earth-

quake can produce aftershocks like offspring, and the aftershocks produce their

aftershocks, and so on.

An example of triggering functions is the time-magnitude ETAS model of

Ogata (1988), which has magnitude-dependent triggering function:

g(t − ti; mi) =
K0

(t − ti + c)p
eα(mi−M0) (4.2)

where α is a parameter describing the influence of magnitude; smaller α indicates

more swarm type seismic activity, and larger α indicates pronounced difference

between large and small events in activity. K0 > 0 is a normalizing constant

governing the expected number of direct aftershocks triggered by earthquake i.

mi denotes the magnitude of earthquake i. Events with magnitude less than

the lower cutoff M0 are excluded in the data analysis. The parameters c and

p are related to temporal decay of aftershock activity. c indicates temporal

decay in clustering as an event moves further from the mainshock. The term

K0/(t− ti + c)p describing the temporal distribution of aftershocks is known as

the modified Omori-Utsu law (Utsu et al., 1995).

Ogata (1998) extended the temporal ETAS model (4.1) 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 con-

ditional rate proposed in Ogata (1998) are presented below. Model (A) is:

λ(t, x, y|Ht) = µ + Σi:ti<tg(t − ti, x − xi, y − yi, mi) (4.3)

where

g(t− ti, x − xi, y − yi, mi) = K0(t − ti + c)−p eα(mi−M0)

[(x − xi)2 + (y − yi)2 + d]q
(4.4)

Parameters d and q are related to spatial decay of aftershock activity. d in-

dicates the scale of spatial decay in aftershocks generation. Larger d indicates

more gradual spatial decay in clustering as an event moves further from the main-

shock. The parameter q governs the spatial distribution of aftershocks. Smaller

q corresponds to longer range decay while larger q indicates shorter range decay.

Model (B) has the same form of λ(t, x, y|Ht) but with a different triggering

function:

g(t−ti, x−xi, y−yi, mi) = K0(t−ti+c)−p

[
(x − xi)

2 + (y − yi)
2

eα(mi−mt)
+ d

]−q

(4.5)
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In the case of spatially inhomogeneous background rate, µ may be written

as µ(x, y) and treated as a location-dependent function (Ogata, 1998). In this

chapter, homogeneous models are considered, and µ is treated as a constant,

since our discussion primarily focuses on comparing Models (A) and (B) and the

differences are best characterized by triggering behaviors. Moreover, since we

use the zone partition of Birds (2003), there is no knowledge supporting further

heterogeneous dissection based on the zone partition. Methods and implemen-

tation of inhomogeneous models will be discussed further in Section 4.6.

In local catalogs, square of distance is generally calculated by squared epicen-

tral distance in the Cartesian plane: (x − xi)
2 + (y − yi)

2 as in equations (4.4)

and (4.5). For global seismicity the curvature of the Earth surface is considered,

and the term is not calculated by (x − xi)
2 + (y − yi)

2 but replaced with the

squared great circle distance between (x, y) and (xi, yi). It should also be noted

that zone areas are calculated by approximation. While a more accurate method

using spherical triangles may be used, the difference between actual area and

approximation is negligible for a rectangular area of 0.1 degree by 0.1 degree.

4.4 Methods

The log-likelihood function of the ETAS model is:

log L(θ) = Σi log λ(t, x, y|Ht) −

∫ T

0

∫ y1

y0

∫ x1

x0

λ(t, xi, yi|Ht)dxdydt (4.6)

The parameters in the ETAS model may be estimated by maximizing the log-

likelihood function, where the true parameter vector θ = (α, c, d, K0, p, q, µ). The

MLE estimator defined as in Veen (2006):

θ̂ = argmaxθ L(θ)

is the MLE and would be recorded as the result in computation.

The expectation-maximization (EM) algorithm consists of an expectation step

(E-step) where the expectation of the likelihood given the unobserved variables

is computed and a maximization step (M-step) where the parameters maximiz-

ing the expected likelihood computed in the E-step are found. The above steps

are iterated until a certain tolerance is attained. In the EM-type estimation

procedure proposed by Veen and Schoenberg (2008), the branching structure

dictating which earthquake triggered which aftershocks are the unobserved part

and is estimated in each E-step. This view of the ETAS model is called “stochas-

tic reconstruction” by Zhuang et al. (2002, 2004).

We use θ to denote the parameter vector, X to denote the observed data,

Y to denote the missing data. X consists of the observed data ti, xi, yi and
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mi. The missing part Y contains the information of which events trigger which

events. Background events have indicator ui = 0 and triggered events have

indicator ui 6= 0. In our study, Lc(θ; X, Y ) is the complete log-likelihood function,

respectively, provided in the subsections 4.4.1 and 4.4.2 for models (A) and (B).

We first provide generic EM steps:

Input: X and θ0, the initial value of θ.

E-step: Compute the expectation of the log-likelihood function of Y given

the observed data X and current θn.

M-step: With X and Y, Find θn+1 as the solution of the complete log-

likelihood function Lc(θ) by MLE.

E-step and M-step are iteratively computed until a tolerance is attained.

4.4.1 Algorithm to Implement Model (A)

In this subsection, we explain the algorithm of Veen and Schoenberg (2008)

in details. To start the EM procedure, one determines homogeneous polygons

in space that contains the events. If more than one homogeneous polygons

are considered, the software has the flexibility to handle multiple homogeneous

polygons. For any cell i, i = 1 to k, we have:

νk = µk · (area of cell k) · (length of time window)

In our zone analysis, only one polygon is considered for each zone.

The complete log-likelihood, by assuming the complete information of what

events are background or triggered events, and what events trigger what events,

is given by equation (4.7), where nk is the actual number of background events.

For simplicity of notations, we let ω = p − 1, ρ = q − 1, Ti = ti − tui
, D2

i =

[(xi − xui
)2 + (yi − yui

)2], and Ei = eα(mi−M0).

Lc(θ) =
∑K

k=1
(− log nk − νk + nk log νk) +

∑
i
(− log Li! − Gi(θ)

+Li log G(θ)) +
∑

i:ui 6=0
[log ω + ω log c + log ρ + ρ log d − log π

−(1 + ω) log(Ti + c) − (1 + ρ)(D2
i + d)] (4.7)

and Gi(θ) is the expectation of first generation (i.e. directed) aftershocks.

Gi(θ) =

∫ ∞

0

∫ ∞

−∞

∫ ∞

−∞

g(t − ti, x − xi, y − yi, mi)dxdydt

= πK0
c−ω

ω

d−ρ

ρ
Ei (4.8)
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Equation (4.8) is obtained by employing the polar system, with square of distance

r2 = x2 + y2, x = r cos θ, and y = r sin θ, the spatial part of the integral is

I =

∫ ∞

−∞

∫ ∞

−∞

1

(x2 + y2 + d)1+ρ
dxdy = 2π

∫ ∞

0

∫ 2π

0

1

(r2 + d)1+ρ
dxdy (4.9)

To begin iteration, initial value of the background rate µ is set to be number

of events/area/time window, and other parameters are set according to Veen

and Schoenberg (2008) by finding the derivative of Lc(θ) with respect to all

parameters. The derivatives are given in equations (4.9)–(4.15). To find extreme

values, the derivative of Lc(θ) would be set to 0.

∂Lc

∂νk

= −1 +
nk

νk

= 0 (4.10)

∂Lc

∂K0
= −

1

K0

∑
i
(Gi(θ) − Li) = 0 (4.11)

Having
∑

i(Gi(θ) − Li), yield an extremum of K0, we set
∑

i(Gi(θ) − Li) = 0.

This makes the second term of the equations (11) and (12) become 0.

The proceeding two equations are to obtain optimal values of c and ω.

∂Lc

∂c
=

∑
i:ui 6=0

(
ω

c
−

1 + ω

Ti + c

)
+

ω

c

∑
i
(Gi(θ) − Li) = 0 (4.12)

With ∂Gi(θ)
∂ω

= −
(

1
ω
− log c

)
Gi(θ), we have

∂Lc

∂ω
=

∑
i:ui 6=0

[
1

ω
+ log c − log(Ti + c)

]
+

(
1

ω
− log c

) ∑
i
(Gi(θ) − Li) = 0

(4.13)

We denote L =
∑

i Gi(θ) = number of first generation triggered events =∑
i:ui 6=0 1. With input of initial values of c and ω, we have the following system

to be solved iteratively for current c and ω. Current values of c and ω are used

to calculate other parameters’ current estimates.





ω

c(1 + ω)
=

1

L

∑

i:ui 6=0

1

(Ti + c)

1

ω
+ log c =

1

L

∑

i:ui 6=0

log(Ti + c)

Next, we provide the mathematical details to find d and ρ. For optimal values

of d and ρ, we set their corresponding derivatives 0. The derivatives are shown

in equations (4.13) and (4.14).

Similarly to c and ω, the current values of d and ρ are calculated in each

iteration.

∂Lc

∂d
=

∑
i:ui 6=0

(
ρ

d
−

1 + ρ

D2
i + d

)
+

ρ

d

∑
i
(Gi(θ) − Li) = 0 (4.14)
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With ∂Gi(θ)
∂ρ

= −
(

1
ρ
− log d

)
Gi(θ), we have

∂Lc

∂ρ
=

∑
i:ui 6=0

[
1

ρ
+ log d − log(D2

i + d)

]
+

(
1

ρ
− log d

) ∑
i
(Gi(θ) − Li) = 0

(4.15)

With
∑

i(Gi(θ)−Li) = 0 from equation (4.11), we have the system below to get

current values of d and ρ:





ρ

d(1 + ρ)
=

1

L

∑

i:ui 6=0

1

(D2
i + d)

1

ρ
+ log d =

1

L

∑

i:ui 6=0

log(D2
i + d)

Finally, we solve derivative equations (4.11) and (4.16) for values of α and K0.

Since only the second term of Lc has α,

∂Lc

∂α
=

∑
i
(M0 − mi)(Gi(θ) − Li) (4.16)

In each iteration, it is estimated what events are background events and what

are triggered to determine ui, tui
, xui

and yui
. The information is carried to the

next iteration.

4.4.2 Algorithm to Implement Model (B)

Model (B)’s computing setup are given below, with its background rate part νk

and temporal part c and p identical to Model (A)’s computing setup.

The complete log-likelihood, by assuming the complete information of assign-

ments of background and triggered events is given by equation (4.17), where nk is

the actual number of background events. ω = p−1, ρ = q−1, Ti = ti− tui
, D2

i =

[(xi − xui
)2 + (yi − yui

)2], and Ei = eα(mi−M0) for simplicity of notations.

Lc(θ) =
∑K

k=1
(− log nk − νk + nk log νk)+

∑
i
(−log Li!−Gi(θ)+Li log G(θ))

+
∑

i:ui 6=0

[
log ω+ω log c+logρ + ρ log d − log π − (1 + ω) log(Ti + c)

−α(mi − M0) − (1 + ρ) log

(
D2

i

Ei

+ d

) ]
(4.17)

Lc(θ) of Model (B) has its first two terms identical to Lc(θ) of Model (A). Gi(θ)

is the expectation of directed aftershocks. Model (B)’s Gi(θ), and calculation

of ∂Lc

∂νk

, ∂Lc

∂K0

∂Lc

∂c
, and ∂Lc

∂ω
is also identical to those of Model (A). For optimal
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values of d and ρ, we set their corresponding derivatives 0. The derivatives are

expressed in equations (4.18) and (4.19):

∂Lc

∂d
=

∑
i:ui 6=0

[
ρ

d
− (1 + ρ)

(
D2

i

Ei

+ d

)−1
]

+
ρ

d

∑
i
(Gi(θ) − Li) = 0 (4.18)

∂Lc

∂ρ
=

∑
i:ui 6=0

[
log d +

1

ρ
− log

(
D2

i

Ei

+ d

)]

+

(
1

ρ
− log d

) ∑
i
(Gi(θ) − Li) = 0 (4.19)

With
∑

i(Gi(θ) − Li) = 0 from equation (4.11), we have the system below to

obtain current values of d and ρ:




ρ

d(1 + ρ)
=

1

L

∑

i:ui 6=0

(
D2

i

Ei

+ d

)−1

1

ρ
+ log d =

1

L

∑

i:ui 6=0

log

(
D2

i

Ei

+ d

)

Lastly, we solve the derivative equations (4.11) and (4.20) of α and K0.

∂Lc

∂α
=

∑
i
(M0 −mi)(Gi −Li) +

∑
i:ui 6=0

(M0 −mi)

{
1 − (1 + ρ)

D2
i Ei

(D2
i Ei + d)

}

(4.20)

Computation is repeated iteratively to estimate for MLEs of θ.

4.5 Results with a Discussion on Computation

Implementation

The computation for catalogs in zones 1 and 4 converges within certain number

of iterations. Undoubtedly, smaller catalogs should generally take less computing

time. The actual computing time and iterations needed are shown in Table 4.2.

Computing is done on a personal computer with 2.40 GHz processor. On a faster

computer or a supercomputer, the speed would be faster. Catalogs of such sizes

do not have issues of Java program’s being out of memory, however, such prob-

lems are seen in this computer when catalog size is much bigger (around 10,000)

or larger. Supercomputers with larger memory would be able to overcome the

problem with computer memory. The increasing trends of time on catalog size

of Models (A) and (B) are depicted in Figures 4.2a and 4.2b, respectively. It is

seen that the trends appear somewhat exponential than linear.

 EBSCOhost - printed on 2/13/2023 8:47 PM via . All use subject to https://www.ebsco.com/terms-of-use



4 ETAS Models on Global Tectonic Zones 149

Fig. 4.2 (a) Increasing trend of computing time for Zone 1. Square points for model
(A); rhombic points for model (B). For both models, the trend does not appear linear
but appear somewhat exponential. (b) Increasing trend of computing time for Zone
4. Square points for model (A), rhombic points for model (B).

For the case of zone 2, it is seen that for groups 2000–2000, 2000–2001, 2000–

2002, and 2000–2003, the number of iterations is indicated with 1000. The pro-

gram setting uses a number as maximal number of iterations, for example, 1000

for this chapter’s computations. If convergence is not achieved within 1000 iter-

ations, the program stops. In groups 2000–2004 and beyond, zone 2’s MLEs are

obtained within small numbers of iterations. The maximal number of iterations

may be reset in the program to another maximal iteration number determined

by the user. When the maximal iteration number shows as the program stops,

it means convergence is not attained and may need more iterations to achieve

it, or it may never converge. In such situation, it is not recommended to run

more iterations because convergence is often unlikely to reach due to the nature

of the data or the shape of the region.

Despite the EM-type algorithm being relatively stable, optimization surface

can be too flat for convergence to be reached (Veen and Schoenberg, 2008).

Additionally, it is observed during computing process that long and narrow
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regions tend to have non-convergent estimation comparing to regions closer to a

circle or square in shape. It is also observed that different catalogs on the same

region might have different convergence result; that is, it may converge or not,

depending on the actually data. Such computing difficulty appears in both zones

2 and 3, but not in zones 1 and 4. Usually such computing difficulty occurs more

often when the catalog size is small, like zone 2’s smaller three catalogs, while

the difficulty is not always correlated to catalog size. Table 4.2 shows that zone

2’s computation eventually converges; but zone 3’s computation never converges

in any group. Sometimes the problem is solved by increasing the catalog size and

changing time length or magnitude threshold. However, this solution may not

always be possible. Often, a large size of catalog does not solve the convergence

problem.

When such a computing issue occurs, the alternative solution is to fix a pa-

rameter by a constant and then estimate other parameters. The Java program

fixes the parameter α with a chosen constant and estimates other parameters,

and it then fixes another α value and the process iterates. The program does

it systematically, using α values on the interval 0 < α 6 2.0. The computing

procedure may be set to use 0.1, 0.2, 0.3, · · · , 2.0; that is, with an increment of

0.1. Once we find the parameter estimates that produce an MLE by checking

the log-likelihood, for example, on 0.1 6 α 6 0.2, the computing procedure may

be set to use 0.11, 0.12, 0.13, · · · , 0.19, to find corresponding MLEs for the other

parameters. It may be determined by the user on number of accurate digits de-

sired, size of increment, and range of α. Such method is likely drawing “grids”

in a seven-dimensional coordinate system with the parameters. The values of α

is fixed in the computing procedure to local optimal values of other parameters.

This method guarantees MLEs in the range studied, even taking more comput-

ing time. In the estimation, α is estimated to the hundredth digit and we have

found α = 0.01 for Model (A) and 0.18 for Model (B), as shown in Table 4.3,

along with MLEs of other zones.

It should be pointed out that zone 4’s estimates show two set of values in

Table 4.3. Directly running the above-stated EM algorithm without the grid

method has encountered being trapped in a local extremum, while using the grid

method with increment 0.1 between 0 and 1 has approximately attained global

MLE of α. Their parameter estimates and log-likelihood values are recorded in

Table 4.3.

Two criteria are applied to compare the models’ goodness of fit. The infor-

mation gain (IG) is defined as (Kagan and Knopoff, 1977; Kagan, 1991):

I =
L − L0

N

whereL is the logarithmof the likelihood for the ETAS model,L0 is the logarithm

of the likelihood for the stationary Poisson process, and N is the catalog size.
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Table 4.3 Parameter estimates using the catalog 2000–2006. (A) and (B) are shown,
with results of model (B) in Chu et al. (2011) that uses time window 1973–2006 for
zones 1, 2, 3 and 1999–2006 for zone 4. Note that identical numbers do not mean they
are actually identical but due to rounding. Two results of zone 4’s using Model (B)
is given: (B.1) provides the result of running EM algorithm directly and local MLE is
obtained; (B.2) provides the result of running EM with grid method and global MLE
is obtained, within the range 0 < α 6 1.

