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Abstract

The key knowledge of what happened during an earthquake includes the fault
types, seismic energy and the rupture process. The moment magnitude and the focal
mechanism tell how much and how an earthquake releases the energy. The kinematic
properties of an earthquake moreover represent the rupture length, duration,
propagation and speed. In this thesis, | dedicate on understanding the earthquake
rupture properties by developing new automatic moment tensor (MT) inversion
scheme for compiling reliable regional MT solutions and applying MUItiple Signal
Classification Back Projection (MUSIC BP) for earthquake rupture imaging including
the 2013 Okhotsk deep earthquake and 2016 catastrophic Meinong earthquake in
Taiwan. With the aid of AutoBATS MT catalog and MUSIC BP method, | further
probe in to explore interacts of 2010 Jiashian and 2016 Meinong earthquakes.

The global/regional seismic networks facilitate the explosion growth on the
earthquake studies especially on systematically compiling global/regional focal
mechanism catalogs. In 1995, Taiwan participated in developing the Broadband Array
for Taiwan Seismology (BATS) network and determining the regional CMT catalog
(BATS CMT) routinely but manually. Hence | develop the new automatic MT
inversion algorithm which provides more reliable and stable MT solutions by
performing the MT inversion with comprehensive scanning of inversion settings of
three station-choosing criteria, frequency bands and four moho-depth velocity models.
A new My-M_ relation is updated with the complete AutoBATS MT catalog from 1995
~ 2016. The new near real-time AutoBATS MT algorithm is employed for providing
real time MT solutions for Data Management Center of IES (DMC-IES).

The ambitions of studying earthquakes, earth structures, especially the earthquake
\'
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engineering for seismic hazard prevention expedite the worldwide/regional dense
seismic networks development and push the earthquake source imaging into superior
high resolution level. The MUSIC BP, a new application of array seismology, requires
no prior fault plane information to reveal the spatiotemporal rupture propagations for
earthquakes. Here, | adopt the MUSIC BP method to three dimension and improve the
spatial resolution effectively by integrating the BP images of direct P wave and depth
phases. The 3D BP images of P- and pP-waves reveal the complex rupture behavior of
2013 great Okhotsk deep earthquake: two-stages of anti-parallel subhorizontal ruptures
occurring at different depth. The depth aperture between two ruptures is about 10~15
km. The 1% rupture stage propagated NE-ward with speed of 3.0~3.3 km/s extending
for about 30~40 km. Then the SSW-direction deeper rupture elongated for about 80 km
with speed of 4.25~4.8 km/s. The initial slow and restricted NE-ward rupture may
relate with the warmer northern tip of the Pacific slab which is heated by the ambient
mantle and corner asthenosphere flow.

Contributed by the capability of integrating BP images of depth phases with
P-wave, the rupture characteristics of two Taiwan mid-crust earthquakes with
magnitude 6+ could be revealed for the first time: the 2010 Jiashian and 2016 Meinong
earthquakes. In addition, the directivity analysis of global vertical displacement
waveforms is included to ascertain the BP results of two earthquakes. | concluded that
both earthquakes rupture toward NW-direction with comparable rupture speed of
2.0~2.5 km/s and two closed by rupture zones along with the corresponding aftershock
distributions are well separated. From the similar focal mechanisms, rupture properties
and close epicenters of two earthquakes, | infer those as the SW-Taiwan doublet events

which might occur on a mid-crust unknown blind fault. The overall low b-value of the

Vi
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rupture area implies that this strong blind fault has been sustained the stress
accumulation for at least 20 years. Two isolated parallel rupture zones are considered
as two strong asperities because neither the Jiashian nor Meinong earthquakes induce
any aftershock activities across to the other rupture zone where inherited great increase
of static stress change after the mainshock. In summary, the earthquake rupture
properties, b-value and Coulomb stress change studies support the assumption that the
deeper asperity (2010 Jiashian event) initiated the stress releasing process and might
delaying trigger the shallower asperity (2016 Meinong event) to further release the

long-time accumulated stress.

Keywords: moment tensor inversion, automatic MT solutions, AutoBATS,
MUSIC, back projection, earthquake rupture imaging, Okhotsk deep earthquake,

Jiashian earthquake, Meinong earthquakes.
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Chapter 1 Introduction

One of the key problems in seismology is the understanding of earthquake source
processes. The kinematic source properties of an earthquake include the seismic
moment, fault geometry, dislocation across the fault plane and the spatio-temporal
distributions of the slip. When an earthquake occurred, besides the origin time and
hypocenter location, the fundamental information of focal mechanism describing the
fault geometry and dislocation across the fault plane is directly related to the response
of the tectonic stress accumulation and release at the fault zone. Other than the focal
mechanism, the rupture parameters including the rupture extent, speed, direction,
duration and stress drop would control the behavior of the rupture front and reveal the
physical properties of the fault itself. The estimated seismic moment and kinematic
source rupture characteristics are the basis for further simulations of dynamic rupture
scenario of an earthquake.

Understanding of the lithospheric deformation and tectonic stress regimes relies
on continuous long-term observations of seismicity accompanied with a complete and
reliable focal mechanism catalog. Routine determinations of focal mechanisms of
global earthquakes with moment magnitude Mw>5.5 or regional earthquakes in
seismically vulnerable areas had been developed and performed by many state
agencies or research institutes, such as Global Centroid Moment Tensor (Global CMT)
project (Ekstrom et al., 2012), the United States Geological Survey (Spikin, 1986),
GEOFON (Bormann, 2012), and GEOSCOPE (Vallée et al., 2011). In general, the
earthquake focal mechanism can be represented by 5 or 6 independent components of

the moment tensor (MT) associated with equivalent body-force couples acting on the
1
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point-source location. Then the moment tensor solution of an earthquake can be simply
obtained by a linear inversion of the observed waveform data and theoretical Green’s
functions. However, the challenges of retrieving stable and reliable moment tensor
solutions reside in the intrinsic noises, imperfect coverage of data and inaccuracy of
the Green’s functions because of an inappropriate velocity model and mislocated
centroid position used. In recent years, owing to the speedy progress of the
computational capacities and data transmission of seismic networks, the real-time
moment tensor inversion becomes possible to quickly gain the basic earthquake
information for characterizing and responding to potential seismic hazards. Lee et al.
(2014) developed a real-time moment tensor monitoring system (RMT) to
automatically detect and simultaneously determine the epicenters and moment tensors
of earthquakes in Taiwan, achieved at the expense of enormous computational
resources. On the other hand, studies of seismogenic structures and seismotectonics
demand a complete earthquake catalog that contains reliable and well-resolved
moment tensor solutions. It is thus necessary to carry out a comprehensive exploration
of several inversion settings, including the data, centroid location, velocity structure,
and others that could lead to unstable or ambiguous inversion results but often were
neglected in real-time solutions.

In the first part of my PhD thesis, | focus on establishing a new AutoBATS
moment tensor inversion algorithm mainly for abundant regional seismicity in Taiwan.
The goal of the study is to report both near real-time and stable MTs by taking into
account the uncertainties of the inversion settings mentioned previously. Different from
Lee et al. (2014) conducting a grid search of candidate earthquake locations using

continuous longer-period broadband seismic data at a few BATS stations, | prefer to
2
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take the best use of high-precision hypocenters to lower the mislocation effects on the
MT solutions, which are determined by much denser CWBSN (Central Weather
Bureau Seismograph Network). Instead of fixing the inversion settings for all the
earthquakes that occurred in tectonically distinct settings, | would like to deliver the
final moment tensor solutions together with the validation of the stability or reliability
of the solutions by scanning four different Moho-depth models representative of the
structures in the Taiwan region, three strategies of data selection, and three filtering
frequency bands for all the used data.

In Chapter 2, | present the new AutoBATS moment tensor inversion approach
and its application to regional earthquakes in the Taiwan area. The reliability of the
inversion scheme is verified by making the comparison of our newly obtained CMT
catalog with the Global CMT solutions and the previous BATS catalog. Benefiting
from this fast, reliable inversion scheme, | also update the regional moment tensor
catalog for Taiwan earthquakes from 1996 to 2016. A new relation between moment
magnitude (M) and local magnitude (M) is also examined based on our complete
AutoBATS MT catalog. Figure 1.1 illustrates the flow chart of the newly developed
AutoBATS moment tensor inversion method which has already been implemented in
the real-time moment tensor report system of Data Management Center of IES

(DMC-IES).
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Figure 1.1 Flowchart of new real-time AutoBATS MT inversion scheme.

In general, a point-source approximation for major and great earthquakes is not
sufficient to characterize the earthquake rupture propagating away on the finite-size
fault plane. Therefore, the second part of the thesis is devoted to investigate the rupture
characteristics of large earthquakes using high-density, high-frequency seismic array
data.

Over the past several decades, numerous studies have employed different
waveform inversion methods such as the multiple point source moment tensor
inversion (Kao et al., 2000; Chen and Wen, 2015) and finite fault inversion (Antolik et
al., 1996; Ji et al., 2002; Ye et al., 2012) to unravel the complex rupture history of
many devastating earthquakes. These methods intend to recover the details of the
rupture process by modeling a finite earthquake source as multiple subevents or

discretized subfaults on the fault plane with variable source parameters. Although the
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forward modelling theory that forms the foundation for the source inversion and the
numerical inversion algorithm have been developed for years and become routinely
applied to global large earthquakes, the finite-source inversion is known to be a
notoriously ill-posed and underdetermined geophysical inverse problem (Ide, 2015)
with too many unknown, poorly constrained model parameters involved in the
inversion. As a result, it leads to highly non-unique results that strongly depend on the
imposed a priori constraints such as the fault geometry, rupture speed, rise time, and
etc. In addition, the relative complexity of high-frequency seismograms often affected
by strong crustal velocity heterogeneity but not accounted properly in the waveform
inversion limits the use of shorter period waveform data in the inversion.

Contributed by the worldwide deployment of dense seismic arrays such as
USArray, ORFEUS (European network) and Hi-net (Japanese network), a
high-resolution back projection (BP) technique alternative to the finite source
waveform inversion have been widely applied to imaging the rupture propagation
history of large earthquakes. In contrast to the inversion approach, the BP method
requires neither the adjustment of a priori damping and smoothing parameters imposed
on the inversion models nor the knowledge of the Green’s functions, fault geometry,
and rupture kinematics. It basically retrieves and stack coherent, high-frequency
teleseismic seismic wavefield recorded across the array and project them back in time
to track the positions of the strongest energy radiators among subfault grids throughout
the rupture duration. As the onsets of the wavetrains used in the BP imaging are
aligned properly, the errors in predicted travel times due to the heterogeneous velocity
structure between the source and receiver are negligible. Ishii et al. (2005) first

demonstrated the efficacy of the BP method to image a ~1300-km long rupture
5
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propagating northward for the 2004 Sumatra-Andaman megathrust earthquake. Since
then, it has become an effective approach to illuminate the rupture process for major
earthquakes, such as the 2008 Sichuan earthquake, 2010 Chilean earthquake, and
intermediate- and deep-focus earthquakes (Xu et al., 2009; Kiser et al., 2011b; Kiser
and Ishii, 2012; Koper et al., 2012).

