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ABSTRACT

In this thesis, I present a series of works on the characterization of source properties
and physical mechanisms of various small to moderate earthquakes through both
observational and numerical approaches. From the results, we find implications
on a broader scheme of topics relating to larger earthquakes, shear zone structure,

frictional properties of faults, and seismic hazard assessment.

Part I consists of two studies using waveform modeling. In Chapter 2, we present
an in-depth study of a series of intraslab earthquakes that occurred in a localized
region near the downdip edge of the 2011 M,, Tohoku-Oki megathrust earthquake.
By refining source parameters of selected events, simulating their rupture properties
and comparing their mechanisms to stress changes caused by the main shock in
the region, we are able to identify the true rupture plane and the reactivation of a
subducted normal fault, enhancing our understanding on the downdip shear zone. In
Chapter 3, based on similar techniques, we further develop a systematic methodology
to perform fast assessments on important source properties as an earthquake occurs.
For two M,, 4.4 earthquakes in Fontana, moment magnitude and focal mechanism
can be accurately estimated with 3 to 6 s after the first P-wave arrival, while focal
depth can be constrained upon the arrival of S waves. Rupture directivity can also be
determined with as little as 3 seconds of P waves. This study opens the opportunity
to predict ground motions ahead of time and can potentially be useful for Earthquake

Early Warning.

Part II involves the modeling of seismic source properties and physical mechanisms
of interacting earthquakes in dynamic rupture simulations. In particular, we focus
on small repeating earthquake sequences that trigger one another. In Chapter
4, we quantify the relative importance of physical mechanisms that contribute to
earthquake interaction and identify that the stress change caused by postseismic
slip is the dominating factor. Our findings introduce the possibility to constrain
frictional properties of the fault based on earthquake interactions. We further
apply this working model in Chapter 5 to reproduce the actual interacting repeating
sequences in Parkfield. We are able to identify possible physical mechanisms that
cause the inferred high stress drops of these repeating events, as well as reproduce
their synchronized seismic cycles. Results from our simulations are consistent with
the observed scaling relation between the recurrence time interval and the seismic

moment of these events. Our findings indicate that the difference between the
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observed and the theoretical scaling relations can be explained by the significant

aseismic slip in the rupture area.
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NOMENCLATURE

Directivity. Direction of rupture on a fault during an earthquake.
Fault strength. The ability of a fault to withstand an applied shear stress.

Focal mechanism. Fault-plane solution describing the deformation in the source
region that generates the resulting seismic waves.

Moderate earthquake. 5 < M,, <7.

Pnl waves. The entire wavetrain between P and S waves.

Rise time. Local duration of slip during an earthquake.

Slip. The relative displacement at a given position on the fault.
Small earthquake. M, < 5.

Stress drop. The difference in shear stress on a ruptured fault before and after an
earthquake.



Chapter 1

INTRODUCTION

The earliest earthquakes with descriptive information can be traced back to over
3000 years ago. Throughout history, the Earth has demonstrated its dynamic nature.
Numerous records of damages caused by the intense shaking can be found in the
literature, with events spanning a wide range of magnitudes (M,,) and occurring in
different tectonic settings and at unpredictable times. In the ancient days, people
relied on creative stories to explain the sudden movements of the Earth’s crust,
including a giant twitchy catfish named Namazu in Japan, and the angry Poseidon,
the god of the sea in Greece. The true natural cause of earthquakes has long been a

mystery until the 18/ century.

In modern days, technological advancement has allowed seismologists high-resolution
seismic wave observation by broadband seismometers, increasing our scientific un-
derstanding of earthquake processes. Nonetheless, due to the complexity of seismic
sources, as well as their intricate interplay with the Earth’s heterogeneous struc-
ture, scientists are continuously surprised by what happens in nature. For example,
the largest seismic slip of the Tohoku-Oki My, 9.1 megathrust earthquake actually
occurred close to the trench where stable creeping was expected (Ide et al., 2011;
Loveless and Meade, 2010; Simons et al., 2011; Wei et al., 2012). Also, the reason
behind the absence of great historic earthquakes on the southern San Andreas Fault
in California remains uncertain (Fialko, 2006). These examples point to the fact

that earthquake physics is still a tough nut to crack.