Zone Model (A)

(2000–2006)

Model (B)

(2000–2006)

Model (B)

(Chu et al., 2011)

1 α = 1.11

c = 0.044

d = 94.0

K0 = 0.322

p = 1.25

q = 1.80

µ = 8.13E−9

α = 0.809

c = 0.0418

d = 71.9

K0 = 0.316

p = 1.25

q = 1.80

µ = 8.11E − 9

α = 0.980

c = 0.0781

d = 69.3

K0 = 0.539

p = 1.19

q = 1.91

µ = 7.63E − 9

2 α = 0.265

c = 0.0156

d = 176

K0 = 3.81

p = 1.22

q = 2.16

µ = 1.24E−8

α = 0.213

c = 0.0157

d = 163

K0 = 3.48

p = 1.22

q = 2.14

µ = 1.24E − 8

α = 0.180

c = 0.0319

d = 227

K0 = 23.2

p = 1.16

q = 2.33

µ = 8.43E − 9

3 α = 0.01

c = 0.0283

d = 398

K0 = 279

p = 1.23

q = 2.60

µ = 2.08E−8

α = 0.18

c = 0.0284

d = 369

K0 = 219

p = 1.23

q = 2.59

m = 2.08E − 8

α = 0.324

c = 0.0307

d = 327

K0 = 77.6

p = 1.15

q = 2.49

µ = 1.56E − 8

4 α = 0.936

c = 0.0419

d = 208

K0 = 1.87

p = 1.25

q = 1.94

µ = 6.26E−8

B.1

α = 0.535

c = 0.0389

d = 164

K0 = 1.89

p = 1.25

q = 1.95

µ = 6.22E−8

LL = −82169

B.2

α = 0.80

c = 0.0387

d = 147

K0 = 1.40

p = 1.25

q = 1.94

µ = 6.28E−8;

LL = −82097

α = 0.942

c = 0.0408

d = 141

K0 = 1.33

p = 1.25

q = 1.95

µ = 6.17E − 8

Poisson model assumes homogeneous background rate with no triggering behav-

ior. A bigger IG means a non-Poisson model like Models (A) or (B) to fit the data

better. Since the difference between ETAS and the stationary Poisson model is

that the former is capable of modeling intense clustering behavior, higher values

of IG generally signify increased clustering in the earthquake catalog. According

to Table 4.4, Model (A) fits better in zone 1 while Model (B) fits better in zones

2, 3 and 4.
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Table 4.4 Comparison of log-likelihoods. In each cell, the first number means actual
log-likelihood, and the second number means information gain. Boldface indicates
better fit.

Zone Model (A) Model (B) Poisson

1 −22410, 3.381 −22423, 3.372 −27292

2 −12940, 2.028 −12937, 2.031 −14507

3 −11672, 1.982 −11671, 1.984 −13097

4 −82149, 2.579 −82097, 2.589 −97140

Table 4.5 Comparison of goodness of fit using AIC (2000–2006). Model (B) on 1073–
2006 data is not presented because the sizes of the two global catalogs are different.
Smaller AIC indicates better fit and they are emphasized with boldface.

Zone Model (A) Model (B)

1 44834 44861

2 25894 25889

3 23358 23357

4 164313 164207

Akaike’s Information Criterion (AIC) (Akaike, 1974) is a widely used and

convenient tool for model comparison. It is applied to compare the models:

AIC = −2 max(log−likelihood) + 2(number of adjustd parameters).

Smaller values of AIC indicate better fit and a more desirable model. Table 4.5

shows that Model (A) fits better in zones 1, and model (B) fits better in zones

2, 3 and 4. Despite the more desirable model is chosen using the two criteria,

the difference in AIC and IG is not very pronounced, and in some cases, the

numbers are almost identical in two models. The goodness-of-fit comparison

coincides between the two models.

In computation of model parameter estimates shown in Table 4.3, tolerance

0.01 is used. In each iteration, |currentvalue−previousvalue|
previousvalue is checked to be less than

0.01 for each parameter as the stopping criterion. The tolerance 0.01 may be

reset by the user; for example, a smaller number for better accuracy, or a larger

tolerance for testing purpose.

Each parameter’s estimate is presented in Table 4.5. Comparing Models (A)

and (B), we observe that in zone 1, the values are similar between two models

for all parameters except d and K0. This shows that Models (A) and (B) provide

very similar estimates for the same catalog. Similar phenomena appear in other

zones. The estimates of parameters p, q and µ are less varying. Parameters

d and K0 appear to vary more widely. It should be noted that the variation

of K0 is pronounced due to flatness of the conditional intensity function, and

large change in K0 can correspond to small change in likelihood or models (Veen,
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2006). In order to determine whether the estimates are close, we employ standard

errors statistically. Wang et al. (2010) have fit exponential functions to estimate

standard errors for parameters in Model (A). The functions are provided below

with x denoting time window length. For time window 2000–2006, x is 7 years

and the standard errors are calculated as follow:

ŜEα = 0.4321x−0.7122 + 0.01355 = 0.1216

ŜEc = 0.00001969x−0.1759 + 0.000001671 = 1.565× 10−5

ŜEd = 2.145x−0.7807 + 0.3481 = 0.8176

ŜEK0
= 0.002349x−0.3538 + 0.00001416 = 0.001194

ŜEp = 0.1188x−0.4462 + 0.06351 = 0.1134

ŜEq = 0.2669x−1.433 + 0.07212 = 0.08854

ŜEµ = 0.000006075x−0.1314 − 0.0000004229 = 4.281 × 10−6

If the MLEs of Model (A) with 2000–2006 time window are used as the base

to compare with other time windows, the 95% confidence intervals (CIs) of the

parameter are:

95%CIα = 1.11 ± tŜEα = (0.8696, 1.356)

95%CIc = 0.0438± tŜEα = (0.04385, 0.04391)

95%CId = 94.0 ± tŜEα = (92.33, 95.60)

95%CIK0
= 0.322 ± tŜEα = (0.3199, 0.3246)

95%CIp = 1.25 ± tŜEα = (1.024, 1.477)

95%CIq = 1.80 ± tŜEα = (1.620, 1.974)

95%CIµ = 8.13 × 10−9 ± tŜEα = (0, 8.5711× 10−6)

where t is the critical value of Student’s t-distribution. t ≈ 2 is used.

Table 4.6 consists of the parameter estimates of all seven time windows. It

is revealed that some parameters have their estimates coincide with 2000–2006,

and some parameters do not. For example, the estimates of α, p, and µ in all

of the six time windows are within the corresponding 95% confidence interval;

and none of the estimates of c, d, K0 in all of six time windows are within the

corresponding 95% confidence interval. Parameters d and K0 usually fluctuate

more in MLEs. Some of q’s values are in the corresponding CI, and some are

not. This indicates that MLEs may be statistically distinct on the regions with

different time windows. Besides making comparison based on a single parame-

ter, we also make comparison by viewing the models as a whole. If Model (A)’s

values are used as the base, none of Model (B)’s α, c, d or K0 is coincident with

(A); some d values are coincident and some are not. Model (B)’s p is always in

agreement with Model (A)’s p. It is reasonable because the two models share the

same time part in the intensity function. Same phenomenon is observed for µ.
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Table 4.6 MLEs (α, c, d,K0, p, q, µ) of Zone 1 for all seven time windows.

Model (A) Model (B)

2000–2000 (0.869, 0.0507, 169, 8.66, 1.30,

2.30, 9.34E-9)

(0.731, 0.0492, 126, 4.54, 1.30,

2.24, 9.35E-9)

2000–2001 (1.034, 0.0462, 121, 0.339, 1.26,

1.86, 8.93E-9)

(0.836, 0.0450, 82.6, 0.251, 1.26,

1.84, 8.98E-9)

2000–2002 (1.062, 0.0253, 142, 0.407, 1.24,

1.88, 8.72E-9)

(0.846, 0.0229, 99.0, 0.316, 1.24,

1.87, 8.73E-9)

2000–2003 (1.20, 0.0327, 164, 1.27, 1.23, 2.04,

8.64E-9)

(0.879, 0.0301, 122, 1.30, 1.23,

2.06, 8.64E-9)

2000–2004 (1.22, 0.0372, 106, 0.221, 1.22,

1.77, 8.36E-9)

(0.884, 0.0347, 77.6, 0.217, 1.25,

1.77, 8.33E-9)

2000–2005 (1.09, 0.0402, 91.9, 0.286, 1.26,

1.78, 8.26E-9)

(0.784, 0.0382, 70.5, 0.285, 1.26,

1.79, 8.23E-9)

2000–2006 (1.11, 0.0438, 94.0, 0.322, 1.25,

1.80, 8.13E-9)

(0.809, 0.0418, 71.9, 0.316, 1.25,

1.80, 8.11E-9)

We conclude that Models (A) and (B) produces coincident p, and µ, but are

distinct in other parameters. This is reasonable because the two models share

the same background and temporal functions, but different spacial functions.

Although the spatially dependent parameters α, d and q have the same geophys-

ical meanings in both models, they are different with regards to modeling and

computation. One phenomenon observed is that, using the same model across

different time windows, the parameters estimates of c, p, q and µ are comparably

similar but estimates of α, d, and K0 are not.

A question raised is “Do different regions in the same zone have the same

model parameters?” To answer this question, analysis is done with Southern

California data as an example, in time window January 1,2000 to December

31,2016, and moment magnitude cutoff used is M0 > 3.0. The catalog size 4377

and the region in a rectangular region with −124 to −111 in longitude, and 30

to 39 in latitude are used. Models (A) and (B) are fit to the data and the MLEs

are summarized in Table 4.7. Based on values of IG and AIC, we see that Model

(A) fits slightly better than Model (B). In Figure 4.3, we depict the estimated

conditional intensity computed using the two models and their difference. In

Figures 4.3a and 4.3b, the estimated conditional intensity of Models (A) and (B)

appear almost identical, but Figure 4.3c shows that the estimated conditional

intensities in two models are indeed different. We also find that the difference

in parameter estimates between global and Southern California data is more

significant than that between the two models. Regional analysis versus global

analysis can indeed have different results. One should be careful not to substitute

global parameter estimates for local estimates. Computation of ETAS models is

often sensitive regarding datasets used and spatial features. And bias may rise

as an issue that is difficult to detect.
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Fig. 4.3 (a) shows predicted intensity rate using Model (A); (b) shows predicted
intensity rate using Model (B); and (c) shows difference of predicted intensity rate
between the two models.

Table 4.7 MLEs (α, c, d, K0, p, q, µ) of Southern California (3500 events in time win-
dow from January 1, 2000 to February 20, 2011. M0 = 3.0).

Model (A) Model (B)

(α, c, d, K0, p, q, µ)=(0.0816, 0.0232, 1.21E-4,

1.19E-4, 1.20, 1.45, 5.36E-4)

IG=6.38

AIC=−2475.7

(α, c, d, K0, p, q, µ)=(0.44, 0.0219, 8.870E-5,

1.26E-4, 1.20, 1.45, 5.55E-4)

IG=6.37

AIC=−2367.16
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4.6 Conclusion

This study’s result shows that for all global tectonic zones, Model (A) performs

somewhat better than Model (B) in computing effort. Model (A) takes less

iterations loops than model (B) by very small number; and each loop takes less

time in general. The amount of time difference may be due to the computation

part of additional coding requirement of Model (B), which may be noticeable

for large datasets. Despite the difference in computation time for Model (A)

and Model (B) being small and negligible when the catalog size is small, the

difference between the two models can be very noticeable when the catalog size

is large. Furthermore, it is more likely for Model (B) to run into a “out of

memory” problem. In terms of goodness of fit, Model (A) performs slightly

better than Model (B) for zone 1 while the situation is reverse for zones 2, 3

and 4: Model (B) performs better. Nevertheless, the difference between the two

models is small. The difference between using the same model, model (B) on

two different catalogs 2000–2006 and 1973–2006, is yet more noticeable.

This chapter treats the background intensity rate as homogeneous. If one is

to implement a heterogeneous background rate model, one may dissect a zone

into several subzones and apply homogeneous model to each subzone (Veen,

2006). One may also apply the Delauney tessellation method (Ogata, 2011,

2003), but it might lead a complex for global tectonic zones. In addition, while

it is reasonable to assume triggering behaviors to happen between zones, our

models do not include it for modeling simplicity. Among all of the models

mentioned above, which one fits the global data better is still a question. The

issues of heterogeneity and inter-zone triggering are our future work to extend

understanding of global seismicity.

It is also found in our computing procedure that the MLE results from long-

narrow spatial shapes appear to be more difficult to manipulate than in a region

with shapes closer to a circle or square. Would the same data in zone 2 or 3 have

different result if the zone’s shape is different? How are geographical shapes and

MLE related to each other? These questions are not yet answered well, but they

are interesting in our future research on this topic.
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Chapter 5

Distribution of Earthquake-Triggered

Landslides across Landscapes: Towards

Understanding Erosional Agency and

Cascading Hazards

Gen Li, A. Joshua West, Alexander L. Densmore, Zhangdong Jin,

Fei Zhang, Jin Wang, and Robert G. Hilton

In mountainous regions, earthquake-triggered landslides are a critical geohaz-

ard, a major agent of erosion, and a powerful driver of the carbon cycle. How

landslides are distributed across landscapes provides key information for hazard

management and for better understanding of orogenic evolution and cycling of

carbon. In this chapter, we study the distribution of landslides caused by the

2008 Mw7.9 Wenchuan earthquake at the eastern margin of the Tibetan Plateau

in the context of recent advances in understanding landslide spatial patterns.

We have previously produced a Wenchuan landslide inventory by mapping land-

slides from remote sensing images. Combining this landslide inventory map with

analysis of digital topography, regional geology, and ground motion data, we ex-

plore the controlling factors of the Wenchuan earthquake-triggered landslides.

We study the locations of the Wenchuan landslides relative to river networks

to evaluate how and to what extent landslides supply sediment to rivers. We

examine the hillslope aspects of landslides and discuss how the preferred facing

directions reveal information about earthquake source, seismic ground motion,

and rupture propagation. We evaluate the distribution of landslides from hills-

lope tops to bases and discuss the implications for long-term evolution of hillslope

morphology. Assuming that the Wenchuan seismogenic fault was a linear energy

source, we can successfully model the pattern of Wenchuan landslides by adapt-

ing a functional form of the law of seismic wave attenuation which accounts for

both geometric spreading and quality decay. In conjunction with models predict-

ing total volumes of earthquake-triggered landslides, this approach has promise

https://doi.org/10.1515/9783110560329-170
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for predicting the magnitude and pattern of landslides caused by earthquakes

based on known characteristics of the seismogenic faults and the seismotectonic,

topographic, and geological setting.

Key words: Wenchuan earthquake, earthquake-triggered landslides, landslide

pattern and modeling, erosional agency and cascading hazards, surface land-

scape, fluvial network, fault characteristics, seismic wave attenuation equation.

5.1 Introduction

5.1.1 Earthquake-Triggered Landslides as Hazards and Erosional

Agents

In tectonically active mountain ranges, shallow and large earthquakes can induce

widespread landsliding due to strong ground motion and seismic wave propa-

gation (Keefer, 1984; Jibson et al., 1993; Keefer, 1994; Harp and Jibson, 1996;

Guzzetti et al., 2009). Earthquake-triggered landslides are a critical seismic haz-

ard, not only causing severe loss of life and immediate damage to infrastructure

(Swiss Re, 2000; Petley, 2012), but also leading to prolonged and widespread

secondary impacts like channel aggradation and flooding—known as “cascading

hazards” (Korup et al., 2004; Glade and Crozier, 2005; Wang et al., 2015).

Earthquake-triggered landslides also represent an important erosional agent,

converting rocks to clastic sediment and supplying large volumes of erodible

materials to rivers (Pearce and Watson, 1986; Keefer et al., 1994; Hovius et al.,

1997; Montgomery and Brandon, 2002; Larsen et al., 2010; Howarth et al., 2012;

Egholm et al., 2013). Riverine export of landslide materials means mass loss from

mountains, which could counteract coseismic rock uplift (Hovius et al., 2011;

Parker et al., 2011; Li et al., 2014; Marc et al., 2016a). Over longer timescales of

multiple earthquake cycles (10 s of kyr to Myr), earthquake-triggered landslides

contribute significantly to the erosional budget at orogenic scales, and are capa-

ble of producing erosional fluxes comparable to those measured from cosmogenic

nuclides and low-temperature chronometers (Li et al., 2017). Landslides provide

the sediment that acts as effective tools shaping stream bedform and landforms

as well (Sklar and Dietrich, 2004; Yanites et al., 2010; Egholm et al., 2013).

Landslides also work as a powerful driver of the carbon cycle, harvesting organic

carbon from vegetation, soil and bedrock (Garwood et al., 1979; Hilton et al.,

2011; Wang et al., 2016), as well as creating fresh mineral surface for chemical

weathering (Gabet, 2007; Jin et al., 2016; Emberson et al., 2016).