The classical BP approach, similar to the time-domain beamforming technique,
shifts the traveltime moveout from a trial subfault grid relative to the hypocenter and
stacks the moveout-corrected waveforms across the array to locate the energy radiation
point associated with the maximum amplitude of the stacked waveforms integrated
over certain time intervals. However, Ishii et al. (2007) noticed the spatial and temporal
artifacts of the ghost stacks from the synthetic BP experiments that could cause the
biased estimate of the time and location of the energy radiators. Such the ghost
swimming artifact mainly arises from nonstationary seismic wavetrains within which
the amplitudes are highly variable such that the weak arrivals in the beamforming
image can be obscured by the movement of large-amplitude arrivals (Walker and
Shearer, 2009; Xu et al., 2009; Meng et al., 2012a, 2012b). Meng et al. (2012b)
developed a more viable BP method for non-stationary seismic waveforms based on
the subspace-based method, the Multiple Signal Classification (MUSIC) algorithm. It
has been demonstrated that the MUSIC BP technique provides superior resolution of
the source images compared to that obtained with the classical time-domain BP
method by adopting the “reference window” strategy to mitigate the artificial
swimming effect efficaciously. Despite of the improvement of the BP method, it is still
difficult to entirely suppress the smearing effect as illustrated in Figure 1.2b because of

the intrinsic trade-off between travel time and distance. Therefore, most of the BP
6
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imaging studies is restricted to 2D applications only, i.e. the candidate radiation
sources confined in an assumed horizontal plane positioned at the focal depth of the
earthquake.

On May 24, 2013, the largest deep earthquake ever recorded by modern seismic
networks struck about 609 km beneath the Sea of Okhotsk. The focal mechanism from
the Global CMT solution indicates this deep earthquake ruptured on either a
sub-horizontal or sub-vertical fault plane. The finite-fault inversion reaches the
inconclusive fault-plane orientation because the results of assuming either one of the
nodal planes yield equal fits to the observed and synthetic waveforms (Ye et al., 2013).
On the other hand, Chen et al. (2014) and Zhan et al. (2014) performed the multiple
point source inversion and directivity analysis but obtained opposite conclusions on the
actual fault plane. In Chapter 3, | attempt to develop a three-dimensional (3D) MUSIC
BP method (Figure 1.2a) to resolve the ambiguity between the sub-vertical and
sub-horizontal fault plane. To facilitate suppressing the smearing effects in the BP
image and retrieve the stable rupture propagating process in 3D, I include the 3D BP
images obtained by depth phases, pP, which travel upward to the surface and turning
back to the distant stations and have the take-off angle different from the down-going
direct P-wave. Since the smearing zone is parallel to the ray path from the source to the
receiver array, combining the BP images obtained with different phases would help

reduce the smearing area (Figure 1.2b).
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pP- or sP-wave

P-wave

Figure 1.2 lllustration of a 3D back projection method and the smearing effects.

(a) Configuration of a 3D source volume discretized into grids of subfaults and the source-to-array
geometry. (b) The elongated smearing zones expected to be seen in the BP images obtained with
teleseismic P and depth phases.

The combined P- and pP- wave 3D BP image of the 2013 Okhotsk earthquake
seen from the North American (NA) seismic network shows a two-stage, anti-parallel
rupture. The rupture propagates about 30-40 km northeastward during the first stage; it
then jumps to greater depths and propagate at least 80 km in the reverse (S-ward)
direction. The two anti-parallel ruptures are separated by a vertical distance of about
10-15 km. The average rupture speeds during the two stages are 3.0-3.3 and 4.25-4.80
km/s, respectively. The initial NE-ward rupture ends near the northern tip of the
subducted Pacific slab that most likely has been heated up by the ambient warm mantle
and asthenospheric flow around the slab edge (Peyton et al., 2001; Park et al., 2002;
Davaille and Lees, 2004a). This may cause a relatively slower speed of the first
NE-ward propagating rupture as well as prevent it from continuously growing.

In order to understand the resolution and limitations of the 3D MUSIC BP
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technique, | perform a suite of synthetic experiments that mimic several possible
rupture scenarios for the Okhotsk earthquake, including the rupture propagating
vertically up- or down-ward, and horizontally perpendicular or parallel to the
source-to-array azimuth. All of these synthetic results show the capability of the 3D
P-wave BP MUSIC method to recover the hypothetical subevents. As expected, the
combined P- and pP-waves BP images can help stabilize the resolved rupture image
and locate the energy radiators with much smaller spatial uncertainties than that
obtained with P waves only.

As the BP method mainly uses high-frequency teleseismic wavefield for source
imaging, there are few applications to shallow earthquakes with magnitude less than 7
that could also produce destructive hazards. There are on average one to three
earthquakes with magnitude greater than 6 that hit the Taiwan region every year, and
some of them have caused severe damages and fatalities such as the 2016 Meinong
earthquake and 2018 Hualian earthquake. To better understand the rupture kinematics
of these earthquakes and corresponding seismogenic fault zones, | applied the MUSIC
BP imaging and directivity analysis to unravel the rupture process of two strong
earthquakes, the 2016 Meinong and 2010 Jiashian earthquakes that recently occurred
nearby in southern Taiwan with comparable magnitudes and focal mechanisms.

In Chapter 4, | present the first application of the MUSIC BP method to quantify
the details of the rupture process for a moderate earthquake, the 2016 Mw 6.4 Meinong
earthquake that severely hit southwestern Taiwan, a region with relatively low
seismicity in the past and caused the deaths of over 100 people in the populated Tainan
city about 30 km west of the epicenter. | use high-frequency P and depth-phase sP

wavetrains from the dense European (EU) and Australian (AU) seismic networks. The
9
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P-wave BP results either from the EU or AU array show a consistent NW-ward rupture
extending about 16 km with a single-peak radiation burst and duration of ~7 s. Besides,
through forward waveform modeling, the slowness-backazimuth analysis, and
radiation pattern of depth-phase sP/pP amplitude ratios, | confirm the second
displacement pulse that begins ~8 s after the onset of the first P-wave pulse mainly
consists of the depth-phase pP and sP energy. Therefore, | conduct the same BP
imaging using the aligned sP wavetrains. The integrated P- and sP-wave BP images
resulting from the EU and AU array data are overall in accordance with each other
showing a unilateral subhorizontal rupture propagating northwest. To verify the
kinematic rupture properties derived from the BP imaging, | also employ the directivity
analysis assuming a kinematic unilateral rupture model using global broadband
displacement waveforms.

As demonstrated by the study of the Meinong earthquake, the MUSIC BP
technique has shown great success in unraveling the rupture behavior of moderate-size
earthquakes generally with relatively short rupture length about tens of kilometers and
source duration about a few seconds. Therefore, | attempt to apply the same approach
to studying the rupture process of the 2010 Jiashian earthquake which shares several
seismological similarities with the 2016 Meinong earthquake, including the nearby
epicenter, similar focal mechanism and comparable seismic moment. The results are
summarized in Chapter 5.

According to the integrated P- and sP-wave BP images obtained with the EU and
AU array data, | found the Jiashian earthquake predominantly ruptured toward
northwest as the Meinong earthquake did. However, unlike the Meinong event with a

nearly horizontal rupture, the Jiashian earthquake ruptured obliquely in both the
10
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along-strike and updip direction, which is about 16-20° from the horizontal plane. The
estimated rupture length and duration is about 10-11 km and 4-5 s, respectively, which
give the average rupture speed similar to that of the Meinong earthquake. Similarly, |
conduct the directivity analysis to validate our BP results. | perform a grid search in the
space of the rupture length and velocity, and the strike and dip of the rupture
propagation direction and find the optimal solution that yields a global minimum misfit
of observed and predicted apparent rupture durations. The F-test shows that the
additional testing variables, the rupture strike and dip, are statistically significant to
improve the fit between the observed and predicted source time duration.

Motivated by the similarity of the seismic moment tensor and rupture properties
between the Jiashian and Meinong earthquake as well as the spatial distributions of the
mainshock and aftershock sequences, | proposed a blind subsurface fault striking NW
and dipping to NE (hereafter referred as to the JSMN fault) is the causative fault
responsible for the occurrence of the two earthquakes. Besides, | investigate the
temporal b-value variations and static stress changes induced by the two events. By
compiling all the observations and analyzing results, | propose the Jiashian and
Meinong earthquakes are the doublet events which have occurred as a result of failure
of the two strong asperities on the JSMN fault. After continuous stress buildup on the
fault for at least 45 years mainly exerted by the plate convergence, the accumulated
stress exceeding the strength of the smaller asperity on the deeper eastern end of the
fault released and initiated the rupture of the Jianshian earthquake. The static Coulomb
stress transfer triggered by the slip of the Jianshian event suggests an additional stress
increase in the vicinity of the shallower western asperity. With additional tectonic

stress loading for six years, the failure of the shallower and stronger asperity took place
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and initiated the rupture of the Meinong earthquake.
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Chapter 2 A new automatic full-waveform regional moment tensor

inversion algorithm and its applications in the Taiwan Area

Original published in Jian, P.-R., T.-L. Tseng, W.-T. Liang, and P.-H. Huang
(2018). A New Automatic Full-Waveform Regional Moment Tensor Inversion
Algorithm and Its Applications in the Taiwan Area, Bull. Seismol. Soc. Am.

2.1 Abstract

A new algorithm is developed in this study to automatically determine regional
moment tensor (MT) and its centroid depth with real-time waveforms in 2-4 minutes
after the Central Weather Bureau (CWB) issues an earthquake notice. The program
selects 3-7 BATS (Broadband Array for Taiwan Seismology) stations under three
criteria: best azimuthal distribution, highest signal-to-noise ratio, and shortest distances.
It then inverts MT solutions in parallel with various settings including Moho depth of
velocity models, frequency bands, and isotropic constraints. The optimal solution is
determined by searching for the best waveform-fit with an acceptable
non-double-couple component from the results of combinations of these inversion
settings. Our new rapid MT report system greatly reduces computational resources and
avoids human judgments. By applying this full-scanning approach on BATS (named
AutoBATS), we re-determine the MTs for over 3000 regional earthquakes from 1996
to 2016 to provide the most up-to-date MT catalog for the Taiwan area. The AutoBATS
MTs are overall consistent with the Global Centroid Moment Tensors with a mean
difference in Kagan angle of 22.0£16.6° and My of -0.08+0.10. Those focal

mechanisms better illuminate the tectonic structures owing to the much improved
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resolving ability for shallow (<10 km) and deep (>140 km) earthquakes. With the new
regional MT catalog, we refine the relationship between moment and local magnitudes:

Mw = 0.87 M +0.23 for the Taiwan region.

2.2 Introduction

Fast determination of source parameters of regional large earthquakes are crucial
for government agencies to properly and quickly respond to cases of serious seismic
hazards. Reliable estimates of the seismic moment and focal mechanism are
particularly important because these two parameters are directly related to the extent
and severity of the seismic damage caused by earthquakes. For long-term evaluation of
the seismic hazard of seismically active regions, a robust regional moment tensor
catalog is the most fundamental information for advanced studies like regional
tectonics, strain-stress monitoring of the lithosphere, and strong motion simulation for
hazard evaluations.