Ultimately, the goal is to better understand the seismic hazard and physics of larger
destructive events in order to develop a physics-based hazard assessment and to
alleviate damage and loss from earthquakes. To that end, continuous effort in
developing accurate characterizations of mega-earthquakes and the physics behind
them is essential. However, their infrequent occurrence and uniqueness in rupture
complexity can also be barriers to a thorough understanding of the phenomena. On
the other hand, smaller earthquakes occur much more frequently and provide a large
pool of data to help shed light on the broader scheme of studying earthquakes and
the structure of the Earth. For example, what can we learn from smaller earthquakes

about local structures and stress state? For earthquake early warning, how much
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can we characterize about an earthquake as it happens, and how fast can we do
it? Can smaller earthquakes help us constrain the maximum size of earthquakes
that can potentially happen in a seismogenic zone? Can one predict the source
behavior of future large earthquakes by studying small events in the region? Can

small earthquakes tell us the controlling factors for slip and rupture on a fault?

The focus of this thesis is on various observations of small to moderate earthquakes
in subduction zones and on transform faults, with moment magnitude (M,,) between
1.5 and 6.5. Due to generally insufficient seismic data resolution and azimuthal
coverage, it has been challenging to characterize smaller earthquake sources, and so
they are usually regarded as simple radially symmetric rupture at a constant rupture
velocity (Brune, 1970; Eshelby, 1957; Madariaga, 1976). In contrast, the ruptures
of larger earthquakes ruptures are found to be more complex, often propagate in a
unilateral fashion (Henry and Das, 2001; Mai et al., 2005; McGuire et al., 2002).
In the past, however, a limited number of studies have shown that small events
do have more complicated source processes than typically assumed (Boatwright,
2007; Domarnski et al., 2002). Fortunately, the rapid densification of regional and
global seismic networks and the advancement of computational resources in recent
years enable integrated approaches to study the physics of earthquakes, as well
as making detailed analysis of small earthquakes possible. On one hand, high-
resolution waveform modeling allows in-depth understanding of the kinematics
of source processes. On the other, recently developed dynamic rupture simulations
consider the effect of seismic wave interactions and are capable of producing realistic
rupture behavior that can be compared to observations, providing insights into
the fundamental physics that drives what we see on real faults. Furthermore,
numerical modeling also bridges the gap between tiny laboratory earthquakes and

megaearthquakes (M,, > 9) in nature.

In the following chapters, we present a series of studies that exemplify the utilization
of (I) observational and (II) numerical approaches to characterize small to moderate
earthquake sources in various tectonic settings and their driving physics. We aim
to determine from the wealth of data what smaller earthquakes can tell us about

tectonics and larger earthquakes.

1.1 Earthquake characterizations through seismic observations
Part I of this thesis investigates earthquake characterization through an observa-

tional approach. We demonstrate in two case studies in systematic ways to model
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seismic waves in order to accurately and efficiently constrain the source and rupture

properties.

Chapter 2 illustrates how source properties can be useful in delineating local crustal
structures and verifying the state of stress in the region. Here we focus on a group of
moderate earthquakes (M,, 4.5 to 6.5) that occurred after the 2011 M,, 9.1 Tohoku-
Oki megathrust event on the downdip edge of the ruptured area. Using broadband
waveform modeling, we refine their source parameters, including their focal mech-
anisms, focal depths, and rupture properties, such as direction and dimension. We
discover that these events align in a narrow strip inside the subducting slab, which
is potentially the result of the reactivation of a subducted normal fault. Through
resolving the rupture properties of these intraslab earthquakes, the orientation of this
fault can be determined. Furthermore, focal mechanisms of these events are also
shown to have a causal relationship with the stress change caused by the mainshock.
This study highlights the importance of precise source properties in uncovering the

features and evolution of the background tectonic region.

In Chapter 3, we investigate the potential of rapid and accurate source characteri-
zation and its implications in the field of Earthquake Early Warning (EEW). The
tectonic setting here changes from a subduction zone to a mature transform fault
system. With several small events (M,, 3-4.5) in Fontana, California, we introduce
a methodology in which source and rupture properties can be constrained within
as little as 3 seconds of the arriving seismic waves, which provides valuable infor-
mation for the prediction of the associated ground motion in broader regions from
the epicenter. We also demonstrate how one can effectively calculate the potential
ground motion of a larger event using past events in the same location via empirical
Green’s functions. This study highlights the importance of establishing efficient

source characterization for hazard assessment and response.