To evaluate the role of earthquake-triggered landslides in hazard generation,

erosional dynamics, mountain belt evolution, and the carbon cycle, it is critical
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to understand the spatial pattern of landslides. Many studies have focused on

empirical observations using landslide inventories mapped from remotely-sensed

images, and have explored how landslides are distributed across gradients of

topography and seismic shaking, and among different climatic and geologic con-

ditions (Harp and Jibson, 1996; Meunier et al., 2007; Meunier et al., 2008;

Gorum et al., 2011; Xu et al., 2014; Li et al., 2016; Huang et al., 2017; Roback et

al., 2018). Other studies have focused on modeling the magnitude (e.g., area or

volume) and pattern of earthquake-triggered landslides either using an empirical

approach (e.g., fitting landslide data using different functions) or a forward ap-

proach based on engineering mechanics (e.g., Newmark analysis) or earthquake

physics (Keefer, 1994; Jibson et al., 2000; Malamud et al., 2004; Jibson et al.,

2006; Gallen et al., 2015; Gallen et al., 2017; Marc et al., 2016b). Most studies

have identified a linkage between landslide spatial pattern, seismic shaking, and

seismic wave propagation (Harp and Jibson, 1996; Dadson et al., 2004; Meu-

nier et al., 2007; Li et al., 2016). This linkage provides the possibility for using

landslide pattern to invert for fault rupture properties and information about

energy propagation during earthquakes (e.g., Meunier et al., 2013). Many stud-

ies have also shown that hillslope gradient and properties of hillslope material

modulate landslide occurrence during earthquakes (Jibson et al., 2006; Gallen

et al., 2015; Marc et al., 2016b; Roback et al., 2018; Gallen et al., 2017). Thus,

combining landslide pattern, topography, and seismic conditions can help to

constrain properties of hillslope materials, such as rock strength (Gallen et al.,

2015). Conversely, known seismic conditions, topography, and rock strength can

be combined to quickly predict landslide occurrence and produce rapid response

landslide hazard maps following large earthquakes (e.g., Kritikos et al., 2015;

Gallen et al., 2017; Robinson et al., 2017).

Empirical studies have examined patterns of earthquake-triggered landslides

from scales of fault zones to individual hillslopes. At fault zone scales, for most

earthquake-triggered landslide inventories, landslide areal density (PAls%, the

percentage of area impacted by landsliding per unit landscape area) scales with

peak ground accelerations (PGA) and decays away from the epicenter. At hill-

slope scales, topographic amplifications of seismic shaking modulate how land-

slides are distributed from hillslope ridges to valley bottoms as well as their

preferred facing directions (Meunier et al., 2008). These hillslope-scale land-

slide patterns are indicative of the dominance of seismic triggers versus climatic

triggers (Densmore and Hovius, 2000; Meunier et al., 2008). How landslides are

distributed across hillslopes also contributes to the extent to which landslides are

connected to fluvial networks, a key factor expected to influence post-earthquake

sediment transport (Dadson et al., 2004; Huang and Montgomery, 2014; Li et al.,

2016). With this background in mind, this contribution focuses on the spatial

patterns of landslides triggered by the 2008 Wenchuan earthquake.
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5.1.2 Landslides Triggered by the 2008 Wenchuan Earthquake

On May 12th, 2008, the Mw7.9 Wenchuan earthquake occurred in the Longmen

Shan mountain range at the eastern margin of the Tibetan Plateau (Burch-

fiel et al., 2008; Hubbard and Shaw, 2009). Characterized by an unexpectedly

high magnitude and long return time, the Wenchuan earthquake ruptured the

Yingxiu-Beichuan and Pengguan faults with a combination of thrust and dextral

strike-slip deformation. The earthquake also induced massive landsliding in the

steep Longmen Shan mountains, over dramatic gradients of topography, seis-

mic shaking, and climate, and among a variety of lithologic units. Many studies

have produced Wenchuan landslide inventory maps and examined patterns of the

Wenchuan landslides in the context of regional environmental conditions. Huang

and Li (2009) reported preliminary observations of the Wenchuan earthquake-

triggered landslides, finding that most landslides were close to the ruptured

fault and on the hanging wall. Dai et al. (2011) mapped over 56, 000 landslides

using aerial photos and satellite images, identified major landslide types by com-

bining field observations and interpretation of images, and discussed landslide

areal and point density in the context of distance to the fault rupture, eleva-

tion, slope, PGA, seismic intensity, and lithology. Gorum et al. (2011) mapped

∼60, 000 landslides using both pre-earthquake and post-earthquake images, re-

ported landslide areal and point density variations versus distance to fault rup-

ture, co-seismic slip, and lithology, and derived empirical relations to describe

the landslide pattern with distance from the fault rupture. Parker et al. (2011)

mapped > 70, 000 landslides by combining automated algorithms and a series of

topographic filters and visual screening. They estimated the Wenchuan landslide

volume using empirical landslide area-volume scaling relations and found that, if

landslide debris is evacuated by rivers over the earthquake cycle, the landslide-

induced erosion could counteract the rock uplift caused by the Wenchuan earth-

quake, thus raising an intriguing question of “earthquake mass balance”, i.e.,

whether earthquakes build or destroy mountainous topography. Xu et al. (2011)

examined the effects of locked fault segments where most co-seismic moment

was likely released and the locations of landslides relative to the seismic energy

source. They identified a “back slope effect”, whereby hillslopes facing the energy

source were less susceptible to landsliding in several valleys. Fan et al. (2012)

systematically studied 828 Wenchuan earthquake-triggered landslide dams, esti-

mated their size distribution and storage capacity, and discussed the implications

for the post-earthquake sediment budget. Xu et al. (2014) updated the landslide

inventory of Dai et al. (2011), reported a landslide inventory map with 197, 481

landslide polygons, and identified primary controls on the Wenchuan landslides

from seismic-related parameters (e.g., PGA and seismic intensity) by adopting a

bivariate statistical analysis. Yuan et al. (2013) focused on the relation between
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the Wenchuan landslide pattern and seismic parameters (PGA and distance to

the hypocenter) and fitted the Wenchuan data to a landslide pattern model by

assuming a point energy source following the functional form of seismic wave

attenuation (Meunier et al., 2007). Li et al. (2014) mapped landslides using

semi-automated algorithms and manual segregation of amalgamated landslide

features, and examined the Wenchuan landslide inventory in the context of a

generalized model of earthquake mass balance; following this work, Li et al.

(2016) combined the landslide inventory map and analysis of digital topogra-

phy to quantify the connectivity between earthquake-triggered landslides and

the regional fluvial network. Gorum and Carranza (2015) explored controls on

the patterns of landslides from fault-types and suggested that landslides associ-

ated with thrust slip occur over a wider zone, further away from the fault trace,

compared to strike-slip deformation. While most studies have focused on the

co-seismic landsliding, several studies have also looked into post-seismic land-

sliding caused by rainfall and reactivation of the co-seismic landslide debris in

the Wenchuan epicentral region (e.g., Tang et al., 2011; Zhang et al., 2014).

In this contribution, we review previous studies of earthquake-triggered land-

slides associated with Wenchuan and other earthquakes, and conduct new anal-

ysis to explore how the Wenchuan landslides are distributed across the Longmen

Shan range. Specifically, previous Wenchuan studies have not fully considered

the effect of the background landscape on the observed characteristics of land-

slides (Meunier et al., 2008; Huang et al., 2017). For example, if landslides ran-

domly sample a landscape, the topographic characteristics of landslides should

reproduce the characteristics of the landscape rather than reveal information

about other controlling mechanisms. To correct for such an effect, we normalize

the statistical distribution of any metric of interest (e.g., hillslope gradient) of

the landslide inventory over the distribution of this metric of the background

landscape. Combining the Wenchuan landslide inventory map reported by Li et

al. (2014) with analysis of digital topography, we identify the preferred elevation,

slope and lithologic units where the coseismic landslides were located relative to

the background landscape. We investigate the relations between landslides and

seismic shaking and model the Wenchuan landslide pattern at orogenic scales by

adopting a model of seismic energy release. We estimate the average geometric

profiles of hillslopes in the Longmen Shan region, quantify how Wenchuan land-

slides were located relative to hillslope ridges and river channels, and discuss the

implications for landslide triggers and landslide-channel connectivity. We also

track the preferred facing directions of landslides along the Yingxiu-Beichuan

fault rupture to examine the linkage between landslide aspects and the charac-

teristics of earthquake source, ground motion, and energy propagation.
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5.2 Settings

5.2.1 Topography, Hydrology and Climate

With > 5 km of relief over a 50 km horizontal distance from the Sichuan Basin,

the Longmen Shan mountains range marks the steepest margin of the Tibetan

Plateau (Fig. 5.1) (Densmore et al., 2007; Burchfiel et al., 2008). Landscape

relief and steepness peak at the mountain front and gradually decrease westward

toward the Tibetan Plateau. Several major tributaries of the Yangtze River,

including the Min Jiang, Fu Jiang and Tuo Jiang, drain the Longmen Shan

mountains to the Sichuan Basin (Liu-Zeng et al., 2011). The regional climate

is dominated by the East Asian monsoon, with over 70% of rainfall occurring

during the wet season from June to September. Average annual rainfall is around

1100 mm/yr at the margin and decreases to ∼600 mm/yr toward the plateau

(Liu-Zeng et al., 2011 and references therein). The regional climatic pattern is

largely controlled by the high, steep mountainous topography which works as a

barrier to moisture or causes heating of the atmosphere (Molnar et al., 2010).

The orographic rainfall and steep topography lead to intensive denudation of the

mountain front, ∼0.3-0.5 mm/yr determined before the Wenchuan earthquake

(Liu-Zeng et al., 2011). After the Wenchuan earthquake, the seismically induced

landslides supplied large volumes of clastic sediment to the rivers and greatly

enhanced local denudation rates as high as 1–1.2 mm/yr integrated over four

years following the earthquake (Wang et al., 2015; Li et al., 2017).
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Fig. 5.1 Maps of the topography (a), seismological parameters (b) and lithologic
units (c) of the Longmen Shan range where the Wenchuan earthquake and associated
landsliding occurred. In panel (a), A–A’ and B–B’ are projection trends perpendicular
and parallel to the fault strike, respectively, and the rectangular box delineates the
study area where topographic metrics are calculated. The inset in panel (b) indicates
the geographic location of the study area in the context of East Asia. Panel (c) shows
major lithological units and faults of the Longmen Shan range, including Proterozoic
(p ) basement consisting of granitoids and metamorphic rocks, Paleozoic ( : Cam-
brian, O: Ordovician, S: Silurian, D: Devonian, C: Carboniferous, and P: Permian)
and Mesozoic (T: Triassic, J: Jurassic, and K: Cretaceous) passive margin and fore-
land sedimentary sequences, and Cenozoic (Q: Quaternary) sediment, modified from a
1 : 2, 500, 000 geological map (China Geological Survey, 2004).

5.2.2 Geology and Tectonics

The Longmen Shan is underlain by Proterozoic basement granitoid and high-

grade metamorphic rocks, a Paleozoic passive margin sediment sequence of meta-

morphic sediment and granitic intrusion, and a Mesozoic foreland basin sedi-

ment sequence consisting of marine and clastic sediment, and limited exposure

of Cenozoic sediment (Figure 1; Li et al., 2003; Densmore et al., 2007; Burchfiel

et al., 2008). Cenozoic deformation in the Longmen Shan is superimposed on

a Mesozoic orogeny (Burchfiel et al., 2008). River profile analysis and low tem-

perature thermochronometry suggest high uplift and exhumation rates (0.5–1

km/Myr), respectively, during the late Cenozoic (Kirby et al., 2003; Kirby et al.,

2008; Tian et al., 2013). The high, steep topography of the Longmen Shan range

has stimulated heated debates on different geodynamic models of plateau margin

mountain building and on the relative importance of ductile lower crustal flow

versus brittle faulting in the upper crust (Royden et al., 1997; Clark and Royden,
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2000; Tapponnier et al., 2001; Hubbard and Shaw, 2009). The Longmen Shan

is bounded by a fault system composed of three major faults: the Wenchuan-

Maowen fault, the Yingxiu-Beichuan fault and the Pengguan fault (Chen and

Wilson, 1996; Densmore et al., 2007; Liu-Zeng et al., 2009; Xu et al., 2009). The

Wenchuan earthquake nucleated in the southern part of the Longmen Shan, rup-

turing the Yingxiu-Beichuan and Pengguan faults and propagating ∼270 km to

the northeast. The co-seismic moment release varied significantly along the fault

rupture but was concentrated in the Yingxiu and Beichuan regions (Xu et al.,

2009; Shen et al., 2009). Fault displacement was mainly in the form of dextral-

thrust slip in the southwestern part of the rupture and changed to dextral strike

slip towards the northeast (Liu-Zeng et al., 2009). Paleoseismology and geodetic

studies suggest a relatively long return time (500–4000 years) for Wenchuan-like

events in the Longmen Shan region (Densmore et al., 2007; Liu-Zeng et al., 2009;

Shen et al., 2009; Thompson et al., 2015; Lin et al., 2016).

5.3 Materials and Methodology

We analyzed the Wenchuan earthquake-triggered landslide inventory reported

in Li et al. (2014) in the context of the digital topography of the Longmen Shan

mountains. We used the SRTM 90 digital elevation model (DEM, resolution

∼87 m) from the Consultative Group for International Agricultural Research

(CGIAR), with regional void filled using reinterpolation algorithms and other

data products including local data and SRTM 30 data (Jarvis et al., 2008). Seis-

mological data, including aftershock sequences and peak ground accelerations,

was taken from the USGS Earthquake Hazard program (2008). Analysis of the

digital topography and the landslide inventory was conducted in the ArcGIS

platform.

Based on our analyses, we consider how the Wenchuan landslides are dis-

tributed in directions perpendicular to and parallel to the fault trend, in different

topographic and lithologic conditions, and relative to the fluvial network. We

evaluate controls from seismic processes on the pattern of the Wenchuan land-

slides. We examine the relations between landslide areal density and ground

motion, whether the Wenchuan landslides can be explained using a simplified

model based on seismic energy propagation, and the imprint of a seismic trigger

on landsliding at hillslope scales.
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5.4 Distribution of Wenchuan Earthquake-

Triggered Landslides across the

Longmen Shan

In this section, we report the spatial patterns of the Wenchuan earthquake-

triggered landslides in directions perpendicular and parallel to the fault trend.

We explore the statistical distributions of the topographic and lithologic at-

tributes of the landslides, accounting for the variations of the background to-

pography and non-uniform distribution of lithologic units across the landscape.

Finally, we compare different methods for quantifying the locations of the land-

slides relative to the fluvial network to better constrain how landslides might be

expected to influence post-earthquake sediment dynamics.

5.4.1 Variations of Landslide Pattern Perpendicular to the Fault

Trend

We plot total landslide areas in 5 km-wide increments paralle and perpendicular

to the Longmenshan fault trend (Fig. 5.2). Because both seismic shaking and

topography show greatest gradients perpendicular to the fault trend (Figs. 5.1a

and 5.1b), we would expect that plotting landslide data along this trend would

capture the most significant variations of landslide occurrence. Indeed, perpen-

dicular to the fault trend, we observe the highest amount of landslide area at

the Longmen Shan mountain front, on the hanging wall and coinciding with the

location of the epicenter. Landslide area decays sharply towards the Sichuan

Basin and the Tibetan Plateau (Fig. 5.2a). This variation normal to the fault

trend is quite similar to other cases, including the 1993 Mw6.9/6.7 Finisterre,

the 1994 Mw6.7 Northridge, and the 1999 Mw7.6 Chi-Chi earthquakes, with

landslides clustering at mountain fronts and decaying towards both the foreland

and hinterland (Meunier et al., 2007). This is expected because fault-bounded

mountain fronts generally have steeper topographic gradients and experience

most intensive shaking, whereas the foreland and hinterland are characterized by

gentler topographic gradients and lower seismic activity (Meunier et al., 2007;

Gallen et al., 2015; Roback et al., 2018). Orographically-enhanced precipita-

tion among mountain fronts may also promote landsliding by modulating rock

strength (Gallen et al., 2015).
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Fig. 5.2 Distribution of Wenchuan earthquake-triggered landslides in directions (a)
perpendicular to and (b) parallel to the fault strike, along the A–A’ and B–B’ trends,
respectively, in Figure 5.1. The total landslide area is calculated as the sum of areas
of the landslides in 5 km-wide increments. Stars indicate the epicenter.

5.4.2 Variations of Landslide Pattern along the Fault Trend

The complex fault slip pattern makes the Wenchuan case a good opportu-

nity to examine fault type controls on landsliding. Several studies have shown

that, for the same initial stress conditions, thrust faults produce much stronger

ground motion compared to normal and strike-slip faults (Oglesby and Dai, 2002;

Gubachian et al., 2014). Thus, we would expect to see some relationship between

slip orientation in the earthquake and landslide occurrence. We show that there

are quite significant variations in Wenchuan earthquake-triggered landslide area

parallel to the fault trend (Fig. 5.2b), and the landslide area decreases from

the southeast towards the northeast. The maximum landslide area is located

near the southwestern end of the rupture, although offset by ∼40 km from the

epicenter (Fig. 5.2b). Whereas there are no dramatic gradients in topography

along the fault trend (Figs. 5.1a and 5.1b), the along-trend variations in land-

sliding seem to coincide with changes in the fault slip orientation from oblique

dextral-thrust slip domains in the southwest towards strike-slip in the north-

east. Gorum and Carranza (2015) conducted a more comprehensive analysis of

the along-strike variations of the Wenchuan landslides, showing that more and

larger landslides occurred on the oblique thrust-slip segment and that, when ac-

counting for fault types, the landslide spatial pattern could be better predicted

as a function of distance to fault than without considering of fault types. The

effects of slip orientation on landsliding thus provide additional constraints in

modeling landsliding occurrence in multi-fault type settings like Wenchuan.
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5.4.3 Distribution of Landslides with Respect to Topographic

Metrics and Lithology

We plot the distribution of Wenchuan landslides by number as a function of

topographic metrics (gradient and elevation) and lithology (Fig. 5.3). Because

the studied landscape does not necessarily have a uniform distribution of topo-

graphic gradient, elevation and lithology, we also derive the distribution of the

studied metrics for all landscape cells as the background condition. We then

normalize the distribution of the metrics for the Wenchuan landslides over the

background landscape distribution, and obtaine a background-corrected distri-

bution of landsliding susceptibility over the landscape (e.g., Meunier et al., 2008;

Clark et al., 2016; Huang et al., 2017).