For moderate-to-large earthquakes with My above ~5.5 worldwide, moment
tensor (MT) solutions are available freely from agencies/organizations such as the
Global Centroid Moment Tensor (CMT) project (Ekstrom et al., 2012), the United
States Geological Survey (Spikin, 1986), GEOFON (Bormann, 2012), and
GEOSCOPE (Vallée et al., 2011). In theory, both the centroid moment tensor (CMT)
and point source parameters (centroid position and origin time) are determined by
inverting very long-period seismic waveforms recorded at tele-seismic distances

(Dziewonski et al., 1981). Over the past two decades, regional MT inversion has also
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become a routine process to release MT or CMT local catalogs for small-to-moderate
earthquakes since regional seismic networks have built up in many seismically active
areas (Dreger and Helmberger, 1993; Sileny et al., 1996; Kao et al., 1998a; Fukuyama
and Dreger, 2000; Braunmiller et al., 2002; Kubo et al., 2002; Pondrelli et al., 2002;
Stich et al., 2003; Bernardi et al., 2004; Ito et al., 2006; Cambaz and Mutlu, 2016).
With increasingly dense regional networks developing worldwide, near real-time
automatic MT inversion systems are becoming possible due to the large improvements
in data transmission and computational capability in the last decade (Bernardi et al.,
2004; Rueda and Mezcua, 2005; Ito et al., 2006; Nakano et al., 2008; Scognamiglio et
al., 2009; Lee et al., 2011). On a regional scale, genuine CMT solutions can be inverted
based on local long-period waveforms with the centroid position often obtained by
grid-search approaches (Ito et al., 2006; Lee et al., 2014).

Taiwan, an extremely seismically active area in the western Pacific, was one of
the earliest countries to have a regional MT reporting system. Kao et al. (1998a)
established the moment tensor inversion algorithm using long-period waveforms
recorded by the local network BATS (Broadband Array in Taiwan for Seismology
operating under the Institute of Earth Sciences (IES) of Academia Sinica, Taiwan.
Since 1995, the Data Management Center of IES has routinely inverted and published
over 2000 moment tensor solutions for regional earthquakes with M above 4.0. The
MTs released by IES BATS (so-called BATS CMT) have been widely adopted by
research communities for further investigations in the Taiwan area on earthquake
rupture characteristics (Huang et al., 2008; Lee et al., 2008), seismotectonic studies
(Kao et al., 1998a; Kao and Jian, 1999, 2001; Kao and Chen, 2000; Lallemand et al.,

2001; Angelier et al., 2009; Chen et al., 2009; Huang and Lin, 2017), seismic moment
15

doi:10.6342/NTU201800838



magnitudes, and seismic hazard evaluations e.g., (Chen et al., 2008).

To achieve fast estimates of MTs for Taiwan earthquakes, IES BATS currently
performs moment tensor inversion with a set of fixed parameters after receiving alarms
issued by the Central Weather Bureau (CWB) of Taiwan. However, data selection and
quality examination on inversion results are still performed manually. Usually, the MT
reports can be provided within a few hours. From a different perspective, Lee et al.
(2014) developed a real-time MT system that reports the centroid hypocenter location
with a 10-km spatial resolution and the corresponding MT within 2 minutes by
calculating MTs of a continuous data stream recurrently recorded by a fixed subset of
BATS stations. The drawback is that this state-of-the-art system requires significant
computational resources to approach a truly real-time solution that is independent of
the CWB report.

No matter which frameworks are chosen, it is unquestionable that the reliability of
the MT solution requires the inversion itself to be performed with suitable parameters
and settings. In particular, lateral changes in velocity structure are apparent in Taiwan
e.g. (Rau and Wu, 1995; Huang et al., 2014), and a fixed one-dimensional (1D) model
cannot be perfect for each event analyzed. The MT solutions may be improved by
adjusting 1D velocity models for each event-station pair, selecting alternative stations,
and trying different frequency bands for each station. In the past, for BATS MT, further
fine-tuning was also manually processed (Kao et al., 2002; Liang et al., 2004).
However, this traditional approach is too tedious and inefficient to satisfy current
demand, leading to the desire for a compromise. In addition, it is important to explore
how large the variances can be if the solutions are inverted with different parameters or

settings.
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Figure 2.1 AutoBATS MT solutions for earthquakes from May 1996 to April 2016.

The beach ball colors represent the centroid depth determined by MT inversion. The beach ball size is

scaled with the moment magnitude. The lower right inset shows the tectonic setting in the Taiwan area.

The pink thick arrow indicates the direction of the converging Philippine Sea plate relative to the

Eurasian plate. BATS broadband stations are denoted by blue squares (excluding stations in the South

China Sea). The dotted line delineates the 2000 m isopach of Cenozoic sediments.
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In Taiwan, reporting MT solutions while satisfying both fast and reliable
obligations is a great challenge due to strong heterogeneity in velocity structures,
possible mislocation of off-island earthquakes, and unavoidable long-period
background noises for those stations located close to shore or on small islands. In this
study, we develop a new automatic approach to achieve the goal of retrieving highly
reliable regional MT solutions in near real-time for small-to-moderate earthquakes in
Taiwan. We are not attempting to fully determine the centroid hypocenters. Instead, we
take advantage of the overall efficiently and precisely determined epicenter origins
from CWB. Therefore, only the centroid depth and MT of the events are constrained in
our MT report. To reduce the manual efforts on searching suitable inversion settings
for each earthquake, we determine the final MT solution among the inversion results
by systematically exploring various key settings or parameters, including different
frequency bands, station-selection strategies, and 1D velocity models. Then, we can
demonstrate the variability of the solutions and discuss which factors are more
influential on the MTs for each event. Finally, we provide 20 years of well-determined

focal mechanisms for the Taiwan region that exhibit details of tectonic features.

2.3 Moment tensor inversion and regional waveform data

Linear moment tensor inversion is based upon the representation theorems in
which the observed displacement waveforms are the combined effects of the
earthquake source and Green’s functions (Aki and Richards, 1980). In principle,

Green’s functions contain propagation effects in a layered Earth’s structure from
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earthquake to station, whereas a moment tensor, a matrix of 6 independent elements,
gives the equivalent radiation of faulting on a point source. In the case of zero-volume
change, the third isotropic element is compensated by the sum of the other two on the
diagonal of the matrix (Jost and Herrmann, 1989), leading to five independent
variables to solve. With a properly derived velocity model and quality waveforms, the
moment tensor can be directly inverted by minimizing the overall differences between
the observed and simulated three-component waveforms in a least squares sense
(Stump and Johnson, 1977). The fault parameters are then derived from the
double-couple (DC) component of the moment tensor.

In the current CMT inversion algorithm of BATS, Kao et al. (1998a) used a
reflectivity-based method of Yao and Harkrider (1983) to calculate Green’s functions.
In this study, we employ the frequency-wavenumber integration technigue as an
alternative which is capable of calculating both static and dynamic surface
displacement (Zhu and Rivera, 2002). For the goodness of waveform fitting in the
inversion, we principally follow the definition of a cross-correlated,
similarity-sensitive misfit function (introduced by (Mellman et al., 1975; Kao et al.,
1998a), which emphasizes the coherence between the observed and synthetic
waveforms more than the absolute amplitudes (Wallace et al., 1981). To further

account for the differences in relative amplitude, we adopt the misfit equation for each

component as follows: E = 1 — WV i®maxdi®max) _JFiB*9:®A__ oo £.() and
p max(f;()maxdi(t)max) \/f fi(t)zdtfgi(t)zdt I( )

gi(t) are observed and synthetic waveforms in displacement, respectively; fi(t)max and
gi(t)max are the maximum amplitude of observation and synthetic waveforms,

respectively (Kao and Jian, 1999; Huang et al., 2017).
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In this study, all broadband waveforms come from BATS, a local network
currently consisting of a total of 36 broadband stations in the Taiwan area (Figure 2.1,
inset) who have provided high-quality continuous seismic data since 1996 (Institute of
Earth Sciences, Academia Sinica, Taiwan, 1996). The initial information of
earthquakes, including epicenter, focal depth, and origin time, are taken from CWB. To
reduce the effects of mislocation errors on inversion results, we only use
well-determined hypocenters of earthquakes that are verified manually with the
quality-checked data by CWB. The centroid depth of the MT solution is estimated
together with the MT inversion by a grid-search approach as in many CMT studies
(Dreger and Helmberger, 1993; Zhu and Helmberger, 1996), as well as the previous
BATS inversion (Kao et al., 1998a). Here, we perform MT inversion at a 1 km interval
for a depth range £ 12 km with respect to the initial focal depth, and the centroid depth
is determined from the smallest misfit among the 25 solutions.

Although the moment tensor inversion itself is a linearized problem through
Green’s functions and seismic displacement waveforms, non-uniqueness or large
variances of inversion results are common because of non-linear effects/bias from the
different 1D velocity model assumptions for Green’s functions, the frequency band
used for data processing, and the method of selecting stations. Therefore, our approach
is to retrieve stable MT solutions by systematically scanning the solutions from all
combinations of station-choosing strategies, varied velocity models, and different
frequency bands. The scanning parameters and setting criteria are introduced in the

next section.
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2.4 Automatic determination of the optimal MT solution with

thoroughly scanned parameters

To efficiently achieve stable and reliable results for moment tensor inversion, the
first important and necessary step is to avoid manual data selection before the
inversion. In this study, we only consider stations whose average signal-to-noise (S/N)
ratios of three-component waveforms are greater than 2.0 in the desired frequency
band (0.01~0.09 Hz). We take 150 s time windows before and after the P arrival to
estimate the spectra and calculate average point-by-point S/N with 5-point moving
time-window smoothing. We exclude stations with epicentral distances smaller than 30
km to reduce the mislocation effect. Since many studies typically use three or more
three-component broadband stations for regional moment tensor inversion (Dreger and
Helmberger, 1993; Zhu and Helmberger, 1996; Kubo et al., 2002; Pondrelli et al., 2002;
Rueda and Mezcua, 2005; Clinton et al., 2006; Ristau, 2008), we selected a minimum
of 3 to a maximum of 7 S/N-qualified stations to start the inversion based on three
different criteria: (1) the best azimuthal coverage, (2) the highest S/N, and (3) the
shortest epicentral distances. For earthquakes inside a homogeneous network, the most
logical and easiest approach for criterion (1) is to divide stations evenly into 8 half
quadrants according to azimuth and pick at least one S/N-qualified station in each
sector. Unfortunately, this simple method is not appropriate for Taiwan due to
restricted azimuthal coverage in most cases since the majority of earthquakes occur
near the coast and eastern offshore region. To accommodate this natural condition, we
retain the stations at the minimum and maximum azimuth, and use these two azimuths

as boundaries to divide the remaining stations into three even sectors. We then pick one
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to three stations randomly in each sector so that criterion (1) is fulfilled. For criteria (2)
and (3), stations are chosen according solely to their mean S/N and epicentral
distances.

It is normally expected that better azimuthal coverage improves reliability of MT
solutions. The problem of selecting stations solely based on azimuthal coverage in the
Taiwan area is that the selected stations near the coast or on small islands are
occasionally contaminated by long-period ambient noises even though the average S/N
might be slightly better than threshold value. Criteria (2) and (3) not only provide other
possible choices of stations, but the consistencies among resulting solutions can further
ensure the MT solutions are insignificantly biased by those stations with notable noises
near the shore or at far distances. Note that the quality (S/N) of regional waveforms is
usually site-dependent and unrelated to epicentral distances; therefore, the three
different criteria are complementary.

Once stations are selected, we perform the inversions with different parameter
settings. To accommodate the velocity variations in the Taiwan region and to improve
the stability of inversion with the longest possible periods, we apply three different
frequency bands and four velocity models for all selected stations in the inversions. For
each earthguake, three consecutive passbands are applied from the followings 5
standard frequency ranges: 0.01~0.04 Hz (25~100 s), 0.02~0.06 Hz (16~50 s),
0.03~0.08 Hz (12~33 s), 0.04~0.09 Hz (10~25 s), and 0.05~0.15 Hz (7~20 s). The
choice depends on the local magnitude reported by CWB. For earthquakes with a local
magnitude above 5, within 3.5 to 5, and below 3.5, the lowest corner frequency starts
from 0.01, 0.02, and 0.03 Hz, respectively.