1.2 Numerical simulations of earthquake physics

Motivated by intriguing observations, in Part II, we use dynamic fault simulations
to study seismic sources and their supporting physics, with a particular focus on
earthquakes that interact with one another. To this end, we explore the cause of
earthquake triggering, based on a dynamic rupture model governed by rate-and-

state friction laws.

In Chapter 4, our model consists of two repeating earthquake sequences embedded

in a creeping fault, and we quantitatively compare several types of stress transfer
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that occur between the repeating events. One major finding is that postseismic creep
dominates the interaction in the models. Because of this, earthquake triggering in
our model also occurs at distances much larger than typically assumed. Since the
behavior of postseismic creep depends heavily on the frictional properties of the
fault on which it propagates, these findings further emphasize the importance of

source characterization in constraining properties of creeping segments.

Lastly, in Chapter 5, we integrate results from Chapter 4 with field observations by
applying the fault model to reproducing the interacting microearthquakes found on
the Parkfield creeping segment of the San Andreas Fault. Apart from the unique
interacting seismic pattern in previous studies, these repeaters are also characterized
by anomalous source properties, such as high stress drops on the order of 30 to
60 MPa. We show that dynamic rupture simulations are able to provide an explana-
tion for the phenomena. The high stress drops can be reproduced in a rate-and-state
fault model when additional factors are present on the velocity-Weakening patches;
two possibilities are thermal pressurization of pore fluids and locally elevated nor-
mal stress. Our results show that the variability of the source properties and the
interactions of these repeaters, as well as their observed scaling between recurrence
time 7; and seismic moment M,, are due to the occurrence of substantial aseismic
slip on the velocity-weakening patches. We also discuss the effect of frictional
properties of the creeping region on both the behavior of postseismic slip and the

source properties of these repeaters.

Chapters 2 to 4 of this thesis are published in peer-reviewed journals, while Chapter

5 will be submitted for publication with additional modeling results.
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ABSTRACT

Results from the 2011 My, 9.1 Tohoku-Oki megathrust earthquake display a complex
rupture pattern, with most of the high-frequency energy radiated from the downdip
edge of the seismogenic zone and very little from the large shallow rupture. Current
seismic results of smaller earthquakes in this region are confusing due to disagree-
ments among event catalogs on both the event locations (> 30 km horizontally) and
mechanisms. Here we present an in-depth study of a series of intraslab earthquakes
that occurred in a localized region near the downdip edge of the main shock. We
explore the validity of a 1D velocity model and refine earthquake source parameters
for selected key events by performing broadband waveform modeling combining
regional networks. These refined source parameters are then used to calibrate paths
and further simulate secondary source properties, such as rupture directivity and
fault dimension. Calculation of stress changes caused by the main event indicate
that the region where these intraslab events occurred are prone to thrust events. This
group of intraslab earthquakes suggest the reactivation of a subducted normal fault,
and are potentially useful in enhancing our understanding on the downdip shear

zone and large outer-rise events.



2.1 Introduction

2.1.1 Background: Complexity of the Tohoku-OKki Seismic Region

The M, 9.1 Tohoku-Oki earthquake in 2011 devastated the Northeast coastline
of Japan. Analysis of various data sets (i.e. regional and teleseismic broadband
seismographic net- works, geodetic networks, ocean-bottom measurements, etc.)
demonstrates a unique and complex rupture pattern which indicates varying me-
chanical and frictional properties along the thrust zone (Fujiwara et al., 2011; Ide
et al., 2011; Ito et al., 2011; Simons et al., 2011; Wei et al., 2012; Yue and Lay,
2011). Especially intriguing is the difference of frequency content in radiated en-
ergy emanating from various parts of the rupture zone. Huang et al., (2012) show
that the high-frequency radiations in the deeper part are at least partially caused by
asperities that have hosted earthquakes before, but the exact mechanism that has
caused the variation of such energy concentration is currently unclear. Since the
mainshock, the region has also experienced a sharp increase in seismic aftershock
activity. These seismic events span a wide range in size and depth. Current national
and international earthquake catalogs rely mainly on travel-time data to determine
origin time and spatial location. Unfortunately, their results often do not agree,
where the hypocentral locations of earthquakes reported by different networks can
vary by over 20 km laterally, and by over 10 km vertically depending on the catalog
(Zhan et al., 2012). Furthermore, due to the lack of regional stations on the Pacific
side, the resolution decreases with distance from the Japan coast. Such discrepancy

creates difficulty in constructing a coherent picture of the thrust zone.