The topographic gradients of all landslides and the studied landscape both

show unimodal and slightly right-skewed distributions, with modal gradients of

∼30◦ and ∼38◦ for the landscape and all landslides, respectively (Fig. 5.3a).

Note that 30◦ is thought to be a threshold topographic gradient in the study

area (Ouimet et al., 2009). When corrected for the background landscape, the

Wenchuan landslides are found to preferentially occur at much steeper hillslopes,

which is consistent with the Newmark sliding model: with other environmental

factors set, steeper gradients would have a lower factor of safety and are more

prone to fail (Jibson, 2007; Gallen et al., 2015). The Wenchuan landsliding

susceptibility also increases monotonically with increasing gradient, underlining

the importance of hillslope steepness in setting landslide occurrence.

For elevation, the Wenchuan landslides show a unimodal left-skewed distri-

bution, quite distinct from the underlying landscape (Fig. 5.3b). The modal

elevation of the landslides is around 1.5 km, roughly corresponding to the el-

evation of the Longmen Shan mountain front (Fig. 5.3c). When corrected for

the elevation distribution of the background landscape, the Wenchuan landslides

preferentially occur at elevations of around 2–3 km (Fig. 5.3b). Notably, this

elevation range corresponds to the region identified as a ready-to-fail, thresh-

old landscape where mean hillslope gradients approach the angle of repose (Fig.

5.3c) and are insensitive to increasing erosion rates (Ouimet et al., 2009). Thus

our analyses suggest that, during the Wenchuan earthquake, although the moun-

tain front experienced the most intensive seismic shaking and landsliding, the

region of highest landslide susceptibility was located at slightly higher elevations

of 2–3 km. This may indicate where a threshold topographic gradient is reached,

with steeper hillslopes that were more prone to fail (Fig. 5.3a). Across differ-

ent rock types, we find that most landslides occurred in sandstone, limestone,

mylonite, and marble (Fig. 5.3d). When accounting for the distribution of litho-

logic units across the landscape, marble and mylonite units were most prone

to landsliding (Fig. 5.3d). Better understanding the roles of rock type requires
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Fig. 5.3 Distribution of Wenchuan earthquake-triggered landslides by number as
a function of (a) topographic gradient, (b) elevation, and (d) lithology. Panel (c)
shows the relationship between elevation and gradient. In panels (a) and (b), the
dashed and solid curves indicate the probability density of the studied metrics of the
landscape and landslides, respectively, and the red thick curves represent the prob-
ability density of landslide occurrence normalized by the distribution of the studied
metrics across the landscape, a measure of landslide susceptibility. In panel (c), the
elevation and gradient data are calculated as the means within 87 m-wide DEM strips
along the A–A’ trend, from the Sichuan Basin to the Longmen Shan range and the
Tibetan Plateau. In panel (d), the yellow and black bars show the probability dis-
tributions of lithology of the landscape and landslides, respectively, and the grey bars
show the probability distribution of landslides across lithologic units normalized by the
distribution of lithologic units across the landscape.

further exploration of the coupling between lithology, rock strength, and other

landscape properties, as well as the spatial coincidence between lithologic units,

seismic shaking, topography, and climate (e.g., Luo et al., 2008; Chen et al.,

2011; Gallen et al., 2015).
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5.4.4 Landslide Locations Relative to the Fluvial Network

Fluvial landscapes are typically composed of two geomorphic domains: streams

and hillslopes. Landslides directly connected to fluvial stream networks may

more easily deliver sediment to streams, whereas landslides located on hillslopes

may be less effective at transferring sediment. Thus, the locations of landslides

relative to fluvial stream networks should provide a key constraint on the poten-

tial effect of landslide debris on sediment transport after earthquakes. Several

studies have explored the extent to which landslides connect to fluvial streams

(Dadson et al., 2004; Meunier et al., 2008; Hilton et al., 2011; Hovius et al.,

2011; Li et al., 2016; Roback et al., 2018). Li et al. (2016) evaluated the flu-

vial connectivity of Wenchuan landslides using a raster-based approach. Here,

we compare this prior approach with a vector-based calculation to evaluate the

landslide-stream connectivity for the Wenchuan earthquake (Fig. 5.4). In both

cases, to delineate streams, we determine a cutoff upstream contributing area

(A0) using the scaling relation between topographic gradient (S) and upstream

contributing area (A) (Fig. 5.4b) (e.g., Montgomery, 2001). For the raster-based

approach, we compare the maximum upstream contributing area for a given

landslide (Amax) to A0. If Amax is greater than A0, then the landslide is as-

signed as “stream-connected” (Dadson et al., 2004, Li et al., 2016). We estimate

that, for the Wenchuan case, ∼16% of the total landslide population is connected

to the fluvial streams (Fig. 5.4a), but those landslides are larger than average in

both area and volume and represent ∼43% of the total landslide volume (Fig.

5.4c). For the vector-based approach, we delineate the ridge lines as the bound-

aries of each small watershed defined by the fluvial streams and calculate the

normalized distances to ridges and streams for all landslides (Fig. 5.4f). For a

given landslide, the normalized distance to stream (Dnstream) is defined as the

ratio of the distance of the lowest point within the landslide polygon to the hill-
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Fig. 5.4 The connectivity between Wenchuan earthquake-triggered landslides and
the fluvial network is evaluated using a raster-based approach (panels a, b, c) and
a vector-based approach (d, e, f). (a) Landslide population fraction p(N) versus up-
stream contributing area, with the vertical line indicating the cutoff area for fluvial
streams. (b) A typical relationship between upstream contributing area (A) and mean
topographic gradient (S) of each A bin (δ log10 A = 0.1) in a Longmen Shan catch-
ment (Dujiang); the transition in the S-A relationship marks the cutoff area for fluvial
streams (Montgomery, 2001; Dadson et al., 2004; Li et al., 2016) and is marked by
a vertical dashed line. (c) Cumulative distribution of landslide volume F (V ) versus
A; the vertical line indicates the cutoff A between hillslope and fluvial stream do-
mains. (d) Landslide population fraction p(N) versus normalized distance to stream
or hillslope base (Dnstream), with the vertical line indicating the assumed cutoff dis-
tance between stream and hillslope domains. (e) Cumulative distribution of landslide
volume F (V ) versus Dnstream; the vertical line indicates the assumed cutoff distance
between hillslope and fluvial stream domains. (f) A schematic diagram showing the
definitions of Dnstream (the Euclidean distance between the lowest point of a landslide
to a stream d1, normalized by the hillslope length revealed as the planar straight line
distance L) and Dnridge (normalized distance to hillsope ridge, the Euclidean distance
between the highest point of a landslide to a stream d2, normalized by L).
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slope base (stream) over the total length of the hillslope (L), and similarly the

normalized distance to ridge (Dnridge) is based on the highest point within the

landslide polygon and the located hillslope’s ridge (Densmore and Hovius, 2000;

Meunier et al., 2008; Huang and Montgomery, 2014). For computational simplic-

ity, we calculate the distance as the Euclidean distance. Choosing Dnstream = 0.2

as a cutoff for “stream-connected” (Meunier et al., 2008; Hovius et al., 2011),

this second approach reveals that ∼19% of the landslide population and ∼46%

of the total landslide volume are connected to the fluvial streams, consistent

with the first approach and validating our estimate of the Wenchuan landslide-

stream connectivity. A vector-based approach was also adopted by Roback et

al. (2018) to evaluate landslide-stream connectivity following the 2015 Gorkha

Mw7.8 earthquake, yielding similar results to a raster-based approach for that

event as well.

Using the first approach (i.e., the raster method comparing A0 and Amax),

we have previously conducted a detailed analysis of the Wenchuan landslide-

stream connectivity considering controlling factors and influence on sediment

transport (see analysis and discussion in Li et al., 2016). This study identi-

fied primary controls on connectivity from seismic shaking and fault type, and

secondary modulations from topography and lithology. More intensive shak-

ing triggered larger-sized landslides, which are more likely to reach hillslope

bases and connect to streams. Regions with higher drainage density also have

higher landslide-stream connectivity as more streams are available. Lithologic

units likely affect connectivity due to both different drainage densities and dif-

ferent capacities to generate larger-sized landslides. Another interesting finding

is that the Wenchuan landslide-stream connectivity seems not to influence post-

earthquake transport of fine landslide sediment, perhaps because this material

can easily mobilize over hillslopes via diffusive transport processes. As a result,

even those landslides not immediately connected to fluvial channels can supply

fine-grained material to rivers. In contrast, we expect that connectivity may

have a more profound influence on the export of coarser materials (grain size

> 0.25 mm), which compose ∼90% of the total landslide material (Wang et

al., 2015; Li et al., 2016). These effects could be modulated by mobilization of

coarse-grained material in rainfall-induced debris flows in the months to years

following the earthquake. Data to evaluate these effects and test the hypothe-

sized roles for connectivity in transport of coarse-grained landslide debris remain

lacking but will be important to predicting the cascading hazards associated with

sedimentation in the wake of large earthquakes.
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5.5 Seismic Controls on the Pattern of the

Wenchuan Earthquake-Triggered Landslides

In this section, we evaluate how the spatial pattern of Wenchuan earthquake-

triggered landslides relates to the seismic trigger. We examine potential controls

on landsliding from seismic shaking and seismic energy propagation across spatial

scales from the rupture zone to hillslopes.

5.5.1 PGA versus Landslide Areal Density

The most significant gradients of seismic shaking and ground motion are ob-

served perpendicular to the fault trend (Figs. 5.1a and 5.1b). Following other

studies (e.g., Meunier et al., 2007), we plot the areal density of landslides, PAls,

against the mean peak ground acceleration (PGA) in 5 km-wide increments per-

pendicular to the fault trend. We find a clear separation between landslides

occurring on the hanging wall versus on the footwall, and the landslide data on

the hanging wall and the footwall can be fitted separately (Fig. 5.5a). For data

points with PAls > 0.1%, the regression line for the hanging wall data has a sim-

ilar slope to the regression line for the footwall data but a much smaller intercept

at the x-axis, representing lower threshold accelerations to initiate landsliding

(Fig. 5.5a). We suggest that, in the Wenchuan region, under similar seismic

shaking, hillslopes located on the hanging wall seem to be more prone to lands-

liding as compared to the footwall, but once a threshold acceleration is reached,

the landsliding response to enhanced shaking (i.e., the slope of the regression

line on Figure 5a, also termed landscape sensitivity in Marc et al., 2016b) seems

to be similar. Another interesting observation is that, at very high PGA values

(the two red points in Fig. 5.5a), the landslide areal density in the hanging wall

seems to saturate as PGA increases (Fig. 5.5a), which may reveal the saturation

effect of ground motion for high magnitude events as indicated by Boore and

Atkinson (2008) and Marc et al. (2016b).

We next compare the Wenchuan PAls-PGA relations to those from other earth-

quakes compiled by Meunier et al. (2007) (Fig. 5.5b). Note that Meunier et

al. (2007) derived PAls-PGA relations using both horizontal and vertical com-

ponents of the ground motion data. Though we do not have the horizontal and

vertical PGA data from Wenchuan, our results still provide several insights into

the PAls-PGA relations. First, the Wenchuan case captures a greater range of

variations in PAls (up to near 8%) and PGA (0.2–0.7g), helping to constrain

the relations between PAls and PGA under much stronger seismic shaking con-

ditions. Second, the Wenchuan case clearly shows the different trends between
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Fig. 5.5 Relationships between landslide areal density (PAls) and mean peak ground
acceleration (PGA) for (a) the Wenchuan earthquake and for (b) other earthquakes.
PAls and mean PGA are calculated in 5 km wide increments along the A–A’ trend,
perpendicular to fault strike. In panel (a), the red and blue lines are least-squares
linear fits for the hanging wall and footwall data with PAls > 0.1%, respectively, and
the grey shaded areas indicate ±1 s.d. uncertainties (residual errors). In panel (b),
data for the Chi-Chi and Northridge earthquakes are from Meunier et al. (2007).

hanging wall and footwall. Third, the landsliding sensitivity to PGA, indicated

by the slope of the regression line, is quite similar for the Wenchuan and the

Northridge cases, and substantially greater than the sensitivity shown in the

Chi-Chi earthquake (Fig. 5.5b). This difference may be partially caused by the

characteristics of seismic wave propagation as discussed in Section 5.5.2 below.

5.5.2 Modeling of Landslide Pattern using a Simplified Seismic Wave

Attenuation Equation

Earthquake-triggered landsliding records the surface geomorphic response to

seismic energy propagation. Following this line of thought, Meunier et al. (2007)

adopted a classical model describing seismic wave attenuation to predict the spa-

tial pattern of earthquake-triggered landslides:

PAls = PA0
R0

R
exp

(
−

R − R0

β

)
(5.1)

where PAls is landslide areal density (%), R0 is the mean asperity depth, R is the

distance to the source, and PA0 and β are scaling factors. β is a spatial decay

factor, with higher values meaning more widely spread landsliding. Equation
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5.1 accounts for both geometric spreading (via the R−1 term) and quality decay

(via the exponential term, which depends upon β). Using this model, Meunier

et al. (2007) successfully reproduced patterns of landslides caused by the Chi-

Chi, Northridge, and Finisterre earthquakes. Note that for those earthquakes,

the seismic energy sources were approximated as point sources—a reasonable

assumption since the ratio of length to width for those faults was close to one and

those fault planes can be approximated as squares. This point source assumption

may not be appropriate for the Wenchuan earthquake, which had a rupture

length to width ratio of ∼ 5 : 1. Thus, we assume a linear energy source rather

than a point source. We then calculate the corresponding distance to the seismic

energy source and fit the landslide data using Equation 5.1, treating PA0 and

β as fitting parameters (Fig. 5.6a). We find that the simplified linear energy

source model can be used to successfully reproduce the pattern of Wenchuan

landslides, and that the hanging wall and footwall data show distinct trends.

When compared to other cases (Fig. 5.6b), the trends of the Wenchuan case

are similar to the trends of the Finisterre and the Northridge events, whereas

the Chi-Chi case shows a near-horizontal trend, indicating a purely geometric

spreading control on the pattern of landsliding with no quality decay during

wave propagation (Meunier et al., 2007). Because PGA varies as a function of

R, the decay pattern of those landslides away from seismic energy sources thus

controls the slope of the PGA-PAls relations (Fig. 5.5).

Fig. 5.6 The product of landslide areal density and distance to seismic energy source
R versus R for (a) the Wenchuan earthquake and (b) other earthquakes, to validate
the application of a seismic wave propagation model to predict earthquake-triggered
landslide pattern. In panel (a), the red and blue lines are least-squares linear fits
(log10(R×PAls) versus R) for hanging wall and footwall data, respectively, and the grey
shaded areas indicate ±1 s.d. uncertainties (residual errors). In panel (b), Wenchuan
results are compared to data for the other earthquakes compiled by Meunier et al.
(2007). The Wenchuan landslide PAls values are calculated in 5 km-wide increments
along the A–A’ trend perpendicular to fault strike.
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5.5.3 Landslide “Clustering” as Signatures of a Seismic Trigger

Previous studies have proposed that the distribution of landslides from hillslope

top to base could reveal information about the dominant landsliding-triggering

mechanism (Densmore and Hovius, 2000; Meunier et al., 2008). Meunier et al.

(2008) conducted geophysical simulations of seismic wave propagation across

variable topographic conditions, and found that during earthquakes geomet-

ric discontinuities such as hillslope ridges and inner gorge knick points could

amplify seismic shaking and thus should experience more landsliding (i.e., land-

slide “clustering”, Fig. 5.7a). In contrast, rainfall-triggered landslides should be

distributed more evenly across hillslopes due to the lack of such seismic ampli-

fication effects (Fig. 5.7b). This theory has successfully explained the patterns

of landslides triggered by the Chi-Chi, Finisterre, and Northridge earthquakes

(Meunier et al., 2008).

Fig. 5.7 Schematic diagrams of the distribution of landslides induced by seismic and
rainfall triggers across hillslopes in Dnridge-Dnstream space (panels a and b; adapted
from Meunier et al., 2008) and data from the Wenchuan earthquake (panels c and d).
(a) Seismically triggered landslides cluster at hillslope ridges or bases due to amplifica-
tion effects (Densmore and Hovius, 2000; Meunier et al., 2008). (b) Rainfall-triggered
landslides are distributed more evenly from hillslope tops to bases. (c) Distribution
of the Wenchuan landslides in Dnridge-Dnstream space, with symbol size proportional
to landslide area. (d) The Wenchuan landslide population fraction versus Dnridge,
showing a strong clustering near ridges, consistent with a seismic trigger.
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In the Wenchuan case, we find a “single clustering” pattern, i.e., most Wenchuan

landslides initiate near ridges, thus reflecting the expected seismic triggering sig-

nal (Figs. 5.7c and 5.7d). This pattern may also help to explain the morphology

of the hillslopes in the study area (Figs. 5.8a and 5.8b). For each topographic

cell, we calculate the local gradient and the normalized distances to ridges and

streams (i.e., Dnridge and Dnstream, respectively) (Meunier et al., 2008). We plot

the mean topographic gradient as a function of Dnstream (Fig. 5.8a) and convert

the gradient-Dnstream relation to a composite or average hillslope profile (Fig.