For the velocity models, it is unrealistic to create a high-resolution 1D velocity
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model which reflects all the path effects for each event-station pair because the seismic
waves usually travel through distinct structures in Taiwan (especially along the
east-west direction). Considering the waveforms for MT inversion have been filtered
for relatively long periods, we start with a simple three-layer model averaged from a
3D tomography model of Taiwan (Rau and Wu, 1995) as a reference. This model, with
Moho depth set at 40 km, has been used for 20 years by the current BATS MT
inversion, and simulations in waveforms are reasonably good (Kao et al., 1998a, 2002;
Kao and Jian, 1999; Kao and Chen, 2000; Liang et al., 2004). We then further consider
the effect of regional variations of Moho depths from 20 to 50 km under different
geologic units that were revealed by receiver-function and tomography studies (Wang
et al., 2010; Kuo-Chen et al., 2012; Huang et al., 2014). Since the dominant periods
used are more sensitive to structure deeper than 20 km relative to the shallow crust
within 10 km (Dahlen and Tromp, 1998), we create a series of velocity models by
changing the Moho at 5 different depths ranging from 25 to 45 km with intervals of 5
km. Each candidate potentially represents the average/pseudo structure under the paths
covered by the event. Moho depths between 30 and 45 km are used for inland
earthquakes, while a shallower range from 25 to 40 km is considered for offshore cases.
After carefully examining the inversion results, we confirmed that trying different
Moho-depth models can effectively reduce misfit and the compensated linear vector
dipole (CLVD) component. Following Dreger (2003), we allow Green’s functions to
shift by +2 seconds for each station to lower the misfit due to the possible mislocation
and the imperfectness of the velocity model. For fast moment tensor inversion, the
Green’s functions of each 1D model are pre-calculated and stored in the databases with

a 1 km grid size in distance and focal depth.
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For a more realistic simulation of synthetic waveforms, we assign 0.5, 1.0, and
2.0 seconds as duration of source time function for earthquakes with magnitude
smaller than 4, between 4 and 6, and above 6, respectively. Since events associated
with volcanic activities have been reported in the Okinawa Trough in northeast Taiwan
(Lin et al., 2007), our newly developed MT inversion method includes three different
isotropic conditions: free-constrained, limited (<10%), and zero isotropic components.
For the free-constrained or zero isotropic component, we simply invert either 6 or 5
independent elements of the moment tensor. For limited isotropic constrained inversion,
we compose a weighting vector inside the kernel matrix, in which the sum of three

isotropic elements equals 0, as shown in following

form: [g] = () 000)(M11 Mz M3z )T The inversion is performed iteratively

with an initial weighting factor (w) 1, and then adjusted by increments of 1 until the
isotropic component of the moment tensor is reduced to 10% or lower.

The AutoBATS MT inversion starts with auto picking of the first P arrivals for
each station (Allen, 1978). The system then performs all inversion processes
concurrently with different combinations of settings/parameters mentioned above using
the GNU parallel tool (Tange, 2011). Among those inversion results, the one with the
minimum misfit and applicable non-double-couple (non-DC) component is reported as
the final/preferred MT solution (see Table 2.1 for classifications). Generally, we expect
both the CLVD and isotropic components of the tensor to be low for small- to
moderate-size tectonic earthquakes associated with shear faulting and relatively
uncomplicated ruptures. According to Kagan (2002), an additional non-DC component

can be introduced due to the data contamination of background noises, an over
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simplified velocity model, or the mislocation of earthquakes; therefore, we set up
rigorous criteria for non-DC. Only solutions with an isotropic component < 20%,
CLVD < 30%, and non-DC<40% are accepted for reporting. For each resultant MT
solution, we assign a quality factor (QF) according to the waveform misfit and non-DC
component (Table 1). Although the MT solutions with limited non-DC components
were reported, the AutoBATS parameter-scanning algorithm is capable of searching for
the non-tectonic seismic events if the non-DC criterion is removed.

In this study, we applied the procedure of AutoBATS MT inversion to
determine a total of 3058 solutions for earthquakes with a M greater than 3.5 between
May 1996 and April 2016 in the Taiwan region (Figure 2.1). Figure 2.2 and Figure 2.3
demonstrate how well the focal mechanisms are constrained by the AutoBATS
inversion for a shallow earthquake (M =4.9) inland and another intermediate-depth
event (M =6.7) offshore, respectively. In each event, the best solution of focal
mechanism and the corresponding stations used are highlighted (Figure 2.2a, and
Figure 2.3a). Inversion results from different combined settings (such as Moho depth
of models, frequency bands, and centroid depths) are directly compared in terms of
their misfits and non-DC components. For the 2015/05/25 inland earthquake, the
distribution of misfit and non-DC contours shows that filtering at a lower frequency
band (0.02~0.06 Hz) and a model with a deeper Moho of 40 km yields the smallest
misfit for this normal faulting event with a centroid depth of 10 km (Figure 2.2b). Most
inverted tensors are close to pure normal-faulting as indicated by the triangle diagram
of focal mechanism (Figure 2.2d). The triangle diagram, developed by Frohlich (2001),
is an effective way to demonstrate the fault-type partitioning and the frequency

distribution of the focal mechanisms from the inversion results of all tested parameters.
26

doi:10.6342/NTU201800838



Figure 2.2e further gives the distribution of the Kagan angles (Kagan, 2003), K-angle
hereafter, the smallest 3D rotation angle measured between the best focal mechanism
and other solutions. It can be shown that the differences between solutions are more
sensitive to the focal depths than the frequency band or velocity model for this
earthquake. The overall small misfit is also evident by the excellent agreements
between the observed and synthetic waveforms calculated from the final solutions
(Figure 2.2c). The uncertainties of moment magnitude, focal depth, and CLVD
component are assessed through the standard deviation (S.D.) from all scanned
resultant inversions. This example reveals that the non-DC component of the low
misfit (<0.4) solutions can vary significantly with Moho depth and frequency band
(Figure 2.2b). The variability of solutions also confirms the necessity of scanning

various settings while performing a regional moment tensor inversion.

Table 2.1 Quality classifications of the misfit and non-DC component in the released AutoBATS MT

catalog
Misfit Category Non-DC Comp. (%) Class
<0.3 A <10 1
0.3~0.5 B 10~20 2
0.5~0.7 C 20~30 3
>0.7* D >30* 4

* Program rejects solutions with non-DC component larger than 40% or misfit greater than 0.75.
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Figure 2.2 MT inversion results for the earthquake on 2015/05/25 (M_=4.9) in southern Taiwan.

(a) Map showing earthquake epicenter (star) and distribution of 3 station groups (dist: shortest distance,
az: best azimuthal coverage, SN: highest S/N) considered in the inversion scanning scheme. The stations
used for the final/best solution are highlighted with bolded outlines. The final MT solution is shown in
the upper left corner. The original time, epicenter, focal depth and local magnitude reported by CWB are
listed at the top. (b) Contour images of misfit (Top) and non-DC (Bottom) for four varied Moho-depth
velocity models, three different frequency bands, and 25 scanned focal depths. The crosses mark the best
suited combination of parameters used to produce the final MT solution. (c) The fitness between
observations (solid black lines) and synthetic waveforms (blue dash lines) corresponding to the best
solution. For each station, the name of stations, azimuth angles, epicentral distances, and the average
misfits of three component waveforms are indicated on the left. The number beside each seismogram is
the individual misfit. (d) The distribution of appearance (in percentage) on the focal mechanism
triangular diagram from all inversion results with different inversion settings. The symbols are colored
with the appearance frequency. (e) Contour images of the K-angle measured from the 3D rotation angle
between the final focal mechanism and all other MT solutions. The explanations of axes and symbols are
the same as in Figure 2.2b.
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Figure 2.3 MT inversion results for the intermediate-depth earthquake on 2014/12/10 (M =6.7) beneath
the Ryukyu subduction zone.

The layout is the same as in Figure 2.2

Figure 2.3 shows the result of an intermediate depth earthquake occurring in
offshore Northeast Taiwan on 2014/12/10. This earthquake was excluded in the
previous BATS MT catalog because the original depth reported by CWB exceeds the
BATS MT calculation range. Our new AutoBATS inversion can provide more
constraints to the subduction zone earthquakes. Unlike the shallow event shown in
Figure 2, the misfit, non-DC component, and K-angle of this mid-focus offshore
earthquake are relatively insensitive to velocity model, frequency bands, and focal
depth, resulting in highly coherent focal mechanisms and less varied misfits (Figure
2.3). Because this earthquake is large in magnitude (M, 6.0), filtering at a lower
frequency band produces a smaller misfit as expected (Figure 2.3d). Although the
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azimuthal coverage of stations is restricted in one quadrant, our MT solution and
centroid depth estimation are both highly consistent with the solution from GCMT
(Ekstrom et al., 2012). For intermediate depth earthquakes, the centroid depths are
sometimes less well resolvable within our £12 km scanning depth range because the
misfit values are comparably small (Figure 2.3b). In addition to a reliable initial
location from the CWB catalog, it is always recommended to consider other
independent constraints, such as the depth phases pP and sP observed at teleseismic
distance, to further confirm the actual depth of the event.

The AutoBATS MT inversion scheme shows superior capability for determining
focal mechanisms. This study successfully resolved 3058 MTs (about 56%) out of
5500 CWB-reported earthquakes with acceptable data quality. Moreover, among these
MT solutions, 87% have misfit smaller than 0.7 (above Category C in quality) and
99% have non-DC below 30% (above Class 4). Some resolved earthquakes are as
small as MW 3.0 (Figure 2.4a). With the new AutoBATS catalog, we can further
investigate whether the mean misfit, value of the CLVD component, and consistency
of MT solutions (as described by the K-angle) have any relation with earthquake
magnitudes. Figure 2.4b shows that the average misfit decreases from 0.7 to 0.4 as the
moment magnitude increases from 3.5 to 5.6. This can be simply explained by the
higher data quality against background noise for larger events. For earthquakes with
Mw >5.6, the average misfit increases again. This phenomenon may relate to the
complexity of earthquake rupture, which often involves source directivity and multiple
fault segments with different slip vectors, particularly in large events. Waveforms
excited by complex source ruptures cannot be well simulated by a single focal

mechanism, and so larger misfits may exist. In this case, the results of MT inversion
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represent the overall effect of averaged rupture for the earthquakes. Like the features
observed for misfit, the mean K-angle shows almost exactly the same trend; the values
first decrease and then increase with magnitude (Figure 2.4b). The similarity between
mean misfit and K-angle suggests that the stability and consistency of MT inversion
results are mainly affected by the waveform quality for small-medium earthquakes and
rupture complexity for larger earthquakes.