Among the numerous aftershocks, there are a number of earthquakes that occurred
along the downdip region of the rupture zone (Figure 2.1). Long-period source in-
versions by the National Research Institute for Earth Science and Disaster Prevention
(NIED) placed them at a depth greater than 40 km. According to the slab models
used in the JMA catalog and proposed by Zhan et al., (2012), such focal depths
place these seismic events below the slab interface. Despite varying magnitudes,
their focal mechanisms , as well as their arriving SV and SH pulses, are similar to
one another (Figure 2.2). In an earlier study by Kato and Igarashi, (2012), a group
of downdip compressional earthquakes localized off the coast of Miyagi, Iwate, and
Fukushima is also delineated, and is generally believed to be an outcome of the static
stress increase generated by abrupt slip termination during the main shock (Lin and
Stein, 2004). The source mechanism and rupture characteristics of these intraslab
events are of interest because they occurred beneath the megathrust interface where

an interesting energy radiation pattern was observed during the mainshock. Within
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Figure 2.1: Overview of the study region. (Top left) Map of the Tohoku-Oki region.
Dashed rectangular box is the area of the map shown on the right. (Right) Seismic
events in the region 141.5 to 142E and 37 to 39N. Focal mechanisms marked in red
represent the My, 7.1 aftershock and E1 (2011/08/19, M,, 6.3) analyzed in this study.
FM marked in green are other seismic events with similar strike, dip and hypocenter
depth to the two larger events. FM in yellow are similar events found outside of
the rectangular region. Triangles in cyan are the three closest F-net stations to E1.
The color scale represents the slip distribution of the M, 9.1 main shock in 2011
(Wei et. al., 2012). Dotted lines are the slab contours. (Bottom left) Schematic
diagram illustrating the formation of normal fault in the outer rise region which later
undergoes subduction and reactivation after the M, 9.1 Tohoku-Oki event.

this group of intraslab earthquakes, the largest is a My, 7.1 aftershock that occurred
on April 7, 2011, a month after the M,, 9.1 earthquake. Based on detailed seismic
tomographic estimation of the 3D velocity structure, Nakajima et al., (2011) identi-
fied a low-velocity zone in the focal zone of this aftershock. Therefore, this event
was hypothesized as a possible reactivation of a buried hydrated normal fault that
was formed in the outer-rise region prior to subduction (Figure 2.1 inset). Ohtaetal.,
(2011) also proposed a coseismic displacement model for the same aftershock using
regional high-rate GPS data. With a non-linear inversion approach, they estimated
a rectangular fault with uniform slip. Even though the results indicated intraslab
earthquake characteristics, it was difficult to identify the true rupture plane because
the displacement at each GPS site shows similar pattern on the land for both nodal
planes. Based on the southward dipping alignment of the aftershock pattern, both
Nakajima et al., (2011) and Ohta et al., (2011) considered this event to have occurred
on the east-dipping fault plane.
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Figure 2.2: Earthquakes at the downdip edge of the Tohoku-Oki rupture region.
These seismic events have displayed very similar focal mechanism and waveform
complexity. Waveform (in velocity) shown here are examples recorded by the F-
net station HRO: (blue) vertical component showing the behavior of P and SV
phases,(red) tangential component showing the behavior of SH phase. Note the
similarity in recording from events labeled E2 and E1.

These intriguing observations, as well as the lack of a comprehensive understanding
of these intraslab events, have prompted us to investigate this group of earthquakes.
In particular, we explore the scope of details that we can extract from existing data,
and, by modeling these intraslab events, we test the hypothesis of weakened zones
present inside the slab. We also study their correlation with shear stress change in

the region caused by the mainshock.