5.8b, Dnstream versus normalized height). This hillslope profile should represent

the typical hillslope shape in the Longmen Shan area. The profile consists of

near-planar hillslopes without any evidence of widespread inner gorges, suggest-

ing topographic amplification of seismic shaking at ridge crests is the dominant

Fig. 5.8 Local topographic gradient versus (a) Dnstream and (b) the resulting com-
posite or average hillslope profile in the study area. In panel (a), the red dots are the
mean gradient in each Dnstream bin (∆Dnstream = 0.02), and the solid lines are the
uncertainty boundaries defined by one standard deviation.
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influence on hillslope form. The uppermost and lowermost parts of the hillslopes

seem to have shallower local gradients (Fig. 5.8b), perhaps caused by the ero-

sional rounding due to the clustered seismic landsliding near the ridges (as shown

in Fig. 5.7c and d) and by the deposition of landslide debris near the bases.

5.5.4 Landslide Preferred Aspect Variation and Relevance to Fault

Slip Type

The preferred aspect, or hillslope facing directions, of earthquake-triggered land-

slides are thought to be indicative of seismic conditions. Hillslopes facing away

from seismic energy sources are typically more susceptible to landsliding as com-

pared to those directly facing the energy sources (Fig. 5.9) (Meunier et al., 2008).

Considering the complex characteristics of the energy source and the rupture

process of the Wenchuan earthquake, we track the variations of landslide aspect

along the fault trend by dividing the study area into six segments (Figs. 5.10a–g).

Interestingly, we find that most of the Wenchuan landslides were preferentially

located on hillslopes facing southeast when normalized by the distribution of

aspects of all topographic cells in the study area (Figs. 5.10b–f), opposite to

the direction (northwest) that would experience more landsliding in theory if

triggered by seismic wave propagation (Meunier et al., 2008). This preferred

facing direction is the same as the direction of the motion of the hanging wall

of the fault’s thrust portion (Liu-Zeng et al., 2009), likely implying a more im-

portant role of the directivity of ground motion rather than the relative position

of seismic energy sources with respect to topography for triggering landsliding.

Fig. 5.9 Schematic diagrams illustrating the expected effect of aspect on earthquake-
triggered landslides and the corresponding distribution of landslide aspects across land-
scapes. (a) Landslides are often preferentially located on hillslopes facing away from
the seismic energy source due to asymmetric amplification of ground motion, as shown
by Meunier et al. (2008). (b) Distribution of landslide aspects (normalized by the
distribution of aspects of all hillslopes in the studied landscape) corresponding to the
scenario in panel (a).
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Fig. 5.10 Variability in preferred hillslope aspect directions of the Wenchuan
earthquake-triggered landslides along fault strike. (a) Map view of co-seismic uplift,
mainshock location (star), major aftershocks (circles) and surface rupture (red line),
and locations of the six swath profiles. (b) to (g) Landslide aspect distributions (red
curves, corrected for landscape aspect distribution) and landscape aspect distributions
(grey curves) for each numbered swath. Data are grouped in 10◦ bins; the stars indicate
the relative locations of the epicenter.

This pattern may also be caused by the fact that hillslopes facing in the landsliding-

preferred direction have more favorable climatic conditions (e.g., precipitation)

and vegetation cover for weathering and regolith development, so they may be

more prone to fail during shaking. Another interesting observation is that the

landslides in swath six (Fig. 5.10g) preferentially face southwest, which is hard to

explain by climatic factors (favoring hillslopes with a southeast aspect), seismic

energy propagation (favoring landslides with a northwest aspect), or ground mo-

tion (favoring hillslopes with a northeast aspect). We tentatively interpret this

pattern as influenced by the clustered aftershock sequences on the eastern side

of swath six (Fig. 5.10a), which could induce landslides preferentially located

on hillslopes facing away from those aftershock energy sources, i.e., southwest.

Our observations point to the need for further studies examining the effects of

seismic processes, climatic conditions and rock strength in setting landsliding

aspects.

5.6 Conclusions, Implications and Future

Directions

The distribution of landslides across landscapes provides valuable information

for hazard management and prediction, for understanding how tectonic fault sys-

tems control erosion and the biogeochemical cycles of essential nutrient elements,
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and for evaluating orogenic erosion and evolution over tectonic timescales. Our

observations from the Wenchuan earthquake validate several theories and hy-

potheses related to earthquake-triggered landsliding and shed new light on the

importance of source characteristics. Specifically, we find significant variations

of landslide occurrence both perpendicular to and parallel the seismogenic fault

strike, likely due to variations in the gradients of seismic shaking and changes

in fault slip modes, respectively. The Wenchuan earthquake-triggered landslides

are preferentially located on the steepest hillslopes and in elevation zones domi-

nated by threshold landscapes. As in the 1999 Mw7.6 Chi-Chi earthquake, only

10%–20% of the total landslide population is connected to the fluvial stream net-

work, but those stream-connected landslides are larger and represent 40%–50%

of the total landslide volume. We use two independent approaches (raster-based

and vector-based) to estimate landslide-stream connectivity and obtain consis-

tent results. We find good correlations between landslide areal density and seis-

mic shaking across the Longmen Shan range, confirming a first-order control on

landslide occurrence from seismic shaking. Assuming that the Wenchuan earth-

quake was a linear energy source, we demonstrate that the co-seismic landslide

pattern can be modeled using a classical model of seismic wave propagation,

characterized by a geometric spreading factor and a quality decay factor.

At hillslope scales, the Wenchuan landslides show a strong clustering near

ridges, consistent with previous findings of amplifications of seismic shaking

at ridges and consequently enhanced landsliding. The clustering of landslides

near ridges and the deposition of landslide debris near streams may explain the

rounding of the hillslope tops and bases in the study area (e.g., Korup et al.,

2007). Most Wenchuan landslides preferentially face southeast, similar to the

direction of the horizontal ground motion of the thrust-slip part of the hanging

wall but facing the seismic energy source, pointing to a more important role of

ground motion and to other possible factors like climatic conditions rather than

seismic wave propagation in setting landslide aspects.

While patterns observed in Wenchuan appear consistent in this case, several

other recent and well-studied continental earthquakes, there are some notable ex-

ceptions. For example, the maximum landslide occurrence triggered by the 2015

Mw7.8 Gorkha earthquake did not overlap with the area of peak PGA (Roback et

al., 2018). The Gorkha earthquake was also characterized by large aftershocks

(up to Mw7.2) that occurred far from the mainshock epicenter. Those after-

shocks may be a major contributor to the seismic moment release to the local

surface landscape, and may consequently contribute significantly to landsliding

(e.g., Williams et al., 2017). Altogether, these observations raise further ques-

tions about the roles of long-term tectonic and climatic conditions and aftershock

sequences in landsliding during earthquakes. Moreover, long-term tectonic and

climatic conditions largely determine another critical but less well constrained

component: the bedrock fracture system, via modulations of tectonic stress and
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surface processes (e.g., chemical weathering). The bedrock fracture system ex-

erts a primary control on hillslope-scale rock strength and thus on susceptibility

to landsliding. Recent advances in modeling bedrock fracture systems using to-

pography (St. Clair et al., 2015; Moon et al., 2017) provide a promising tool to

investigate how the subsurface structures of hillslopes affect landsliding. Over-

all, the spatial pattern of earthquake-triggered landslides in landscapes provides

key information to validate hypotheses and to calibrate models. Our observa-

tions highlight the importance of earthquake source characteristics and fault

rupture patterns, which could be better described in statistically-based models.

Hillslope-scale metrics (e.g., landslide-channel connectivity, clustering pattern,

and aspect) could be applied to evaluate model performance as well. In con-

junction with other models predicting the total volume of earthquake-triggered

landslides (e.g., Keefer, 1994; Malamud et al., 2004; Marc et al., 2016b), un-

derstanding of and efforts to predict the landsliding patterns would also allow

better incorporation of landsliding processes into landscape evolution models

(e.g., Bellugi et al., 2015), as well as better prediction of landsliding hazards

both during earthquake events and in their aftermath as sediment is delivered

to river systems.
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Chapter 6

A Review on Numerical Models for

Coal and Gas Outbursts

Yucang Wang and Sheng Xue

An outburst of coal and gas is an event where coal or rocks are suddenly ejected

from an advancing face to the excavation area, together with the emission of

large amount of gas. Coal and gas outbursts have resulted in much loss of lives

of numerous miners and equipment all over the world. However, despite ex-

tensive research efforts over more than 150 years, the fundamental mechanism

causing coal and gas outbursts still remains unknown. Numerical simulations

provide a means to study this complex phenomenon. In this chapter, the most

outburst models which have been proposed in the past two or three decades

are briefly reviewed. We then 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 behaviors of outbursts. We point out

that some important mechanisms are missing in the existing models. Finally,

we propose a new model strategy which couples Discrete Element Method and

Lattice Boltzmann Method. The new model includes more basic mechanisms

and influencing factors. The preliminary results are promising.

Key words: Coal and gas outbursts, mechanisms, numerical models.

6.1 Introduction

An outburst of coal and gas is the rapid release of a large quantity of coal or

rocks, together with the emission of huge amount of gas, into the working face

in underground coal mines. The unexpected and violent nature of outbursts

poses great threats to the lives of miners, facilities and production of coal. With

https://doi.org/10.1515/9783110560329-201
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an increase in depth of coal mining, outburst intensity and frequency tend to

increase. Therefore in recent decades, the subject of outbursts has been a focus

of interest in major coal producing countries, particularly in China where some

coal mines extract coal seams of greater than 1000 m depth.

These disasters have forced mining engineers and researchers all over the world

to develop practical procedures to reduce the impacts of outbursts to a minimum

level and to develop a deep understanding of the complex phenomena. In the

past 150 years, considerable investigations relating to outburst mechanisms and

techniques have been carried out which mainly fell into two main categories.

The first one is development of practical mining methods, safety procedures

and improvement of equipment to reduce or eliminate the effect of outbursts

particularly on mine workers. It has been realised that the most effective way

to reduce the risk of outbursts is through prediction, prevention and control.

Effective gas drainage programmes, better management of outburst prone zones,

strict regulations and vigilance and extensive researches have contributed to

improvements in outburst prevention. Some practical techniques such as gas

drainage and distressing techniques have been developed (Yuan et al., 2011).

On the other hand, however, it is widely accepted that the reliable methods

to mitigate risks of outbursts must be based not only on years of practical

experiences in mines, but also on basic scientific researches which could lead

to a better understanding of the mechanism of outbursts and the contributing

factors. As a consequence, an enormous amount of energy has been directed

in this field in many counties. Hypothesis and theoretical models have been

proposed to explain the outburst phenomenon.

However, despite extensive research efforts over more than 150 years, the fun-

damental mechanism causing coal and gas outbursts still remains unknown. The

difficulties of understanding such phenomena can be attributed to many factors,

such as diverse geological structures, anisotropic and heterogeneous nature of

coal properties, gas content, stress and the method of mining. Investigations of

outbursts are also hindered by a lack of field data due to difficulties in direct

observation of such catastrophic events.

Current knowledge about outbursts mostly comes from field observations and

laboratory studies. Field observations can provide all sorts of data to develop

practical methodologies and help to understand the role of geology in outbursts.

Observations of sites where outbursts occur can help us to identify the mecha-

nism and the influencing factors of an outburst. Post-occurrence survey is great

helpful to determine the size and violence of an outburst. In-situ measurements

of stress level and gas pressure or gas content also make great contribution to

outburst prevention. The disadvantage of this method is that the first-hand

observation of the whole process for an outburst is very rare due to its violent

and dangerous nature.
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Laboratory studies provide opportunities to test the hypothesis and study

the relation between outbursts and various factors. These experiments include

the laboratory modelling of outburst occurrence, and studies of the basic phe-

nomena related to outbursts, such as fracturing of coal, desorbing and diffusion

properties of coal. Since 1950s, laboratory studies have been carried out to un-

derstand the phenomenon of outbursts (Ignatieff, 1954, Famin, 1959; Kuroiwa

and Tashiro, 1960). More extensive laboratory tests (Bodziony et al., 1989;

Lama and Bodziony, 1998; Butt, 1999; Sobczyk, 2011; Skoczylas, 2012; Tu et

al.,2016) have been done recently using the advanced equipment to capture some

basic elements of an outburst such as pressure, temperature and velocity of gas.

One of the limitations of laboratory tests is that it is very difficult to accurately

control a large number of factors and conditions such that they resemble those of

the real outbursts. Also it is not easy to control initial and boundary conditions.

Apart from field observations and laboratory experiments, theoretical analy-

sis is also used in outburst researches. Some attempts have been made to find

the analytical solution for the process of an outburst (Ding et al., 1989; Zheng

et al., 1993, Senjuntichai and Rajapakse, 1993, Chan et al., 1993). Based on

some simplified assumptions, these approaches have concentrated on the deriva-

tion of solutions for the evolution of certain quantities such as the fluid pressure

and stress for some mathematically tractable problems. Although the analytical

approaches can provide very useful insights into significance of some important

parameters, its application is limited to problems with simple geometry and

boundary conditions that can be represented mathematically by partial differ-

ential equations.

The rapid advance of computer technology has offered another opportunity:

numerical simulations. In recent years, computer modelling emerges as a new

and powerful tool to study the process of outbursts. Using computer model,

all the relevant data are accessible and variables and conditions are completely

controllable. Also it is not limited by geometrical and boundary conditions. A

numerical model permits certain factors to be switch on and off so that their

effects on outbursts can be studied. In this way a model can be used to predict

what would be the likely mechanism for outburst occurrence with the known in-

situ data and to identify the critical factors for outburst control and management

purpose.

Some attempts have been made to numerically model the process of an out-

burst. However, these models are still over simplistic. While most of these mod-

els include the mechanisms of deformation of the solid, desorption of gas and

Darcy flow of the fluid, some mechanisms that play an important role, such as

the fracturing and fragmentation of the solid, are is either ignored or modelled

with continuum mechanics, which cannot naturally model the discrete nature

of solid fragmentation and movement. Therefore, there is no single numerical

model that can accurately simulate the entire process of an outburst, and none
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of the models has been successful in developing quantitative measures to predict

and prevent outbursts in practice.

In this chapter, outburst models which have been proposed in the past two or

three decades are briefly reviewed. We then review the most important factors

controlling the occurrence of outbursts, and analyse what a reliable numerical

model should include in order to reproduce the realistic behaviours of outbursts.

Based on these analyses, we developed a new outburst model to simulate the

entire process of an outburst. It includes the most recognized effecting factors

of outbursts. The new model couples two well-developed numerical approaches:

the discrete element method (DEM) and the lattice Boltzmann method (LBM).

The former explicitly models the deformation, fracture and fragmentation of the

solid, while the later models fluid flow. A 2-D example to simulate the process of

an outburst is presented to demonstrate the potential capability of the coupled

model.

6.2 Mechanisms of Outbursts and Influencing

Factors

6.2.1 Mechanisms of Outbursts

Mechanism of coal and gas outbursts explains the reasons, conditions and progress

of initiation, development, termination of outbursts. Any hypothesis seeking to

explain and describe the mechanism of outbursts must explain the events lead-

ing up to and during the outbursts, therefore account not only for the initiation

of the outburst but also for the ejection and transport of coals and rocks for a

considerable distance from the outburst cavity. Various hypotheses have been

suggested to explain the mechanism of an outburst. Most existing mechanism

models fall into the four flowing major categories.

6.2.1.1 Early theories in which gas plays the dominant role

Taylor (1852–1853) first noticed the close relationship between sudden emission

of gases in coal mines and outbursts. Halbaum (1899–1900) proposed a theory

in which gas pressure plays the dominant role. Rowan (1911–1912) proposed his

concept in which the cause of outbursts is the presence of “pocket” of highly

pulverised coal in which gas present in cracks under high pressure. Graham
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(1916–1917) first considered the mechanism of accumulation of gas in coal and

sorption (solubility) of CH4, CO2, N2 and H2 at different percentages. Briggs

(1920–1921), Ruff (1930) and Bykov (1936) also believed that the most common

and direct factor that initiate an outburst is the free gas present in the coal

seam.

6.2.1.2 The concept in which stress plays a dominant role

Loiret and Laligant (1923) first pointed out that the effects of mechanical forces,

or rock stress, are independent of the gas pressure. Stresses in rock play a major

role on the occurrence of outbursts directly or indirectly. Caulfield (1931) pre-

sented the opinion that the main cause of outbursts and rock bursts are stresses.

Pechuk (1933) supported the idea that outbursts are the result of liberation of

potential energy accumulated in rock during the process of tectonic movement.

Gas that is liberated during the crushing of coal is only secondary. Budryk (1951)

put outbursts in a sub category of rock bursts, based on the observation of that

both these phenomena have common characteristics. Josse (1957) thought that

an outburst is initiated as a result of bursting of the strong elastic roof rocks,

and gas performs the function of carrier of fractured coal along the excavation.

Rozantsev (1959) confirmed that the role of rock stress as an initiating factor of

an outburst.