Contrarily, the mean CLVD appear to be a constant, independent of the magnitude
of events (see Figure 2.4c). This phenomenon agrees with Kagan (2002), who
concluded that CLVDs are usually caused by artificial effects, except for
well-examined events. As already demonstrated in Figure 2.2b, the CLVD component
of a shallow earthquake is easily affected by different inversion settings. For Taiwan
earthquakes, we believe that the strong heterogeneity in tectonic structures and the
long-period ambient noises for some stations are mostly responsible for the observed
high CLVDs. The lower limit of the average K-angle or CLVD (defined by mean value
minus a S.D.) for each Mw bin represents those earthquakes having overall consistent
MTs or small CLVDs among all scanning settings. On the other hand, the upper bound
(mean value plus a S.D.) reveals that the MT solutions are affected tremendously by
different inversion settings. Again, the deviations (error bars) of the average K-angle
and CLVD highlight the importance and necessity of probing the best solutions

through comprehensive scanning on different inversion settings or parameters.
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Figure 2.4 Number of events, Average K-angle and CLVD component with respect to Mw.
(a) Histogram showing the numbers of earthquakes with respect to My (bin size = 0.2). (b) The relation
of average misfit and K-angle with respect to My, based on all AutoBATS MT solutions. (¢) The relation

of average CLVD with respect to My, Both error bars in (b) and (c) correspond to a standard deviation.
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2.5 Comparisons and discussions

2.5.1  Consistency between Global CMT and AutoBATS MT
It is indispensable to evaluate the stability of our AutoBATS MT results by

comparing the solutions with those in the Global CMT catalog, which is considered the
most complete and reliable CMT database for earthquakes with magnitude above ~5.5
since 1976 (Dziewonski et al., 1981; Ekstrom et al., 2012). We focus on the
consistencies in MTs and centroid depths. Since the CMT inversion results can be
significantly influenced by mislocation and focal depth, we consider the focal
mechanisms only for the matched event (based on original time) that are reasonably
close to each other. We first evaluate how close is close enough for an event pair. The
histogram in Figure 2.5a indicates that the differences in epicenter locations for most
matched event-pairs are smaller than 20 km, and the mean difference measured from
all 200 pairs is 15.7+£12.9 km. Figure 2.5b further confirms that the centroid depths
reported in AutoBATS and GCMT are consistent with each other when their locations
are close. The discrepancy in centroid depth (Adepth = dagars-deccmt) and their
standard deviation, however, tend to grow much larger when the epicenter locations
differ by 30+ km. Therefore, we use 28.6 km (the mean distance plus one S.D.) as the
distance cutoff, and compare the MT solutions for pairs with an epicenter difference
shorter than this value. There are 176 event pairs satisfying this criterion, and their MT

solutions are further compared (Figure 2.5¢ and Figure 2.6).
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Figure 2.5 Diagram illustrating the consistency between AutoBATS MT and Global CMT.

(a) Numbers of matched event pairs and (b) average depth differences between matched pairs in
AUutoBATS MT and GCMT catalogs with respect to the epicenter difference (bin size for distance is 5
km). Only the earthquakes within the cutoff epicentral distance (shaded area) are included in the MT
comparison between GCMT and AutoBATS catalogs shown in (c) and Figure 2.6. (c) The K-angle
distribution for 176 event pairs in the final comparison.

Overall, more than 80% of the matched event pairs have a K-angle smaller than
30° with a mean of 22.0+16.6° (Figure 2.5c¢). The remarkable consistencies between
AutoBATS and GCMT are also evidenced by the small difference in centroid depth
(Adepth) of -2.8+9.8 km. We further investigate their correlations with magnitude,

depth, and geographic locations (Figure 2.6). Apparently, most matched events are

located in the ocean (Figure 2.6a). The relation of K-angle to MW demonstrates that
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larger earthquakes tend to have smaller differences in MT solutions, meaning more
consistency between the two catalogs (Figure 2.6b). The largest discrepancy in K-angle
appears in the group with the smallest magnitude 4.4~4.6 (only six events). This is
probably because teleseismic long-period records suffer more from the background
noise for small earthquakes (Mw<4.6) in GCMT. The negative mean Adepth
(dasars-dscmr) indicates that GCMT tends to obtain deeper centroid depths compared
to AutoBATS solutions (Figure 2.6¢). The MT solutions can differ a lot (K-angle>60°)
when focal depths are poorly constrained (like the case in Figure 2), especially for
those located farther offshore from Taiwan and with poorer azimuthal coverage (Figure
2.6a and 6c¢). Except for the two events with focal depth differences exceeding 40 km,
all other pairs from the two catalogs seem reasonably consistent for the focal
mechanisms (i.e., smaller K-angles), particularly when Adepth is negative (Figure
2.6cC).

Statistically speaking, our AutoBATS MT solutions for Myw>4.6 earthquakes
agree well with the GCMT reports. The comparison results reveal several key reasons
for differences and help identify advantages/disadvantages of AutoBATS. First, the
azimuthal coverage of local BATS is quite limited for earthquakes in the ocean far
offshore from Taiwan. Under this condition, GCMT can perform better than
AutoBATS as long as the earthquakes are large enough for quality recordings at global
seismic distances, since events potentially with large errors in hypocenters have been
excluded in the comparison. For earthquakes in inland Taiwan, the regional MT
inversion of AutoBATS can provide greater opportunities to solve reliable MT
solutions. Second, the velocity models used are different. The global velocity model

used by GCMT for all earthquakes worldwide is more suitable for fitting very
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long-period teleseismic waveforms (above 40 s) of large earthquakes, which may not
be ideal for accurately determining focal depth for moderate earthquakes (Dziewonski
et al., 1981; Ekstrom et al., 2012). For regional MT inversion, although the
heterogeneity of the velocity structure under the array is challenging, the accuracy can
be improved in our AutoBATS MT inversion by exploring different Moho depths of
the velocity models and grid-searching suitable focal depths. Third, different frequency
bands used for GCMT and AutoBATS MT inversions are likely to yield systematic
variance of focal mechanisms and centroid depths between the two catalogs.
Appropriate frequency range for regional CMT inversion is around 10~50 s, but longer
periods above 45 s are more typical for global studies. Kagan (2003) studied the
difference between two global CMT catalogs (Global CMT and NEIC MT), and the
resulting average K-angle was 25.3+16.5° based on 1385 earthquakes with magnitude
greater or equal to 6. This value is comparable to our mean difference (22.0£16.6°) for
Taiwan, suggesting that the AutoBATS MT inversion scheme developed in this study
has the ability to retrieve reliable MT results. When more event pairs are accumulated,
we can perform similar analysis on CLVD and focal depth, as in Kagan (2003), to fully
evaluate the effects of mislocations on the focal mechanisms determined from

AutoBATS and Global CMT catalogs.
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Figure 2.6 Comparisons of the focal mechanism and centroid depth between AutoBATS and Global
CMT catalogs.

(a) Map showing the differences in MT (measured by K-angle) and depth for all matched event pairs.
Locations of symbols (triangles) are plotted according to reported epicenters by CWB. Size of symbols
is scaled with the K-angle and color represents the centroid depth of AutoBATS (denoted as ABATS in
this figure) relative to GCMT (i.e., AutoBATS minus GCMT). Triangles and inverted triangles represent
event pairs with AutoBATS depths that are deeper and shallower than GCMT’s estimates, respectively.
(b) The relation between average K-angle and magnitude (bin size of magnitude = 0.2). (c) The relation
between average K-angle and ADepthsgars—geur) (bin size of depth =5 km). The numbers of

earthquakes in each bin are denoted above.
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2.5.2  Comparisons between the original BATS and new AutoBATS

MT solutions

There are 1176 event pairs matched from the original BATS and the new
AutoBATS MT catalogs. Since both catalogs are based on the same local seismic
network data and similar simple 3-layer velocity models, we expect the results to be
more consistent than AutoBATS versus GCMT. To our surprise, the mean K-angle
(31.4+22.3°) was considerably higher, although the mean Adepthagars-sars) (-1.8+8.7
km) was reduced by 1 km with a comparable S.D. relative to AdepthABATS-GCMT.
Large discrepancies on K-angles were found in northeast and southeast offshore areas
where the Ryukyu subduction zone tends to have a relatively deeper centroid depth for
AutoBATS, but the opposite situation exists beneath the Luzon Arc (Figure 2.7a).
Some earthquakes in the Central Mountain Range also showed prominent K-angle
differences. Unlike those events offshore, their Adepthagars-sars Were generally small
and slightly negative (BATS deeper than AutoBATS). We believe this is because focal
depths shallower than 10 km are not resolvable, and a fixed velocity model is used in
the previous BATS inversion. Figure 2.7b shows that the K-angle basically remains a
constant around 30° until My 5.0 and then gradually decreases to 20° as the magnitude
increases to Myy around 6. The exceptions occur at extreme magnitudes, probably due
to higher noise levels for small events and complex ruptures for large events. Another
important finding is the strong dependency of the mean K-angle on the differences of
centroid depth measured from BATS and AutoBATS MT catalogs. Figure 2.7c reveals
a positive correlation between the mean K-angle and the depth differences. This pattern
is appreciably different from Figure 2.6c¢ for the comparisons between AutoBATS and
Global CMT, which proves again the strong dependency of moment tensors on focal
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depth for regional MT inversion. Overall, the centroid depths from the AutoBATS MT
catalog is more consistent with the relocated focal depth in the CWB catalog, as
indicated by the mean and S.D. of differential depth |Adepth spars—cwsy| = 2.6£6.9
vs. |Adepthpars-cwsy|=4.4+8.4).

We notice that there is no event with a centroid depth shallower than 10 km in the
original BATS catalogs. After careful inspections and one-to-one comparisons on
several shallow earthquakes, we believe the limited resolution on depth in the current
BATS catalog is caused by insufficient resolution of the Green’s Function calculation
algorithm or the inversion process itself. In contrast, the new AutoBATS MT inversion
is able to resolve centroid depth in the shallow crust without problems. In addition to
the improvements on the focal depths, our new AutoBATS MT solutions are also
relatively more consistent with Global CMT. This is clearly supported by larger
K-anglegars-cemrs (27.4+18.9° from 204 event pairs) compared with
K-angleagars-cemts (22.0+£16.6° from 176 pairs).

The BATS data center used to release the so-called “final” MT solutions (FCMTs
of BATS), which were obtained by fine-tuning the inversion settings manually after
relocated earthquake bulletins of CWB were available (Kao and Jian, 1999, 2001). Due
to the restriction on human resources, starting from November 2006, BATS only
reports quick MT solutions (QCMTs) based on CWB’s preliminary epicenters, a fixed
frequency band (0.03 ~ 0.08 Hz), and a three-layer velocity model with Moho depth at
40 km. We divide BATS CMTs into two subsets, FCMTs and QCMTSs, and compare
them separately with AutoBATS MT solutions. By excluding those shallow events that
might have the depth problems mentioned in the previous paragraph, we find that the

mean K-anglercvr-asars (33.8+£25.0°) is apparently larger than K-anglegcmr-asars
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(24.4+15.6°). Even though time-consuming efforts had been made to manually adjust
the MT inversion parameters or settings, the greater deviation of FCMTs solutions
from AutoBATS implies that the quality of inversion results strongly relies on the
experiences of operators who produced FCMTs, and how many settings or parameters
have been tried thoroughly for the MT inversion. It also supports that a comprehensive

scanning is necessary and an effective way to produce a reliable MT catalog.
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Figure 2.7 Comparisons of the focal mechanism and centroid depth between AutoBATS and BATS
catalogs.