2.1.2 Overview of Our Study

In order to study the structure of the shear zone and to resolve the source properties
of these earthquake in local scale, it requires the analysis of broadband data recorded
by regional seismic stations. Therefore we first focus on the validation of seismic
velocity models. In particular, we evaluate how well a simplified 1D velocity model
can represent the heterogeneous 3D Earth. Based on another aftershock in the
downdip region with well-determined source parameters, such detailed comparison
allows us to establish which station paths are 1D-like. With validated velocity
models for these selected stations, we then explore the possibility of modeling the

rupture characteristics of intraslab events, particularly in order to identify the true
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rupture plane. This section focuses on two intraslab earthquakes within the group,
one of which, occurred on August 19, 2011 with My, 6.3 (named E1, Figure 2.2),
while the other occurred seven months later on March 25, 2012 with My, 5.2 (named
E2). According to the JMA catalog, these two earthquakes have almost identical
hypocenters, with a lateral separation of less than 4 km and a 1.8-km difference in
depth. Their seismic waveform data also have very similar shapes and frequency
content as displayed in Figure 2.2. Thus, there is strong evidence indicating that the
two earthquakes have occurred at almost the same hypocenter location with similar
focal mechanism, but with a difference in moment magnitude. Looking closely at
both sets of data, we discover suggestive features of E1 rupturing unilaterally. To
verify our hypothesis, E2 is used as the empirical Green?s functions to simulate E1
(Hartzell, 1978). Using Taylor-series expansion in time domain, E1 is modeled as
the summation of a line of point sources (Song and Helmberger, 1996). This search
procedure allows the determination of the focal plane on which the earthquake
occurred, and gives a robust estimation of fault finiteness. These results, together
with the other intraslab events in the region with similar mechanisms, suggests a
line of weakness at least 150 km long, which is consistent with the estimation in an
earlier study by Kato and Igarashi, (2012).

As an extension from our modeling result, in the last part of the paper, we address the
effect of shear stress change caused by the mainshock. While previous studies focus
mostly on the shear stress change in the regional scale (Kato et al., 2011; Toda et al.,
2011), we study locally the area beneath the downdip edge of the main shock rupture
region in order to verify the causal relationship between these intraslab events and
the megathrust. Without assuming specific fault geometries or friction coefficients,

we evaluate faulting mechanisms that are possible in this location.

2.2 Methods and Results

2.2.1 Validity of 1D Seismic Velocity Models

In general, the Earth at teleseismic distances is assumed to be a 1D layered structure,
which has velocity varying with depth and does not contain any subducted slab
structures, though in reality it is far more complex. In particular, the Japan region
involves a complicated tectonic setting, with several tectonic plates, as well as
multiple sedimentary basins on land and offshore. With the accessibility to the
enormous data set from several major regional seismic networks in Japan, we possess
ample resources to characterize waveforms that provide information on earthquake

source parameters and rupture properties. Since our emphasis is the detail of the
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intraslab events in a localized megathrust zone, we begin with testing the validity
of 1D velocity model (Table 2.B1) by comparing data with 1D and 3D waveform
synthetics respectively. In this particular study region, we focus on regional data
collected from seismic networks in Japan (F-net, K-net and Kik-net), with most
stations within 500 km from the earthquake sources. Here the 3D Japan Integrated
Velocity Structure Model (JIVSM; Koketsu et al., 2008) is used, which includes
a slab structure. We apply the staggered-grid finite difference technique to model
3D wave propagation (Graves, 1996), with a grid spacing of 0.4 km and synthetic
waveform frequency up to of 0.25 Hz. Focal mechanism inversions in this part of
the study is done with the 1D Cut-and-Paste (CAP) method, which has the advantage
of performing inversion on selected portions of Pnl and surface waves with timing
shifts allowed among segments (Zhao and Helmberger, 1994; Zhu and Helmberger,
1996). We performed a detailed comparison between the synthetic waveforms
generated with a 1D velocity model and those with 3D velocity models in order to

consolidate station paths that are 1D-like.

The comparison between 1D and 3D synthetics for these paths indicates that within
this proximal distance, 1D velocity structure surprisingly has as good resemblance of
the real Earth just as the 3D model (Figure 2.3). The 3D synthetics are systematically
shifted to arrive earlier by 2 seconds, which implies a generally faster 1D medium.
Nonetheless, for synthetic seismograms filtered up to 0.25 Hz, major features such
as the SV arrival are captured by both 1D and 3D models. For regional stations
within 200 km that have high cross correlations (cc) between 3D synthetics and data,
comparison between 1D synthetics and data also show similar results (Figure 2.4).
Disregarding the systematic 2-second shift of 3D synthetics, both models have
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