6.2.1.3 Modern ideas based on multi-factor mechanism

Nekrasovski (1951) identified for the first time that outbursts are not caused

by a single factor, but rather by a multiple of factors acting together. He also

pointed out that gravity plays a very important role in steep seams. Khodot

(1951) proposed that an outburst is caused by potential energy stored in coal

seam and internal energy of gas. Khristianovich (1953) combined the concept of

stress, strength, and gas. Skochinski (1954) believed that outbursts occur as a

result of mutual interaction of the flowing factors: rock stress, the gas present in

the coal, physical and mechanical properties of the coal seam and gravitational

force of coal. Hargraves (1958) supported the idea that an outburst is caused

by multiplicity of factors. Hanes, Lama and shepherd (1983) stated that both

stress and gas play a role in the occurrence of outbursts, but one may be more

dominant than the other depending on the local conditions.
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6.2.1.4 Thermodynamic and other mechanisms

Belov (1931) explained outbursts as a thermodynamic phenomenon, as the pro-

cess where the mechanical energy of rock changes into heat and dry distillation of

coal occurs. Ettinger (1979) pointed out that treating coal, sorbed with gas, as

a mechanical system is not enough in understanding the physical and chemical

processes that happen in a coal seam as a result of disturbances in its ther-

modynamic equilibrium. The gas-coal system formed over the whole geological

history is in a metastable state so that transition to a different state must be ac-

companied by emission of energy in the form of heat and work. Thermodynamic

description has also been proposed by Jagiello et al. (1992). In this description,

liberation of gas, upon entering a coal seam, is connected to a decrease in tem-

perature of the system. As result of the work performed by the gas, the internal

energy of the system decrease. The gas contained in the coal has some store of

work, which can be used in an outburst process.

Other mechanisms of outbursts include the following two theories. First, Jiang

et al. (Jiang et al., 1995; Jiang, 1998) proposed spherical shell destabilization

hypothesis, in which rock stress first crushes the coal, and generates cracks inside

the coal seam, forming spherical shell shaped coal layers. Coal releases gas to

the fractured zones, accumulating high-pressure gas, which further expands the

cracks and finally the spherical shell shaped coal layers destabilize, fracture and

are thrown into the excavation. The re-distribution of stress further fractures

the coal close to the face, developing into a continuous outburst process. The

second, Guan et al. (2009) hypothesized that the mechanism of outbursts is

similar to magma fragmentation during explosive volcanic eruptions. According

to them, an outburst is caused by high gas pressure inside coal but low ambient

pressure on it, breaking coal into pieces and releasing the high-pressure gas in

a shock wave. Coal outburst may be regarded as another type of gas-driven

eruption. More detailed reviews on the mechanisms of outbursts can be found

in Famer and Pooley (1967), Shepherd (1981), Hyman (1987), Beamish and

Crosdale (1998), Lama and Bodziony (1998) and Guan et al. (2009).

6.2.2 Factors Influencing Outbursts

Now it is generally accepted that changes in stress and reservoir pressure during

mining cause the deformation and failure of coal and the interaction between coal

and gas in a seam manifests itself to a dynamic type of failure or outburst, and

that the occurrence and development of an outburst is the result of combined

effects of stress redistribution, coal gassiness and physical mechanical properties

of coal. For an outburst to occur coal must be deformed and failed under an
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effective stress and gas in coal must be able to desorb rapidly from the coal and

eject the failed coal into a mining opening instantaneously (Lama and Bodziony,

1998; Li, 2001; Cao et al., 2003; Aguado and Nicieza, 2007; Yuan et al., 2011;

Torano et al., 2012).

Further studies on the nature of this phenomena by different researchers have

been focused on the factors that contribute to an outburst rather than the mech-

anism. Different investigators may recognized different factors, depending on the

detailed mining conditions. Cis (1958, 1965) stated the following six factors that

contribute to an outburst: geological disturbances, such as faults, contact zones

of coal with volcanic and deformation of coal; static and dynamic stresses due

to excavations; gas pressure in the coal seam; gravity; sudden exposure of the

coal seam; part of the excavation that forms narrow angle. Hargraves (1958)

recognized the flowing contributing factors: presence of gas in the seam; local

faulting and crushing of coal; tectonic stress; contortions of seam, and variation

in thickness; steep dip of the seam; intrusion of the seam by dykes; low moisture

content of coal; coal with low permeability; working conditions which do not

allow satisfactory escape of sorbed gas. Williams and Rogis (1980) emphasised

the importance of coal rank and geological features.

The most important factors that influence the occurrence of outbursts are

summarised as (Shepherd et al., 1981; Singh, 1984; Lama and Bodziony, 1998;

Cao et al., 2001; Lama and Saghafi, 2002; Cao et al., 2003):

• Gassiness of the coal seam (gas content and pressure);

• Geological factors (the depth of occurrence, angle of dip, thickness of the

seam, folds, fracturing, faults, shear zones, changes in seam thickness and

magmatic intrusions);

• Properties of the coal (permeability and diffusivity, Sorption/desorption

properties, strength and rank of coal);

• Stress conditions.

Effects of these factors can be reflected by the fact that the coal seam is liable

to an outburst mostly under the following conditions:

• Higher the gas content or pressure;

• The existence of more complex geological factors, such as folds, fracturing,

faults, dykes, shear zones, changes in seam thickness, magmatic intrusions

and mylonite zones;

• Deeper mining depth;

• Steeper inclined seam or higher angle of dip;

• Thicker seam;

• Lower strength of coal seam;

• The less permeable the coal seam;

• Higher diffusivity coefficients;

• Higher desorption rate of gas;
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• Higher coal rank;

• Higher stress level.

Besides, it is noticed that the factors can effects each other, for example, coal

permeability is effected by stress level and presence of joints, cleats and fractures;

stress level is effected by geological structures and mining depth; The rate of

release of gas from the coal particles (gas desorption rate) is overwhelmingly

influenced by the size of coal particles or degree of coal fragmentation; coal

strength may be influenced by gas pressure. Therefore these factors influence

the occurrence of outbursts in a very complicated way.

6.2.3 The Ingredients Should Be Included in a Reliable Outburst

Model

It has proven to be difficult to develop a generalised numerical model to simulate

the entire process of outburst. Based on the analysis of influencing factors and

mechanisms in the previous section, we think the necessary ingredients of a good

outburst model should include the following basic ingredients:

6.2.3.1 Deformation of coal

The capability of deformation of coals under mechanical forces and gas pressure

determines the stress transfer inside the coal seams. The advance of mining,

collapse of one part of the coal seam and gas pressure changes induce stress

change close to the work face. This stress change is transferred inside the coal

seams and is extremely important to generate the fracturing of coal in the future.

6.2.3.2 Fracture and fragmentation of coal

The most essential part of an outburst process is fracturing of coal under me-

chanical stress and gas pressure. Without the breakage of coals an outbursts

cannot manifest itself. The fracture mechanisms should include tensile fractur-

ing and shear fracturing. Fragmentation of coals happens when the coal particles

are transported to excavation areas by gas flow. It is caused by a series of com-

plicated interactions such as gas pressure changes during the gas desorption and

collisions between coal particles and between coal particles and walls.
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6.2.3.3 Gas adsorption/desorption

In case of pressure changes or changes in other conditions, the adsorbed gas

desorbs to cleats or interface. Desorption of gas from the coal surface occurs at

a much faster rate than the diffusion of the gas through the coal matrix.

6.2.3.4 Gas diffusion or Darcy flow in coal seams

Generally two types of gas flow take places inside the coal seams. The coal matrix

consists of a micro-porous system through which gas diffuses to the fractures.

Diffusion flow occurs whenever a difference in concentration of molecules of a

given gas occurs, and can be described mathematically by Fick’s first law of

diffusion. Another kind of gas flow is laminar flow in the fractures. The laminar

flow in the fracture network is and driven by pressure difference and follows

Darcy’s Law.

6.2.3.5 Free flow of gas

The free flow of gas mainly plays in role in transporting the broken coal par-

ticles outside the cavern. However, the coal particle keep desorbing gas in the

transportation process, and this complicated flow patterns of mixture of solids

and gas determine the pile of coals. Even in the earlier stage of an outburst,

the transportation of broken coals outside of the cavern is very important since

some researcher suggested that the fracturing of coals during an outburst occurs

in a layer-by-layer fashion. In this case, the quick throw of one broken layer is a

necessary condition for the next layer to desorb and break.

6.2.3.6 Coupling between gas and solid coal

An outburst process involves the motions and interaction of solids and fluids.

The solid coal fracturing is influenced by the gas pressure, the broken coal parti-

cles are driven by the gas flow, and desorption of gas from coals provides source

for gas flow, and the motion of solids provide a moving boundary conditions.

This kind of two-way interaction between solids and fluids should not be ne-

glected.
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6.2.3.7 Geological structures (faults, shear zones)

As discussed in the previous section, the existence of more complex geological

factors, such as folds, fracturing, faults, and shear zones have a strong effects

on the occurrence of an outburst. While sometimes it is difficult to detect these

structures, it is relatively easy to test the effects of these factors on the outburst

process using the computer modelling. Therefore it is desirable for the new

numerical model to implement these factors. In fact, fracturing, faults, and

shear zones can be taken into account relatively easily if a model can include

explicitly the mechanism of fracture, frictional sliding and frequent contacts.

6.2.3.8 Permeability change due to stress change or fracture

Because of the geometry of the cleat structures, the permeability of coal is gen-

erally anisotropic, and is stress dependent. Mostly it is believed that when the

confining stress is increasing, the cleats tend to close, reducing the permeability.

When there is a fresh fracture, or the existing fracture aperture is growing, the

permeability increases. This kind of evolution of the permeability of gassy coal

need to be considered in the computer model.

6.3 Numerical Models for Coal and Gas

Outbursts

6.3.1 Existing Numerical Models of Outbursts

In the past two or three decades, numerical models of coal and gas outbursts

have been developed and used to simulate the process of an outburst. The major

models are listed below.

6.3.1.1 Litwiniszyn’s phase transformation model

Litwiniszyn (1985, 1986) proposed a model which was based on the assumption

of the gas existing in a condensed state within the coal. The model considered

the structure of a porous rock medium including solid, condensed liquid and
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gaseous substance. He also assumed that when a shock wave passed through

the coal, a phase transformation occurs from a liquid to a gaseous phase. This

sudden creation of gas causes stress gradients and the skeleton of the medium

to be destroyed and an outburst initiated. However he did not pointed out

how the shock wave was originated and obviously the desorption mechanism

is a better candidate responsible for the sudden release of gas than the phase

transformation.

6.3.1.2 Paterson’s structural failure model

In Paterson’s model (Paterson, 1986), the flow of ideal gas in homogeneous

isotropic coal was studied. When gas is released from coal there are body forces

on the coal. An outburst is assumed as the structural failure of coal due to high

pressure gradients resulting from these body forces, and tensile strength was

used as a criterion of failure. A non-linear finite element code has been used

to analyse the stress-strain behaviour. It is observed in the simple simulations

that large tensile stresses occur near the face of the seam, as a result of the

gas pressure gradients. It was suggested from this simple model that the way

to avoid outbursts is to avoid high pressure gradients at the mine face. The

model included mechanisms of the gas desorption and diffusion but still was

over simplistic.

6.3.1.3 Barron and Kullmann’s boundary element model

Barron and Kullmann (1990) used a boundary element code to model non-coal

outbursts. In their model, an outburst was treated as a series of instantaneous

static events, caused by the failure of rock due to excessive pore fluid (gas)

pressure. If the effective stress exceeds the tensile strength of the rock, the rock

shatters completely, and if the shear strength is exceeded, the rock remains in

place, but is fractured, allowing the gas to escape and producing a gas pressure

gradient. The gas desorption mechanism was missing and no gas flow in the

model existed since gas pressures within the coal were of hydrostatic nature.

6.3.1.4 Otuonye and Sheng’s gas flow model

Otuonye and Sheng (1994) simulated the gas flow in airway during an instanta-

neous outburst of coal and gas. The fluid-dynamic process that occur after an
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outburst are computed by the numerical integration of Navier-Stokes equations

based on finite difference scheme. The model showed that when an outburst is

initiated, a shock wave may be created and propagate into an airway and a rar-

efaction wave may be created and propagates into the coal seam in the outburst

zone. This model is mostly focus on the post-initiation simulation.

6.3.1.5 Odintsev’s fracture mechanics model

Odintsev (1997) proposed a concept model based on fracture mechanics. In the

model, the coal was viewed as a solution of methane, and the dissolved methane

was considered to be the principle motive force involving changes that lead to

failure of the coal in the seam. Then a sudden outburst is a result of instability

in the state of the methane/coal system when the seam is subjected to human

activity. This model was also too simple in the sense that the most mechanisms

of outbursts are missing.

6.3.1.6 Valliappan and Zhang’s energy balance model

Valliappan and Zhang (1999) developed a model for methane gas migration in

coal seams, in which the coupling among gas flow, deformation of solid coal and

effect of diffusion of adsorbed methane gas from solid matrix to micro-pores has

been considered.

The formulations above are incorporated in the finite element analysis. The

results showed that under low gas pressure, most of released gas energy is con-

tributed by desorption. Under high gas pressure, the contribution from gas

expansion is significantly higher than that from desorption. The energy of high

pressure gas within the coal is an important source for a coal and gas outburst

to occur.

6.3.1.7 Xu’s finite element model

Xu et al. (2006) studied outbursts using a simple finite element model. The code

coupled gas flow and the deformation and failure of solid and also incorporated

small scale variability in modulus and strength of the coal to model heterogeneity.

Rather than the Langmuir adsorption law, an empirical relation, depending on

the square root of pressure, was used to describe the gas stored in the coal. The
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disadvantage of the model is that the treatment of fracture and fragmentation

of coal is not realistic due to the continuous nature of the model.

6.3.1.8 Choi and Wold’s damage mechanics model

Choi and Wold (2002, 2004) and Wold et al. (1999, 2008) proposed a new

model which tries to simulate the whole process of an outburst. In the model,

the failure of the coal seam was modelled using plasticity theory with softening

mechanism and coal fragmentation is based on the continuum damage mechan-

ics. In the early stage of coal ejection from the face, the dense flow of coal and

gas was treated as two super-imposing continua and the interaction between

them was represented by interfacial exchange terms in the momentum equa-

tions. This model considered the effects of particle sizes on the rate of the mass

transfer, and also the effects of geological factors (such as dykes and faults)

indirectly.

6.3.1.9 Chen’s mechanistic model

In Chen’s paper (Chen, 2011), the model combines fracture mechanics, gas dy-

namics and rock mechanics was proposed. It included three important elements:

the highly fractured zone ahead of the coalface; a high pressure gas flow through

the fractured zone; and a flow-induced failure of the coal. The highly fractured

zone ahead of the working coalface was simplified as a group of parallel frac-

ture channels perpendicular to the coalface. When the fractured zone length is

smaller than the critical length, the flow through the fractured zone becomes

choked. Then the gas pressure gradient at the exit of the fractured zone will

be infinitely large, creating an extremely large effective tensile stress near the

coalface, and inducing domino effect of an explosive and catastrophic outburst.

This model also explained precursors of outbursts such as the increased noise

level and dropped gas temperature.

6.3.1.10 Xue’s FLAC-COMET coupling model

Xue et al. (2011, 2014) developed a coupled model to link two commercial

software, Flac3D, a widely used software designed for rock and soil mechanics

simulation, and Comet3, a reservoir software designed to model gas-bearing
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coalbed. The unique attractive feature of the coupled model is that the two

models are widely used, tested and widely accepted by the community of geo-

mechanics and coal mining. The model also included stress-induce permeability

changes, deformation of the coal seam under the effective pressure gas desorption

and gas flow in the porous media. It is suitable to model the early stage of an

outburst or initiation of an outburst since no explicit mechanisms of fracture

and fragmentation of coal was included.

6.3.2 Comments on the Current Models and Necessity to Develop a

New Model

Compared with the necessary mechanisms listed in the previous section, we have

the following conclusions for the most existing numerical models of coal and gas

outbursts.

• No model considers the two-way coupling of free gas flow and the motion

of solid particles, that is, gas has a drag force to the solid coal and coal acts

as a boundary for gas flow. This mechanism is responsible for the fracture

of the coal seam in the early stage of outbursts and the ejection of coal in

the later stage.

• No model except Choi and Wold’s model (Choi and Wold, 2002, 2004; Wold

et al., 1999, 2008) takes into account the geological structures such as faults,

dykes, shear zones. Choi and Wold’s model simply viewed a fault zone as

high permeability and low strength area, and dyke as low permeability

and high stress area. In fact, the geological structures may have a multi-

and complicated effects on the occurrence of an outburst, for example,

the existence of a fault means the fragmentation degree of the coal seam

which effects not only the permeability, stress state and strength, but the

rate of desorption of gas. Also different kinds of faults may have different

influences. A simplified treatment of the fault may not be enough.

• All of the existing outburst models are based on the continuum mechanics.

However continuum based models are not suitable to simulate whole frac-

ture process, especially the fragmentation of the coal seam and ejection of

coal particles as granular materials.
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6.4 The Suitable Candidates: DEM for Fracture

and LBM for Fluid Flow

6.4.1 Basic Idea of DEM and LBM Coupling

Based on the researches above, the complete outburst model which includes most

of the necessary and important mechanisms and can model the whole process

of an outburst, does not exist yet, and a two-way coupled code of solid and

fluid is much needed. The fast developing in the supercomputer capability and

different numerical methods in the past three decades have made it possible to

consider more mechanisms detailed in Section 6.2.3. Two well developed meth-

ods, discrete element method (DEM) and lattice Boltzmann method (LBM),

have emerged as powerful tools in exploring a broad range of problems and may

be used to model outbursts.

The basic idea of DEM is to model solids as an assemblage of discrete par-

ticles interacting with one another (Cundall and Strack, 1979). Some DEM

model allow the bonds between particles to break, explicitly modelling micro-

scopic fracturing events (Wang et al., 2000; Wang et al., 2006; Wang, 2009;

Wang and Alonso-Marroquin, 2009; Wang and Mora, 2008, 2009; Wang et al.,

2012a; Wang and Guo, 2016). Due to the unique discrete nature of DEM, many

problems which are highly dynamic with large deformations and a large number

of frequently changing contacts can be modelled naturally and easily. Compared

with the continuum based models, DEM is more suitable to simulate dynamic

fracture under high stress, fragmentation of solid.