(a) Map showing the differences in MT (measured by K-angle) and depth for all matched event pairs.
Sizes and colors of symbols are the same as in Figure 2.6a. AutoBATS is denoted as ABATS in this
figure. (b) The relation between average K-angle and magnitude. (c) The relation between average

K-angle and ADepth 4pars—pars)- The numbers of earthquakes in each bin are denoted above.
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2.5.3 Moment magnitude and local magnitude relationship for

Taiwan

It has been noted that the moment magnitude is usually underestimated for
earthquakes determined from regional seismic networks relative to those obtained from
global studies (Chen et al., 2008; Gasperini et al., 2012). Gasperini et al. (2012) found
the mean difference of estimated MW is negligibly small, only about 0.027, for
earthquakes in the European-Mediterranean (MED) area. For the Taiwan region, Chen
et al. (2008) compared the My of BATS MT/CMT catalog with Global CMT for 79
event pairs and found a significantly large mean offset of about 0.3. They proposed that
the underestimation of My by BATS was caused by insufficient low-frequency signals
used in the regional moment tensor inversion. This issue does not exist in our new
AutoBATS MTs because the mean offset of MW between the AutoBATS MT and
Global CMT catalogs is very small (-0.08+0.10). Accordingly, the reasoning suggested
by Chen et al. (2008) can be ruled out. Compared to our AutoBATS MTs, the My, from
BATS is indeed smaller by 0.15+0.18 on average, similar to the value recently reported
by another regional MT study in Taiwan (Lee et al., 2014).

We further investigate whether the MW differences between AutoBATS and
Global CMT have any relation with the size of earthquakes. In Figure 2.8a, regression
from all event pairs shows a straight line with positive slope defined by the equation
Am = a,(m — m.) + a,, where m is the My from the AutoBATS; m, is the
minimum My of the compared event pairs from AutoBATS; m is the
ABATS-GCMT magnitude difference; a, and a, are the slope and bias terms. When
the regression coefficients, a, and a,, are close to zero, the differences in magnitude

are likely caused by random errors rather than systematic errors (Kagan, 2003). This is
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indeed the case (a; = —0.017 and a, = 0.002) for the My comparison between
Global CMT and USGS-MT catalogs, whereas a systematic bias (a, = 0.280) and
dependence of magnitude (a; = 0.141) between MW (from Global CMT) and Mb
(from PDE) are predictable (Kagan, 2003). Compared to our AutoBATS to Global
CMT catalogs, the minor bias term (a, = 0.14) together with the small mean MW
offset (-0.080+£0.10) shows that the underestimations on MW in the AutoBATS catalog
are negligible. The small slope (a; = 0.063) also indicates that the difference in MW

between AutoBATS and GCMT is not significantly related to magnitude.
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Figure 2.8 My differences between AutoBATS and Global CMT catalog and relation of Myagars) and
M cwe)-

(a) Relation of Myy differences between AutoBATS (denoted ABATS) and GCMT with respect to Myy
aBaTs). My in the regression relationship is the minimum My, in the AutoBATS catalog. See main text
for details. (b) The relation between My cws) and Myagars). The symbols are colored according to the
inversion quality factor. The dashed line marks the 1 to 1 ratio. Regression is performed for earthquakes

above quality C.
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Hanks and Boore (1984) demonstrated that in principle the M is equivalent to
MW for the magnitude range from 3 to 5 using earthquakes in California. However,
deviation from the 1:1 relation between My and M is commonly observed in other
regions (Hanks and Boore, 1984; Deichmann, 2006). If the relation can be described
by Myy = aM; + b, the results usually varied widely depending on the geographical
region (frequency-dependent attenuation), focal depth (Ristau, 2009), magnitude range,
formulations of the empirical distance correction used for calculating M e.g. (Shin,
1993; Ristau, 2009), and the algorithm for deriving My (Bethmann et al., 2011).
Over/under estimating M__ can seriously influence the calculation of magnitude
recurrence relations (b-values), which are related to seismic hazard. With many
reliably estimated MW from AutoBATS MT catalog, we determine a new linear
regression relation of seismic moment and local magnitude for the Taiwan area. As
Figure 2.8b shows, My and M__ are correlated linearly for a large range of magnitudes
from M 3.5 to 7. Because data with quality level D is dominant in small events and
relatively scattered, we use quality A-C (total of 2667 pairs) to estimate the relation:
M,,(ABATS) = 0.87M,(CWB) + 0.23 (or equivalently
M, (CWB) = 1.01M,,(ABATS) + 0.28). The result is comparable to M,(CWB) =
1.05My, + 0.25 estimated using 3 years of real-time CMTs (Lee et al., 2014).
Basically, an earthquake reported with M 7.0 would correspond to a much smaller My
of only about 6.3. The size of moment and local magnitudes are more comparable for
small events. Based on the properties of scaling relation modeled in Switzerland
(Edwards et al., 2010), we speculate that the increase of Mw-M__ differences with
respect to magnitude is controlled by attenuation, and the continuation of linearity to

magnitude 6+ implies stress drop at the order of 10 MPa or more. High stress drop is
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consistent with the reported values for major earthquakes in Taiwan (Huang et al.,
2001; Yen and Ma, 2011). Note that our dataset includes both collision and subduction
zones covering inland and offshore Taiwan. Regional variation is expected. To
understand the first-order changes in property, we attempt to calculate two separate
regressions for 2396 shallower (depth<40km) and 271 deeper (depth>40km) events
with a quality above C. Then, we find their differences are minor: M,, = 0.90M, +
0.13 (or M, = 0.97M,, + 0.38) for shallow vs. M,, = 0.87 M, + 0.11 (or

M, = 1.03My, + 0.40) for deep. High quality data for offshore deep events in the
subduction zones are yet to be accumulated for better estimates of M -Myy relations

and the structure dependency should be further investigated in future research.

2.5.4  Seismotectonic features revealed by AutoBATS MTs
A complete, well-constrained regional MT/CMT catalog is the key to

understanding the relation of regional tectonic stress and strain (Kao and Jian, 2001;
Zhu et al., 2006; Hsu et al., 2009; Martin et al., 2015; Tseng et al., 2016; Huang et al.,
2017). In Figure 2.9, we highlight two profiles with cross-sections of the background
seismicity from CWB and focal mechanisms determined from AutoBATS. The profile
AA’ cuts through the Ryukyu subduction zone northeast of Taiwan (Figure 2.1). The
cross-section clearly delineates the Wadati-Benioff Zone (WBZ) of the northward
subducting Philippine Sea plate underneath the Eurasian Plate, down to a depth of
around 300 km (Figure 2.9a). In the past, the focal mechanisms of intermediate-depth
earthquakes near Taiwan have mostly been constrained from tele-seismic studies for

large events only (Kao et al., 1998b, 2000). Based on regional data, our new
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AutoBATS MT catalog provides many solutions that are reasonably robust and has the
potential to reveal details of features in the subduction zones (Figure 2.9), although the
sensitivity in focal depth is somewhat less than ideal due to the simple half-space
model below Moho (Figure 2.3). The cross-section reveals that shallow normal faulting
events are dominant under the Okinawa Trough north of the Ryukyu Trench. It is
remarkable to see the continuation of the focal mechanisms determined from shallow
to the intermediate-focus earthquakes, which can be used to understand the stress along
the subducting slab.

Figure 2.9b shows another cross-section in NW-SE direction passing through the
Tainan Basin, southern Central Mountain Range, southernmost Longitudinal Valley,
and Luzon Arc on the Pacific Ocean. We can identify those mid-crust events (including
the 2010 Jiashian and the 2016 Meinong M6+ earthquakes) at a depth ~20 km near the
Western Foothills of Taiwan. The focal mechanisms are consistent with former studies
(Huang et al., 2011; Lee et al., 2016; Kanamori et al., 2017). A cluster of normal
faulting events is also clearly observed at shallow depths (<10 km) near the southern
range of the Central Mountains. In the eastern end of the profile, the background
seismicity depicts the subduction to a depth of approximately 200 km. Compared with
the Ryukyu subduction zone in Figure 2.9a, the resolvable focal mechanisms here are
far fewer mainly because the earthquake activity is weaker. However, overall, the
WBZ is clear, and the pattern of focal mechanisms is similar to the study of Kao et al.
(2000). There seems to be another group of earthquakes near the eastern end of BB’
slightly dipping east under the Pacific to a depth of approximately 40 km in the mantle,

which has not been observed before.
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Figure 2.9 Cross-sections of focal mechanisms from AutoBATS catalog.

Cross-sections of focal mechanisms overlapped with the background seismicity for profiles (a) AA’ and
(b) BB’ indicated in Figure 2.1. The seismicity (circles) with M >2.5 from CWB and all focal
mechanisms (beach balls) with M\>4.0 determined by our study are colored according to focal depth.
The cross-sections are plotted with one-to-one scale. Exaggerated topography is shown on the top of
each profile. Abbreviated terms of tectonic units: RT, Ryukyu trench; OT, Okinawa Trough; TB, Tainan
Basin; CM, Central Mountain Range; LA: Luzon Arc. The focal mechanisms of 2010 Jiashian and 2016
Meinong earthquakes are also denoted in profile BB’.
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2.6 Conclusions

In this study, we presented a new automatic regional MT inversion algorithm,
which we applied to determine over 3000 CMT solutions from May 1996 to April 2016
in the Taiwan area. The final focal mechanism of each earthquake was chosen from all
the results with scanned settings including three station-selection groups, four velocity
models, three frequency bands, and three isotropic component constrained strategies.
Both the focal mechanism and moment magnitude from AutoBATS show better
consistency with GCMT solutions than the current BATS catalog. Compared to the
current BATS catalog, the AutoBATS also advances remarkably in the capability of
resolving the focal mechanisms for earthquakes at a broader depth range (from 1 to
300 km). The fast and reliable AutoBATS inversion system is now implemented in the
Data Management Center of IES (DMC-IES). Once triggered by the CWB’s
earthquake alarm system, it only takes a short time (as fast as 2 minutes) for the
AutoBATS to publish a MT solution automatically on the Taiwan Earthquake
Scientific Information System (Liang et al., 2017) (TESIS). The DMC-IES also
updates the final MT solutions monthly with the relocated earthquake catalog provided
by CWB. The updated AutoBATS solutions will be online soon at the BATS website.
The real-time triggered AutoBATS inversion algorithm together with the earthquake
alarm system from CWB deliver fast and reliable basic earthquake information,
including epicenter location, focal mechanism, and moment magnitude. The reliable
AutoBATS MT catalog with relocated hypocenters can be used to improve our
understanding of the seismotectonic background, seismic hazard, and regional stresses

for the Taiwan area.
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Chapter 3 3D MUSIC back projection rupture images of the 2013

great Okhotsk deep earthquake sequence

3.1 Abstract

On May 24, 2013, the largest deep earthquake ever seismically recorded struck
609 km beneath the Sea of Okhotsk off the southwest coast of Kamchatka Peninsula.
Previous multiple point-source inversion results have shown that the earthquake might
not rupture along the subhorizontal fault plane as presumed in the finite-fault inversion.
Here we employ a three-dimensional (3-D) high-resolution MUSIC BP method to
revisit the spatiotemporal characteristics of the rupture processes for this great event
and its two largest aftershocks. The multitaper cross-spectrum estimator and MUSIC
(MUItiple Slgnal Classification) Back Projection method are combined to first obtain
robust data covariance matrix for each sliding time window of seismic waveforms
recorded by dense array and back project them to retrieve the space-time energy
distribution. We apply such array-processing procedures to P waves filtered at the two
frequency bands of 0.5-2.0 Hz and 0.2-1.0 Hz recorded by the seismic networks across
the US and Europe. The low frequency P- and pP wave BP images are combined to
diminish the spatial uncertainties of 3D BP images. All the BP results are inspected
jointly to characterize resolved features, with the aid of synthetic tests performed to
assess the recovery capability of the 3D complex rupture scenario. Our results
corroborate that the mainshock occurred as the en echelon-like fault ruptures along the
two nearly parallel, N-S striking subhorizontal planes but in the opposite direction of

propagation with the depth separation of 10~15 km. The rupture began propagating
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NNE-wards during the first 8~12 s; afterwards it concurrently shifted downward and
reversed to Southward lasting for about 18~20 s. The lengths of these two ruptures are
estimated to be about 27~40 and 80~85 km with the average propagation speeds of 3.3
and 4.25 km/s, respectively. Two My 6.7 aftershocks have similar rupture properties as
indicated by the similarity of simple, short-duration P waveforms. The 3D BP images
resolved with the European data delineate rupturing along subvertical fault planes that

may reach supershear rupture speeds.

3.2 Introduction

The great May 24, 2013 Sea of Okhotsk earthquake struck very deep about 608
km below the seafloor, where the Pacific Plate is being subducted beneath the Okhotsk
microplate at the Kuril-Kamchatka Trench. Peculiarly enough, it occurred within the
deep slab of the relative seismic quiescence but activation recently in close proximity
of the northern terminus of the Pacific slab penetrating over 500 km (Figure 3.1). This
deep earthquake has drawn much attention in that it is the largest ever-recorded deep
event with a moment magnitude (M) of 8.3 being well observed by modern dense
seismograph networks distributed globally. The high-quality seismic recordings
provide an unprecedented opportunity to explore and distinguish the physical origin of
deep earthquakes in much detail from a number of existing and still debated
mechanisms. Among them, there are three main competitive models as follows: (1)
dehydration of hydrous minerals within subducted lithospheric mantle causing local

weakening and shear failure (Meade and Jeanloz, 1991; Silver et al., 1995; Kirby et al.,
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1996; Peacock, 2001), (2) thermal runaway instability facilitated by positive feedback
between viscous heating and thermal weakening in ductile shear zones (Ogawa, 1987;
Kanamori et al., 1998; Karato et al., 2001; John et al., 2009), and (3) transformational
faulting caused by the nucleation and growth of anticracks filled with spinel
transformed from the metastable olivine within cold slabs (metasbale olivine wedge)

(Green 11 and Burnley, 1989; Green Il and Houston, 1995).
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Figure 3.1 Historical deep-focus seismicity of Kuril subduction zone since 1900.

The circles representing the background seismicity (M>3.5) are colored by the focal depth and scaled
with magnitude. Earthquakes with magnitude larger than 6.5 are enlarge and colored by three different
periods: blue for 1900 to 1940; light blue for 1940 to 2007 and purple for after 2008. The light gray lines
show the slab contour from slab 1.0 model (Hayes et al., 2012). The cross-sections of seismicity shown

in (b)-(d) are for profiles A, B and C, respectively.
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Since the 1994 Bolivia and Tonga deep earthquakes which were big enough to be
recorded well by modern digital broadband instrumentation; much interest has been
devoted to seismological investigation of the rupture properties of large deep
earthquakes including the fault-plane orientation, the rupture duration, length,
propagation speed and directivity, stress drop, radiation efficiency, and etc. (Houston
and Vidale, 1994; Chen, 1995; Wiens and McGuire, 1995; Heaton, 1998; Warren and
Shearer, 2006; Suzuki and Yagi, 2011). Detailed studies of the spatiotemporal
distribution and source characteristics of deep earthquake aftershock sequences (Wiens
et al., 1994) and repeating deep earthquakes (Wiens and Snider, 2001; Yu and Wen,
2012) have also been conducted to help unravel the main shock rupture behavior and
fault reactivation mechanism at great depth. Though these seismic constraints have
greatly improved our comprehension of the nature of deep earthquakes, both the
uncertainty and variability of resolution in the estimated source parameters still remain,
making it challenging to verify which postulated scenario is most plausibly involved in
the nucleation, growth and coalescence of deep-earthquake rupture faulting (Frohlich,
2006).

On the other hand, the thermal structure of subducted slabs has long been
considered critical for the generation of deep earthquakes (Isacks et al., 1968;
McKenzie, 1969), as indicated by the increase of the maximum depth of deep
earthquakes with the thermal parameter, the product of the vertical descent rate and age
of the plate entering the trench (Molnar et al., 1979; Kirby et al., 1991). Gorbatov and
Kostoglodov (1997) re-examined the maximum earthquake depth as a function of
thermal parameter from the seismicity distribution in the subduction zones with no

bathymetric features being subducted as well as reliable plate age estimates. The result
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shows an abrupt increase from 260 km to 700 km for the slabs with the thermal
parameters of 3500-5000 km. However, considerable uncertainties of slab age and
vertical descent rate cause large varieties in thermal parameter determinations. The
thermal parameter of the Kuril-Kamchatka subduction zone is estimated about
4000-4400 km (Gorbatov et al., 1997) or 6000 km (Frohlich, 2006), the cutoff depth of
deep earthquake is expected to exceed 600 km.

From 1900 to 1940, a group of large deep earthquakes (M>6.5) occurred in the
central-northern segment between 48°N and 53°N, which became inactive afterwards
(Figure 3.1). Further north, the seismicity below 400 km depth under the southwest of
the Kamchatka peninsula had remained quiescent until 2008. A series of large-to-great
deep events occurred in the depth range of 450-660 km between 52°N and 54°N,
including the 2013 M8.3 Okhotsk earthquake. The deep seismic activity appears to
cease north of 54.5°N, coinciding with the increase of surface heat flow resulting from
the subduction of the Meiji seamounts and abrupt shallowing of slab seismicity and dip
angle (Davaille and Lees, 2004b). The region is adjacent to the Kamchatka-Aleutian
corner where the west-dipping, trench-normal subduction of the Pacific plate along the
Kuril-Kamchatka trench suddenly turns to the transcurrent motion along the western
Aleutian trench. Davaille and Lees (2004b) suggested that the subducted Pacific
lithosphere thinned previously on passage through the Meiji-Emperor-Hawaiian
hotspot track has been torn to accommodate the deformation at the corner.

The Global CMT solution (Ekstrom et al., 2012) indicates that the 2013 Okhotsk
deep earthquake ruptured on the nearly N-S striking, either subhorizontal or subvertical
plane (Figure 3.3). Unlike shallow mega earthquakes which often produce surface

ruptures and numerous aftershocks to facilitate the identification of the fault plane,
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there usually exists an ambiguity to distinguish between the two conjugate nodal
planes resulting equally fitting observed waveforms. With the rapid growth and
availability of dense seismic networks, back projection (BP) of high-frequency
coherent body waves has been demonstrated to be an effective approach that requires
little a priori knowledge of the fault plane to track the spatiotemporal evolution of the
rupture propagation for both shallow and deep great earthquakes (Ishii et al., 2005;
Meng et al., 2011; Ye et al., 2013). The BP images constructed from the conventional
time-domain beamforming (Kiser and Ishii, 2012; Ye et al., 2013) or frequency-domain
subspace methods (Meng et al., 2014) all favor a subhorizontal rupture plane for the
Okhotsk event. Ye et al. (2013) also performed the finite fault inversion and found no
preference of either nodal planes because they both yield very similar waveform fits.
Zhan et al. (2014) preferred the subhorizontal fault plane based on the results of the
sub-event method which is based on the directivity effect. However, Chen et al. (2014)
attributed its occurrence to a cascading failure on the subvertical fault plane as
manifested by the time-space distribution of the subevents composing the main shock
from multiple point-source waveform inversion and relocated aftershocks. In addition,
the 2D MUSIC BP image on the subhorizontal fault plane reveals a bilateral rupture
toward NE and SSE (Meng et al., 2014), while the space-time distribution of the
subevent locations resulting from the directivity method suggests the rupture mostly
propagating unilaterally along the strike direction (SSE) (Zhan et al., 2014). In spite of
some discrepancies between these results, all of them confirm the rupture complexity
and enigmatic occurrence of this peculiar deep event.

Motivated by the different conclusions on the rupture plane and characteristics

drawn in previous studies, we carry out a 3-D, high-resolution BP source imaging
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study to reappraise the spatial extent and time history of the rupture propagation for the
main shock and its two largest aftershocks of the Okhotsk earthquake. Ishii et al. (2005)
first demonstrated the efficacy of the BP method applied to imaging the propagation
history of the longest fault rupture of the 2004 Sumatra-Andaman earthquake ever
recorded using the dense Hi-net array data in Japan. Since then, a number of improved
BP methods including the hybrid stacking (Yagi et al., 2012), compressive sensing
(Yao et al., 2011), and MUSIC subspace projection method (Meng et al., 2011) have
been developed contributing to exploring the diverse and complex rupture behaviors of
subduction zone mega earthquakes. They offer the main advantage that there is no
need for a priori knowledge of the fault geometry, source parameters and details of
earth structure. Although not directly the measure of the moment rate function with
time, the BP image can be interpreted physically as the rupture slip motion as long as
the displacement response to a unit impulse slip at the source point, namely the
Green’s function, is approximately equal to a delta function (Fukahata et al., 2014).
This approximation is more appropriate for the simpler P waves of deep earthquakes
because they undergo less scattering and attenuation in crust and upper mantle
structures. Besides, since the depth-phase arrivals are separated enough in time from
direct P waves, they can be also used to image the rupture propagation and combined
with that obtained with the P waves to enhance the spatial resolution of the 3-D BP

source image (Kiser et al., 2011b).
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3.3 Method and data

Back projection source imaging relies on the fundamental time-reversal property
inherent to seismic waves. In principle, the waveforms of certain body-wave phases
after proper amplitude normalization observed at a distant seismic network are
propagated backwards in time through a 1D Earth model to a grid of discrete subfaults
for the potential locations of time-evolving seismic radiation. The processing
procedures start with calibrating the polarity and aligning the initial parts of phase
arrivals. For each candidate source grid, the waveforms are shifted according to the
deviation of the grid relative to the hypocenter. Details of the spatiotemporal rupture
process are then illuminated by the distributions of the amplitude of stacked
waveforms (Ishii et al., 2005; Kiser and Ishii, 2012).

The conventional beamforming technique performs the linear delay-and-sum or
Nth-root stack of the waveforms (Rost and Thomas, 2002), inter-station waveform
correlation coefficients (Fletcher et al., 2006), and cross correlation functions of the
observed seismograms with theoretical Green’s functions (Yagi et al., 2012) in the time
domain. Alternatively, the frequency-domain MUSIC (MUItiple Signal Classification)
method employs the eigen-decomposition of the data covariance matrix in each time
slice across the array into the signal and noise subspaces; it then locates the
corresponding source radiation by finding the steering vector associated with the
direction of arrival (DOA) that yields the minimum projection onto the noise subspace;
namely, the largest peak of the MUSIC pseudo-spectrum which is defined as the
inverse of the projection of the steering vector onto the noise subspace (Schmidt, 1986;

Goldstein and Archuleta, 1987).
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Combining the robust multitaper cross-spectrum estimator (Thomson, 1982) and
“reference window” strategy for transient seismic signals with nonstationary nature,
Meng et al. (2011) first applied the MUSIC method to imaging the complex rupture
process of the 2011 Tohoku megathrust earthquake. In this study, we follow the BP
approach similar to that outlined in their paper and extend to the 3D. Instead of
restricting the rupture of the deep event on a single fault plane, we parameterize the
potential rupture region into a 3-D grid of source points centered at the hypocenter and
spanning 200 km in latitude, longitude and depth directions. The grid space is set to 2
km in each dimension.