In recent years, the LBM has made brilliant progress as a new method in

numerical modelling of fluid dynamics (Chen and Doolen, 1998). Lattice Boltz-

mann Model has the advantages of easily coding, paralleling and easily handing

the complex boundary conditions. Also the mechanisms of adsorption/desorption,

gas diffusion or Darcy flow in the coal seam should also be easily included. In

contrast to the conventional computational fluid dynamics (CFD) techniques

that solve macroscopic Navier-Stokes equations, the LBM is built on a meso-

scopic scale in which the fluid is described by a group of discrete particles that

propagate along a regular lattice and collide with each other.

We proposed a new outburst model based on coupling of DEM and LBM.

DEM is used to model the deformation and fracturing of solids, while LBM

models fluid flow. Figure 6.1 shows the sketch of the new model. The small

square grids are nodes of LBM from which fluid flow is modelled. The particles

are DEM particles which can be bonded, and the bonds break when the forces

exceed certain threshold. Each particle represents a part of porous material

inside which gas can fill the micro-pores.
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Fig. 6.1 A new outburst coupling DEM-LBM. Particles in DEM regraded as are
porous material, and grids in LBM are regular square grids. The arrows represent
different fluid flow.

Gas diffusion occurs between touching particles, depending on the difference

of concentration between two particles and diffusion coefficient. Gas flow in

the crack channel is dominant by Darcy flow, which can be modelled within

the LBM framework. At the interface of solids and fluid, desorption occurs by

releasing gas from the porous solid into the fluid domain, which can be describe

using the Langmuir adsorption isotherms. Fluid flow in the open area is free

flow. Coupling between DEM and LBM is taken into account by considering

the dragging force from fluid to solids, and moving boundary of particles to the

fluid and momentum exchange between them.

A completely coupled code of solid and fluid are based on the two widely used

open source codes: ESyS-Particle and OpenLB (Wang et al., 2012b, 2014; Xue

et al., 2015). Figure 6.2 shows the relationship between the basic ingredients

and the two codes. The two-way coupling between DEM and LBM was realized

by data exchange, and finally the two codes were combined into one united

code with the united input, data flow, output, MPI calls and visualization tool.

Detailed introduction of DEM and LBM model, and the coupling of the two

codes can be found in published literatures (Wang et al., 2012b, 2014; Xue et

al., 2015).
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Fig. 6.2 The structure of DEM-LBM coupling code. Dark (blue) colour means DEM
model and light (orange) colour represents LBM model.

6.4.2 Preliminary Results

A small outburst simulation is carried out. The model consists of 15 418 equal-

sized particles and 1200 × 1200 fluid grids. Constant confining conditions are

applied at left, right, top and bottom boundaries. The soft and fragile middle

part, sandwiched by a harder and stronger rock, models a coal seam. The initial

state of the model is shown in Figures 6.3a and 6.3b. Excavation starts from

left side with constant speed by removing the dark grey part. Two supporting

walls (horizontally dashed lines) are placed after the excavation, growing and

following the moving excavation wall (vertical dashed line) at the right end.

The simulation results are presented below.

Figures 6.3c, d, e, f show the particle motion, gas concentration and fluid

velocity at two different time steps. In the early stage of excavation without

fracturing events occurring, desorption of gas is mainly limited to the exposed

surface. Lower concentration at the surface (the floor and the roof) is observed

due to desorption (Fig. 6.3c). The concentration changes in the inner particles

are caused by diffusion process. Once fractures occur at the excavation surface,

desorption process speeds up since there are more solid surfaces exposed to the

fluid. After 20, 000 time steps the whole system of particle and fluid evolves

by itself, and eventually the fractured coals are ejected from the face under

exertion force of fluid and a cave with a small mouth and big inside void is

formed, which is widely observed after the occurrence of an outburst in coal

mines. The particles from the bursted coal have the lowest gas concentration

(represented by blue colour) because they are totally exposed and have larger
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Fig. 6.3 Initial state of the model (time step = 0). (a) gas concentration; (b) fluid
velocity. Initiation of an outburst (time step = 30, 000). (c) gas concentration; (d)
fluid velocity. Developing of an outburst (time step = 50, 000). (e) gas concentration;
(f) fluid velocity.

surface areas, therefore continue gas desorption while moving away from the face

(Fig. 6.3e) . High fluid velocity can be seen at the front of the fractured coals

(Fig. 6.3f), indicating that more gas are desorbed. This gas, in return, can help

deliver and throw the fragile coal particles out of the bursted area. This example

shows that the coupled model is encouraging as the entire process of an outburst

is well reproduced.
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6.5 Conclusion

An outburst of coal and gas is still a major hazard in underground coal min-

ing. The fundamental mechanism of coal and gas outbursts remains unknown

although great efforts have been done in the past. Currently it is generally ac-

cepted that an outburst occurs when certain conditions of stress, coal gassiness

and physical mechanical properties of coal are met. There are many factors influ-

encing the occurrence of an outburst. The most important ones are gas content,

rate of gas desorption, coal strength, stress level and some geological structures.

Apart from in-situ investigations, the laboratory tests and analytical studies,

the use of numerical simulations can provide useful insights on outbursts. A

reliable numerical model permits certain factors to be varied such that their effect

on outbursts can be studied. Carefully studying the assumption, the ingredients,

advantages and disadvantages of each model is helpful to propose a new and

advanced outburst model. Based on the literature review of the mechanisms and

numerical models of outbursts, we concluded that the existing numerical model

of outbursts are over simplistic, and only include certain factors or mechanisms.

Some important mechanisms, such as the fracture and fragmentation of the solid

and two-way solid-fluid coupling, are either ignored or not modelled explicitly

and properly. Therefore current existing models only capture some aspects of

outbursts and cannot explaining all of the phenomena and process leading to

an outburst. We further pointed out that in order to build a complete and

reliable numerical model, one needs to have a good understanding of the basic

mechanism and the major influencing factors of outbursts, and understanding of

what the basic ingredients a model should include to reproduce certain features.

An over simplistic model with some important features missing cannot generate

the meaningful results.

In order to accurately simulate the whole process of an outburst, a numeri-

cal model should include several interactive processes of different characteristics

and may require different approaches in numerical modelling. These processes

and interactions include coal deformation and failure, coal fracture and fragmen-

tation, gas desorption, mass transfer between adsorbed gas and free gas, flow

of gas and water within coal cleats, gas dynamics and transport of failed and

fragmented coal.

Finally we presented our coupled DEM-LBM model developed to simulate

the entire process of an outburst. DEM models the deformation, failure and

fragmentation of solid coal, while LBM models the flow of fluid. These two

methods are coupled in a two-way fashion, i.e., the solid part provides a moving

boundary condition to fluid and transfer momentum to the fluid, while the fluid

exerts a dragging force upon the solid. Gas desorption from coal occurs at the

solid-fluid boundary, and gas diffusion is implemented in the solid code where
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particles are assumed to be porous. A 2-D example to simulate the process of

an outburst using the new model is presented, which gives a promising result

and demonstrates the potential and capability of the coupled model.
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Chapter 7

International Consultation on the

Likelihood of Earthquakes: Two Cases

in 2008 after the Wenchuan Earthquake

Zhongliang Wu

After the May 12, 2008, Wenchuan earthquake, aftershock activity became a

threat to the relief and reconstruction process, which was further emphasized

because in the region of west Sichuan there had been quite a few landslide lakes

caused by the mainshock. While organizing domestic work on the estimation of

aftershock hazard, China Earthquake Administration (CEA) invited several ex-

perts from abroad for discussions on the aftershock sequence. At approximately

the same time, a paper by a Russian group, indicating that there would be an

earthquake with magnitude 6.5∼7 near Beijing around August, 2008, caused

much concern, due to the sensitivity of the place and time (in the sense of not

only the Wenchuan earthquake but also the 2008 Beijing Olympic Games). Deal-

ing with this forecast, six experts from different countries were invited by the

CEA to review the paper. The present Chapter summarizes the two cases by

archiving the key messages arising from the international communication, pro-

viding a unique set of materials both for the study of earthquake forecasting and

for the history of seismology.

Key words: The 2008 Wenchuan earthquake, aftershock sequence, Beijing

Olympic Games, evaluation of earthquake forecast.
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7.1 Forecasting the Aftershock Hazard

Following the May 12, 2008, Wenchuan

Earthquake: the International Component

Estimation of the likelihood of strong aftershocks, including their duration, place,

maximum size, and expected rate, plays an important role in assisting the re-

sponse to destructive earthquakes. Such estimation is theoretically feasible based

on the physical predictability of aftershock sequence (e.g., Reasenberg and Jones,

1989; 1994; Tahir et al., 2012). On May 21, just nine days after the May 12, 2008

Wenchuan earthquake in southwest China (Chen and Booth, 2011), the National

Expert Committee on the Wenchuan Earthquake was established by the State

Council of China. In the National Expert Committee, several working groups

set up, focusing on different urgent issues from landslide disasters to reconstruc-

tion plans. I served as the vice chairman of the aftershock working group with

chairman Guomin Zhang from China Earthquake Administration (CEA). On

May 25, I wrote the following e-mail to express gratitude to our colleagues of

the Commission on Geophysical Risk and Sustainability (called GeoRisk Com-

mission, or GRC briefly) of the International Union of Geodesy and Geophysics

(IUGG) for their kind words and offers to help:

Now what I need urgently is the methods and results of the forecast

of strong aftershocks which have been a great threat to the relief and

reconstruction process because in that region there have been quite a few

landslide lakes. Any suggestion about this topic is welcome, and please

contact me directly (and urgently) if there is any suggestion coming out

from GeoRisk.

I noted specially:

Please note that when we discuss forecast we are meaning in a gen-

eral sense. For example, how long will the aftershock sequence last,

and what will be the magnitude of the largest aftershock.

Beyond the general comments on the Wenchuan earthquake and the physics

of aftershocks, the following provides only the “predictive information” in the

communication, subjected to test the real case of aftershock activity of the 2008

Wenchuan earthquake.
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7.1.1 Estimate Based on Coulomb Failure Stress (CFS) Changes

As early as May 24, 2008, Jian Lin of Woods Hole Oceanographic Institution

wrote:

I am pretty certain that the Wenchuan quake has had important

impact on the stress changes on faults in nearby regions. However,

because this quake is of complex source mechanism rather than being

a pure thrust fault, it is very important that we consider the source

complexity carefully during the Coulomb stress modeling. Even for a

pure thrust fault, it can induce large Coulomb stress changes on nearby

strike-slip faults, as illustrated in Fig.4b (page 5) in the Lin & Stein

(JGR, 2004), which I am enclosing a copy and is also downloadable

from the following site: http://quake.usgs.gov/research/deformation/

modeling/papers/2004/Lin Stein JGR 2004.pdf, which I am enclosing

a copy and is also downloadable from the following site:http://quake.

usgs.gov/research/deformation/modeling/papers/2004/Lin Stein JGR

2004.pdf.

Actually this is a ‘trigger’ of my message sent to the GeoRisk Commissioners.

At the same time, a study on aftershock tendency was conducted by Chinese

institutions, organized by the Department for Earthquake Monitoring and Fore-

cast of the CEA, and facilitated by the China Earthquake Networks Center

(CENC). CEA established an ad hoc working group on aftershocks, concen-

trating on the research work domestically conducted, and I served as the vice

chairman. Both the results obtained in China (Jiang et al., 2009) and those

provided by colleagues from abroad confirmed and complemented each other.

The logic for an international invitation was that since the aftershock problem

is a major concern for rescue and relief actions, and the Wenchuan earthquake

has caused widespread attention around the world, let’s have the worldwide

top-ranked experts to discuss this problem—a problem with urgent and critical

priority.

On May 28, 2008, Walter Mooney (U.S. Geological Survey) wrote to the

Chinese Embassy to USA and sent a copy to me:

I would like to draw your attention to the two attached scientific pa-

pers written by several of the world’s leading seismologists, including

two from the US Geological Survey, Dr. Ross Stein and Dr. Tom Par-

sons1. These papers present calculations of the change in stress in the

crust of western China following the May 12, 2008, Wenchuan earth-

quake.

1 Refer to the papers of Parsons et al. (2008) and Toda et al. (2008).
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The paper by Toda and others, completed on May 22, 2008, cor-

rectly showed that there was increased stress (shown in RED on the

color plot) at the northeast end of the fault. The destructive magni-

tude 6.0 aftershock occurred at this location on May 25, 2008, which

seems to confirm the value of this calculation. There is also an increase

in stress to the southwest of the fault. This means the faults in these

regions are now more stressed.

On the other hand, the main fault trace that moved on May 12, 2008,

is now more relaxed, and has less stress. A similar important study has

been completed by USGS seismologists Tom Parsons and his colleague

Chen Ji, and I also forward that report to you. Please consult this pa-

per to learn their main conclusions, as I will not repeat them all here.

I have already forwarded both of these two important scientific papers

to 50 scientific colleagues in China, including leading scientists at the

CEA. My Chinese colleagues at the CEA are very knowledgeable, and

are fully aware of these kinds of stress-change calculations. Perhaps

they have already obtained similar results. However, as scientists, it is

very useful to compare our results.

Indeed it is the case that Chinese seismologists also calculated the Coulomb

failure stress (CFS) change caused by the mainshock, which was published later

(see Jiang et al., 2009).

7.1.2 Analysis of Seismicity and Estimate of Aftershock Probability

7.1.2.1 Analysis Based on the Gutenberg-Richter Law and the Omori

Law

On May 25, 2008, Walter Mooney forwarded the message of Lucile Jones (USGS)

to us:

This aftershock sequence, at least as recorded by USGS-NEIC, is

well behaved. With two weeks of data and 97 aftershocks, the b-value

appears stable with a value of 1.05. The sequence is decaying in a well-

behaved way with a p-value of 0.97+/−0.1. The a-value (as defined in

Reasenberg and Jones, 1989) is −2.15.

Taking these parameters and turning them into rates and probabili-

ties, we expect about 10 more aftershocks of at least M5.0 in the next

30 days. In the same time period (30 days starting from 12.5 days af-

ter the mainshock), the probability of at least one M6.0 is 70%, the
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probability of a M6.5 or greater is 30%, and the probability of a M7 or

greater is 7%.

In general, this is an overall rather small aftershock sequence — for

this size of mainshock. The “a-value” implies an overall rate 1/4 the

average for California mainshocks. This a-value is the same we saw

for Loma Prieta. Thus it seems likely there could be another magnitude

6, but a magnitude 7 is very unlikely. We believe (but do not yet have

rigorous statistics to support) that a low a-value in the near-field after-

shocks extends to the distant triggering as well and that would imply

that the risk of a triggered earthquake in Xi’an or even farther east is

unlikely.

On May 28, 2008, Mooney wrote again:

I spoke with Dr. Lucy Jones today at the USGS Menlo Park. She

and Egill Hauksson have used your aftershock catalog to calculate time-

dependent aftershock probabilities (Gerstenberger et al., Nature, 2005).

Their results are consistent with their previous aftershock probability

estimates, which I sent you about two days ago. In general, this after-

shock sequence is relatively weak, with no aftershock that follows Bath’s

Law, that is, 1.2 magnitude units less than the mainshock (a magnitude

6.7 or 6.8 event). In their previous estimate, they gave a 7% probabil-

ity for a magntude 7 aftershock. (using the method of Reasenberg and

Jones, 1989).

7.1.2.2 Estimating the Duration of the Strong Aftershock Sequence

On May 26, 2008, Harsh Gupta, of the National Geophysical Research Institute

(NGRI) of Hyderabad, India, wrote:

You have raised an extremely important question about how long

the aftershocks would continue and what would be the largest after-

shock’s magnitude. I am not aware of any definite way of determining

it. However, we can make some intelligent guesses by examining ear-

lier earthquakes of similar size in the same region. Plotting of decay

of aftershock activity of the past events and determining ‘p’ value may

be helpful.
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The 1950 M8.7 India-China border earthquake (not very far away

from the May 12, 2008 earthquake) had after shocks occurring for more

than 2 years, and the largest aftershock was M∼8! You may like to put

some one to look at the past earthquakes, as you have a reasonably

good catalogue of Chinese earthquakes. An important issue would be to

re-examine earthquake magnitudes and the locations.

On June 23, 2008, Gupta wrote again:

Please refer to our discussions on the question as to how long the

aftershocks of the Sichuan earthquake of May 12, 2008 would continue.

We have carried out preliminary studies of the ‘p’ values from the

available data of the aftershocks for the May 12 earthquake and some

other recent and historical earthquake sequences. As M > 5 aftershocks

can be locally damaging, particularly in a region where the previous

earthquakes have weakened the structures, we estimate that such after-

shocks could occur for about 7 months after the main event, i.e. till

January 2009. We have sent a short note on the same to the Geological

Society of India.

7.1.2.3 Analysis Based on the SSE Algorithm

On May 26, 2008, V. Kossobokov, International Institute of Mathematical Geo-

physics and Earthquake Prediction, Moscow, Russia, wrote:

Eager to help with urgent analysis of what is going on in the region

from the viewpoint of earthquake recurrences: You may recollect that

pattern recognition studies by Inessa Vorobieva has led to so-called SSE

algorithm dated back to 1992 (see the description http://www.mitp.ru/

sse/SSE-Alg.html and early refs therein), which logic is in line with

the Harsh’s comment and suggestions 2. The statistics of the on-going

test of SSE confirm its high efficiency in predicting subsequent event

of magnitude M-1 or larger (M being the magnitude of the earth-

quake in question). At the moment Inessa accumulates the data on the

Wenchuan earthquake aftershocks required for a knowledgeable state-

ment on the likelihood of subsequent strong earthquake (with magnitude

6.9 or larger) in the region.

2 See the last section of the comments of Harsh Gupta.
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On June 23, 2008, Kossobokov wrote again:

According to SSE algorithm applied to the aftershock sequence (I.A.

Vorobieva, personal communication): Due to pattern recognition cri-

teria NO MAGNITUDE 6.9 or larger event is expected to follow the

2008 Wenchuan (Sichuan, China) earthquake in the circle of 450 km

radius centered at the epicenter of the 12 May 2008 main shock and

in time interval up to 10 Nov 2009. Note that in the forward testing

mode to-date such a diagnosis made with SSE was confirmed in 13 out

of 14 cases.

7.1.2.4 ETAS Model-based Analysis and Estimate of Aftershock

Probabilities

The epidemic-type aftershock sequence (ETAS) model (e.g., Zhuang and Ogata,

2006) was also used to characterize the aftershock sequence. Some estimate of

the aftershock hazard was made based on the ETAS model. For example, on

May 30, 2008, Jiancang Zhuang (Institute of Mathematics and Statistics, Japan)

provided the analysis as follow:

Here are the probability forecasts for the 18th day after the mainshock:

Expected # Prob. Waiting time
Quantile

1% 5% 50% 95% 99%

M > 4.0 2.17 0.89 0.44 0.004 0.022 0.298 1.296 1.934

M > 4.5 1.03 0.64 0.89 0.010 0.048 0.605 2.655 4.061

M > 5.0 0.36 0.30 2.40 0.024 0.125 1.677 7.472 11.92

M > 5.5 0.12 0.11 6.53 0.058 0.339 4.306 20.08 32.89

M > 6.0 0.07 0.07 10.01 0.087 0.460 6.466 31.15 49.15

This analysis lasted for some time. The whole aftershock zone is basically

consistent with the rupture zone of the mainshock, which can be divided into

two parts: the north part, and the south part. On June 5, 2008, by analyzing

the aftershock activity, Zhuang detected a slow slip in the south, and estimated

that slow slip in the south might trigger the aftershocks in the north.
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7.1.3 Actual Data on Aftershocks

Table 7.1 shows the actual data from the Wenchuan aftershock sequence with

magnitude larger than 5.5 determined by the local seismic network. Table 7.2

shows a comparison of some descriptive estimates and the actual data shown in

Table 7.1.

Table 7.1 The Wenchuan earthquake sequence (above MS5.5). The data come from
the China Earthquake Networks Center (CENC), courtesy of Li Li.

No. Date Origin Time (Local) Lat. Lon. MS

1 2008-5-12 14:28:04 31.0 103.4 8.0 (the mainshock)

2 2008-5-12 14:36:39 31.3 103.6 5.8

3 2008-5-12 14:43:14 31.3 103.7 6.0

4 2008-5-12 19:11:00 31.3 103.4 6.0

5 2008-5-13 04:08:49 31.4 103.8 5.6

6 2008-5-13 15:07:07 31.0 103.2 6.1

7 2008-5-14 10:54:36 31.3 103.4 5.6

8 2008-5-16 13:25:46 31.4 103.2 5.9

9 2008-5-18 01:08:25 32.3 104.9 6.0

10 2008-5-25 16:21:49 32.6 105.3 6.4 (the largest aftershock)

11 2008-5-27 16:37:51 32.8 105.6 5.7

12 2008-7-24 03:54:44 32.8 105.5 5.6

13 2008-7-24 15:09:29 32.8 105.5 6.0

14 2008-8-01 16:32:42 32.1 104.7 6.1

15 2008-8-05 17:49:16 32.8 105.5 6.1

16 2008-9-12 01:38:59 33.0 105.6 5.7

17 2009-6-30 02:03:50 31.5 104.0 5.8

18 2011-11-1 05:58:15 32.6 105.2 5.6

Probabilities based on the calculated CFS changes, even using the Dieterich

(1994) formula, are still hard to be quantified and also hard to compare with ac-

tual aftershock data (Parsons et al., 2012). Therefore, the comparison shown in

Table 7.2 does not include the CFS-related estimates. The same issue exists for

the ETAS model-based estimate of the probabilities. Table 7.2 mainly summa-

rizes the analysis results based on the study of seismicity. Based on the present

knowledge of aftershocks, it is possible to make some estimate of the maximum

size, rate, duration, and location of strong aftershocks. However, how to use and

interpret the pieces of information properly in response to earthquakes is still a

challenge subject and is beyond the scope of this chapter.
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Table 7.2 Comparison of estimate of aftershock hazard with real situation.

No. Descriptive estimate and date Real aftershock situation

1 There could be another magnitude M6,

but a magnitude M7 was very unlikely

(May 25, 2008)

There were 3 aftershocks over magni-

tude M6 occurred afterwards (2008/7/24

M6.0; 2008/8/01 M6.1; 2008/8/05 M6.1)

2 The risk of a triggered earthquake in Xi’an

or even farther east was unlikely (May 25,

2008)

No earthquake larger than M5.5 occurred

in Xi’an or farther east

3 No magnitude M > 6.9 event was ex-

pected to follow the 2008 Wenchuan

earthquake in a circle of 450 km radius

centered at the epicenter of the 12 May

2008 mainshock and in time interval up

to 10 Nov 2009 (June 23, 2008)

Maximum magnitude of the aftershocks,

after June, 2008, was M6.1

4 Slow slip in the south (identified by the

ETAS-model fitting) might trigger the af-

tershocks in the north (June 5, 2008)

From July to September, 2008, all the af-

tershocks larger than M5.5 occurred in

the north part of the aftershock zone

5 Such aftershocks could occur for about 7

months after the main event, i.e. till Jan-

uary 2009 (June 23, 2008)

From May 12 to December 31, 2008, 68 af-

tershocks over M5.0 occurred; From Jan-

uary 1, 2009 to December 31, 2011, 13

aftershocks over M5.0 occurred.

7.1.4 Additional Communications

Besides the experts mentioned in the text above, contribution to this endeavor

was also provided by G. F. Panza who gave useful comments (on May 13, 2008)

on the geodynamics of the Wenchuan earthquake, Peter Bormann who provided

the fast estimate of the energy release of the Wenchuan mainshock (on May

22, 2008) indicating a high stress drop, E. R. Enghahl and E. Bergman who

provided (on May 23, 2008) the EHB re-location of the Wenchuan aftershock

sequence, X. D. Song (on May 28, 2008) who provided important references3 for

the aftershock analysis, N. Hirata who provided the ETAS analysis result of the

Wenchuan aftershock series (on June 4, 2008), and Y. Kontar who gave useful

comments on the properties and physics of aftershocks (replying my e-mail on

May 25, 2008). J. Derr provided the information about the reported pre-shock

anomaly (on May 23, 2008); L. Knopoff gave useful comments (on June 6, 2008)

on the pre-shock seismicity; Alik Ismail-Zadeh facilitated the discussion within

the GeoRisk Commission.

3 The provided references are Reasenberg and Jones (1989, 1994).
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7.2 Review of the Paper Associated with the

Forecast of a Strong Earthquake in Beijing

for August 2008

7.2.1 The Forecast and Evaluation

In discussion on the Wenchuan aftershocks, R. Singh wrote on May 27, 2008 to

warn:

If I understood correctly, people living in the epicentral region are

very much afraid and scared from the scientists/other people who are

busy in giving false forecasts, during such critical time number of such

people/groups increase significantly. We must resolve that such groups

should not do anything, if they make such efforts they must inform the

Government agencies, in case of China, one must inform CEA.

Indeed, his concern is realistic.

In May of 2008, while busy working on the Wenchuan aftershocks, we were

requested by the Department for Earthquake Monitoring and Prediction of the

CEA to review the paper “Fundamental Peculiarities of the Entropy Model of

Energy Processes in Seismic Areas and Earthquake Prediction” (by Sibgatulin,

V. G., Peretokin, S. A., Khlebopros, R. G., to be published in Earth Science

Frontiers), in which it was indicated that there would be an earthquake with

magnitude M6.5–7 near Beijing around August, 2008 (see Figure 7.1). The

words of forecast were eliminated by the editor in the proof-reading stage, con-

sidering the sensitivity of the place and time of this predicted earthquake to

public as the 2008 Beijing Olympic Games was approaching. Nevertheless the

forecast provided by the Russian Scientists caused much concern within the CEA,

especially in the social atmosphere after the disastrous Wenchuan earthquake.

Responding to this request, we invited six experts outside China working on

earthquake predictabilities to review the paper. They are H. Gupta (India), V.

Kossobokov (Russia), G. F. Panza (Italy), D. Rhoades (New Zealand), J. Rundle

(USA), and A. Zavyalov (Russia). We got prompt and constructive responses

from all of them.
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Fig. 7.1 The Russian Forecast: (a) Part of the first page of the proof of their paper.
The last sentence was eliminated by the copy editor when the paper got published.
(b) Part of the last page of the proof. The sentence underlined was eliminated by the
copy editor when the paper got published.

7.2.2 Review Comments

The following are the comments from all the reviewers, with minor editing of

the typos.
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7.2.2.1 Reviewer A

What follows is a set of short comments, pointing to a general weak-

ness of the whole paper.

The idea may be worth a systematic testing, but what is in the written

paper is far from being scientifically reliable and reproducible. A clear

description of the procedure is missing. For example: The construction

of fig. 2 is done after the occurrence of the 4 considered events. What

is the Diameter within which earthquakes are analyzed? What is the

center of each circle? If the location of the impending earthquake is

not known (prediction) how are the circles distributed in space? How

many false alarms, i.e. how many large events have been not preceded

by the wedge? In summary I give very little value to the document you

sent me.

In conclusion I renew the idea of an Earthquake Prediction Evalua-

tion Council, involving, at least in its early stage, representatives from

CEA, MITPAN, UNITS/DST and ICTP. Let me know your opinion.

7.2.2.2 Reviewer B

I read the paper today and I have several comments.

1. It is difficult to understand the method they are using – the “in-

structions” are vague.

2. There are many sentences discussing irreversible thermodynamics

using terminology from Prigogine’s work, such as entropy and energy

flux. There is what looks like an equation of state (figure 3) with what

looks like a hysteresis loop, but there is no indication how this was

computed.

3. It is not clear how the seismic “energy levels” are defined, since

it is not possible to observe energy directly (except radiated energy).

4. It is asserted on page 223 that various magnitude M earthquakes

are associated with prediction distances D, but I do not know where

these data came from?

In order to compute the type of “wedge” that is apparently plotted in

figure 2, I would think the area of the seismicity considered would be

a critical part of the computation. This means that such figures might

be defined after the earthquake occurred, but it seems unlikely, based

on what I see in the paper, that such “wedges” could be computed in

advance of the main shock. If they have been computed, where was this

information published?
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In summary, the information in this paper does not allow a full un-

derstanding of the method, there is no evidence that the “wedge” can

be computed in advance of the earthquake by an independent means,

and the theoretical basis using ideas of entropy and energy flux is not

well substantiated other than by speculation.

7.2.2.3 Reviewer C

It is too vague. One could work out the statistical probability of an

M6 earthquake to occur within 200 km radius of Beijing in one year

time window based on the historical catalogue of earthquakes.

Reviewer C also recommends that the comments of another reviewer will be

important.

7.2.2.4 Reviewer D

I fully agree on the issue that the prediction in question is too vague

and, as can be judged from the documents attached to your E-mail,

can be statistically inconsistent. The Prediction.PDF has parts of the

original submission that is omitted (Refs to Table 1 and Fig. 4 in

proof-page6.JPG) . . .although it provides in full a rather general con-

ceptual model that might seem plausible or even attractive. . .

The four, presumably, best examples given in Fig.2 raise a num-

ber of questions since there is no indication of the area but a point

(perhaps, some estimate of epicenter location), magnitude cutoffs are

rather small suggesting usage of data below the threshold of catalog

completeness, magnitude of the 2004 Parkfield earthquake is wrong in

the figure caption, and, finally, the M7.0+ event on 09 October 1994

is the aftershock of the great 04 October 1994 M8.0+ Shikotan earth-

quake. Being a projection of magnitude extremes (minima and max-

ima), which accuracy is in common to be about 0.3, the prediction of

time has a huge uncertainty. . .

In my opinion, the prediction marked with an asterisk on proof-

page6.JPG is most likely scientifically groundless. Yes, you can provide

me with the materials (if any) for a review in more details as well as

give my name to the agencies, which asked you for such a review.
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7.2.2.5 Reviewer E

This paper concerns the seismicity patterns of small earthquakes that

occur during the preparation process of a large earthquake. It proposes

that an “energy wedge”, in which the largest of the small events becomes

smaller and the smallest ones become larger, occurs as a medium-term

precursor of large earthquakes. The phenomenon is justified on theo-

retical grounds related to nonlinear thermodynamics, and is said to be

supported by an analysis of worldwide earthquake catalogues.

However the description of the recognition of the energy wedge given

in this paper is sketchy, and apparently has not been published any-

where else. The few anecdotal examples of the phenomenon presented

are also rather sketchy. For example: There is no scale on the time

axis in the four examples shown in Figure 2, so we cannot see whether

there is any regularity in the length of the “preparation time”. It is not

stated what limits on earthquake location are represented by the plots.

The drawing of the triangles that represent the energy wedges appears

to be informal, and depends on the location and time ranges of the se-

lected data. It is not clear that there exists any well-defined method to

recognize the energy wedge in advance of the earthquake’s occurrence.

If such a well-defined method existed, it would be possible to calculate

the “success rate” – the proportion of earthquakes above a given mag-

nitude threshold which are preceded by such an energy wedge – and the

“false alarm rate” – the proportion of apparent energy wedges which

are not followed by earthquakes. The latter would allow a probability

to be placed on the occurrence of an earthquake following the observa-

tion of an apparent energy wedge. No indication of the success rates or

false alarm rate is given, so that it is impossible to get any idea from

this paper as to how well this proposed method of earthquake prediction

might work. If these rates are known to the authors, it is surprising

that they would not mention them in this paper. The fact that a few

anecdotal examples of the phenomenon can be presented does not lend

any credence to the proposal. Experience with other proposed precur-

sory seismicity patterns shows that it is always possible to find a few

examples that conform to any proposed pattern, whether the pattern is

an actual earthquake precursor or not.

In summary, no information given in this paper demonstrates that

the interesting ideas discussed here are practically usual for earthquake

prediction. It appears that much more research is needed first to de-

fine the method unequivocally, and then to test it systematically both

retrospectively and prospectively, before it should be taken seriously as
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a useful prediction method. The original version of the paper appar-

ently contained a forecast of two large earthquakes within 200 km of

Beijing in mid 2008. In my opinion, the editors did the right thing in

removing the forecast from the paper. The authors admitted that their

analysis was based on an inadequate catalogue of the area. But even if

they had used the best available Chinese data, the forecast would have

no scientific standing because of the deficiencies mentioned above.

Fig. 7.2 Attached map of Reviewer F.

7.2.2.6 Reviewer F

I fully agree that it is impossible to evaluate an accuracy and relia-

bility of the prediction made by authors of the paper. There are only

very general reasonings about seismic process from the stochastic and

chaotic point of view.

In attached file 4 I send you the Map of Expected Earthquakes (MEE)

which was compiled during my last visit to Beijing in December 2005. I

was working in the Institute of Earthquake Science CEA and they have

this map. Maybe it will be interesting for you. The MEE is the map

of conditional probability of strong (M >= 5.5) occurrence during the

time of prediction. The short description of MEE algorithm is in the

second attached file. You see that there are no alarm areas 150–200

km around Beijing until the end of 2010.

4 See Figure 7.2
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7.2.3 Test against the Real Situation

From the review comments shown in Section 7.2.2, it seemed that all the re-

viewers were not supporting the arguments in the paper issued by the group of

Russian Scientists. Eventually, the forecast was turned down. The fact is that

there was NO earthquake over magnitude M5 around Beijing in August, 2008.

Therefore, the evaluation which was completed in May, 2008, reached a correct

conclusion.

7.3 Concluding Remarks and Discussion

This chapter summarizes two evaluation exercises that took place after the May

12, 2008, Wenchuan earthquake. The estimation of strong aftershock likeli-

hood, and the evaluation of the forecast of a strong earthquake, both incuded

an international component. Three issuses associated with these two cases seem

noteworthy:

(1) The estimate of the aftershock hazard and the evaluation of an earthquake

forecast provide important cases to make full use of the present knowledge about

the predictability of earthquakes for the seismic safety of the society.

(2) In study and testing of earthquake forecasts, real forward forecasting plays

a crucial role (e.g., Mulargia, 1997). In principle, such a forward requirement

should include not only the forecast itself but also the evaluation, since both the

forecast and the evaluation will be testified afterwards against the real seismic

activity.

(3) Earthquake science, as well as its application to the reduction of seismic

disaster risk, needs international collaboration. Remarkably, this was the first

time for the Chinese seismological community to organize an international con-

sultation concerning a real earthquake situation, although as early as in the 1990s

Chinese seismological agencies had invited some foreign scientists to attend the

Annual Consultation on the Likelihood of Earthquakes (Wu, 1997). Note that

in history, there were quite a few lessons about the cross-border forecasting of

earthquakes (e.g., Olson et al., 1989). The two cases show that invitation-based

consultation, as a complement to ongoing domestic studies, may help in the

reduction of earthquake disasters, without negative social effects.

In this sense, these two cases might be interesting not only in the history of

(Chinese) seismology but also in the study of earthquake forecasting. The author

of this chapter witnessed and recorded the whole process of such an endeavor.

This chapter is thus a personal retrospective, to some extent being equivalent to

an oral history.
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