In addition to direct P wavetrains typically used in the BP source imaging, other
major phases, such as PP and PKIKP can be also useful and provide complementary
information on the rupture process (Koper et al., 2012). However, combining the BP
images obtained with different phase arrivals at different seismic arrays to jointly
characterize the rupture properties may not be so straightforward because the rupture
directivity effects are azimuth and distance dependent (Koper et al., 2012). For
intermediate-depth and deep earthquakes, the surface-reflected depth phases, pP and sP,
share the same source-receiver geometry and similar rupture directivity effects. It is
thus straightforward to combine the BP results obtained from direct P and depth phases
with the opposite directions of take-off angles to improve the depth resolution of the
3-D rupture image (Kiser et al., 2011b). Therefore, we incorporate the pP wavetrains in
our 3D BP analysis to jointly investigate the kinematic rupture properties of the 2013
Okhotsk deep earthquake sequence.

We select vertical velocity seismograms recorded by two dense seismic networks

in North America (US) and Europe (EU) (Figure 3.2). We first apply an automatic
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detection and picking algorithm (Allen, 1978) to approximately determine the phase
arrivals. A waveform cross correlation algorithm (Vandecar and Crosson, 1990) is
further employed to fine-tune the phase alignment. The two-step alignment approach
improves the quality of coherency of aligned data and the sharpness of the resulting BP
images. To ensure both the robustness and resolution of the resulting rupture image and
explore any apparent frequency-dependent rupture behavior, we perform the BP of the
P waves bandpass filtered in two frequency bands, 0.5-2.0 Hz and 0.125-1.0 Hz. The
BP of the pP phases is, however, conducted only in the frequency band of 0.125-1.0 Hz,
the highest achievable to perform the BP. The length of the sliding window is adjusted
to be at least twice the longest period for each analyzing frequency band with sliding

time step of 1 s for high and 2 s for low frequency band BP imaging.
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Figure 3.2 Coherently aligned vertical seismograms and seismic networks used for BP images.
(a)-(b) The P waves filtered in frequency band of 0.5-2.0 Hz recorded at North American (NA) and the
European (EU) seismic arrays. (c) The aligned pP waveforms filtered frequency band of 0.125-1.0 Hz

recorded at NA array. Purple dash lines show the onset time of the P and pP waveforms. (d) The seismic

stations from NA (triangle) and European (square) arrays used in this study.
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3.4 3D BP rupture image of the 2013 Okhotsk earthquake sequence

3.4.1 Two-stage antiparallel subhorizontal rupture

In Figure 3.3, we show the map views and cross-sections of the time-space
evolution of the mainshock rupture resulting from the 3D BP of P waves in high
frequency range of 0.5-2 Hz recorded by the US and EU seismic network. Snapshots of
the rupture propagation illuminated by the strongest seismic radiation associated with
the largest peaks of the MUSIC pseudospectrum. The maximum amplitude of
pseudospectrum with respect to time (Pseudospectrum Source Time Function, PSTF
for short) reflects the temporal rupture evolution and the total duration time of the
earthquake, although the MUSIC pseudospectrum is govern by both the relative source
strength and the coherency of wavefield. The color-shaded regions corresponding to
the source emitters with the pseudospectrum power greater than 95% of its maximum
value are used for a crude measure of the uncertainties. The spatial uncertainties are
majorly conducted by the smearing effect (Ishii et al., 2007) which usually forms an
ellipse with long axis parallel to the ray-to-array path.

The PTSFs of NA and EU arrays reveal the complex temporal rupture history. For
NA seismic array, the PSTF (Figure 3.3c) shows two-stage of energy bursts both
lasting for about 16 s. The map view of 3D BP image of NA array indicating that
two-stage of ruptures propagating in opposite direction. In first 16 s, the rupture stands
at the epicenter for ~4 s and then propagates toward N45°E direction for about 30 km.
Later, the second rupture starts at 16 s and turns to S-ward for at least 70 km. If
looking further at the profiles along two opposite ruptures (Figure 3.3b), we notice that

the two ruptures propagate horizontally but at different focal depth. The initial
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NE-rupture occurred at depth of ~610 km, however, the Southward-rupture is about 20
km deeper than the initial rupture stage. The profile across two rupture, CC’, highlight

the vertical aperture between two antiparallel ruptures (Figure 3.3b).
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Figure 3.3 High frequency P-wave (0.5~2.0 Hz) 3D BP imaging snapshots for the mainshock.

Map and cross-sections showing the 3D BP imaging results from NA (a)-(c) and EU (d)-(f) networks.
The colored circles (NA) or diamonds (EU) mark the location with maximum pseudospectrum power of
each time window with the corresponding elapsed time after the onset of P wave. The symbols are also
scaled with the pseudospectrum power. The colored shadows representing the spatial uncertainties are
illustrated by the 95% iso-power with the corresponding maximum pseudospectrum power of each time
window. The slab contours from slab 1.0 model are shown by gray lines. (b)&(e) The cross-sections

parallel (AA* & BB’) and perpendicular (CC”) to the rupture direction. The blue lines mark the westward
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dipping fault plane. (c)&(f) The pseudospectrum power source time function (PTSF) of 3D BP images.
The BP images obtained from EU seismic array as shown in Figure 3.3d suffered

much stronger smearing effects than that from US array which result in non-negligible
large spatial uncertainties. Considering the ray path of P-wave traveling to EU network,
the P waves may be interfered with the subducting slab and the local velocity anomaly
of the slab not taken into account for the travel time correction may aggravate the
smearing effect of EU BP images. The PSTF (Figure 3.3f) shows the initial strong
source rupture amplitude followed by three weak energy bursts. During the first 16 s,
the rupture initiates strongly and goes toward ENE-direction for ~ 25 km which is
corresponding to the initial strong and first minor energy bursts in PSTF. After 18 s,
during the 2" and 3™ minor energy bursts period, the rupture turns to Southeast and
propagates for at last 80 km. Taking average depth of BP results for the first 18s and
later 20s, we also notice a ~15 km vertical difference between the ENE-ward and
SE-ward ruptures. In view of much larger spatial uncertainty of BP images from EU
array, we prefer the results revealed by NA array. Even though with notable spatial
uncertainty of 3D BP images especially the EU array, two-stage anti-parallel ruptures
propagating at different focal depth are observed from both seismic arrays.

The P-wave 3D BP images of NA seismic array reveal that 2013 great Okhotsk
deep earthquake involve two stage antiparallel subhorizontal ruptures, the first
NE-ward and the second S-ward deeper ones. The depth difference between two planar
ruptures is about 15 ~ 20 km. In order to further clarify the depth difference, we try to
diminish the smearing effect by adding the depth phases BP image to P-wave ones in
the same filtering frequency band. However, only the pP waves recorded in the NA

seismic array is capable to perform BP within the long period of 1~8s. Figure 3.4a&b
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show the long period BP results of P- and pP-waves, respectively. Comparing the 3D
P-wave BP images in high and low frequency bands (Figure 3.3a & Figure 3.4a), the
BP results are roughly consistent with each other showing anti-parallel subhorizontal
rupture within two rupture stages. Not surprisingly, the longer period BP images have
more severe smearing effects than the short period ones do. As the pP-wave, the 3D BP
image also show great uncertainties not only in horizontal but also along the vertical
direction, which is also predictable since the depth phases going up to free surface then
to distant receivers typically suffer much more interfering and energy decaying from
the local velocity structures above the hypocenter than the P-waves do. In Figure 3.4b,
we observe consistent initial NE-ward rupture for first 10 s. After that, the 3D BP
results become unstable because of the strong smearing effect. Even though, when we
simply sum the BP images of P- and pP waves directly with equal weighting, the
smearing effects represented by the colored shadow zones are effectively diminished
(Figure 3.4). The 3D integrated BP images showing similar spatiotemporal rupture
propagation with the high frequency BP results of P-wave in NA array (Figure 3.3a)
ascertain the 10~15 km vertical aperture between two-stage anti-parallel ruptures.

Our 3D BP results reveal an en echelon like anti-parallel rupture behavior of 2013
Okhotsk deep earthquake: two stages of ruptures propagating horizontally in opposite
direction with a 10~15 aperture of depth (Figure 3.3 & 3.4). Figure 3.5 summarizes the
kinematic rupture properties of rupture length and time revealed by 4 BP imaging
results from Figure 3.3 & 3.4. The 1% rupture initiates slowly and propagates NE-ward
30~40 km for 8~12s which leads to average rupture speed of 3.0~3.3 km/s. Later, the
2" rupture initiates at the east of the original epicenter with focal depth 10~15 km

deeper and propagates in much higher speed of 4.25~4.80 km/s for at least 80 km.
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Figure 3.4 Low frequency (0.125~1.0 Hz) 3D BP imaging snapshots for mainshock.

Map and cross-sections showing the 3D BP results of using (a) P-wave (b) pP waves and (c) the
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integrated P and pP 3D BP images from NA array. The layout configurations and symbol explanations
are the same as in Figure 3.3.

(a) 15 NE-ward Rupture (b) 2" S-ward Rupture
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Figure 3.5 3D BP imaging results summaries for the mainshock.

The relation of rupture length respect to time for the (a) 1% NE-ward rupture and (b) 2™ S-ward rupture
from the BP results of high frequency P wave at NA or EU array, low frequency pP wave at NA array
and low frequency integrated BP results of P- and pP-wave at NA array. The number on each line

represents the average rupture speed estimation based on each BP result.

3.4.2  Super shear ruptures of two aftershocks
Few aftershocks induced by the 2013 Okhotsk deep earthquake distributed along

N-S direction which is consistent with the 2" rupture direction. Among them, two
larger normal-faulting aftershocks with magnitude greater 6.5 occurred. The first one
(abbr. as “2013AS1”) locating at least ~300 km away from the mainshock occurred
just 9 hours later. After 130 days, the second delayed one (abbr. as “2013AS2”) fell
into the middle of the mainshock and 2013AS1. We perform high frequency BP for
two aftershocks and we also notice that the waveforms from both events recorded at
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EU array are showing short P-wave pulse (Figure 3.6). In the 3D BP images of
2013AS1 (Figure 3.7a), we see short horizontal movement (~4 km) to SE direction and
the cross-section shows that the rupture mainly propagates downward from 623 to 635
km in just 2~3 s (inset of Figure 3.7a). The total rupture length is about 13 km which
leads to a potential super shear rupture speed of 4.3~6.0 km/sec (left top inset of Figure
3.7a). Zhan et al. (2014) also concluded a super shear rupture speed reaching 8 km/sec
which is much higher than our estimation. Based on the 3D BP result and the focal
mechanism reported from Global CMT, this aftershock doesn’t rupture along the strike
but mainly downward on the SW-dipping fault plane. For the second normal-faulting
aftershock “2013AS2”, we also perform the BP with P-waves recorded at EU array in
high frequency band (1.0~2.0 Hz). As shown in Figure 3.7b, the 3D BP image shows
the seismic energy moves northward for ~4.4 km and downward for ~8 km within 2
seconds. The cross-section indicates that the rupture of 2013AS2 earthquake
propagates along the N-ward dipping fault plane with super shear rupture speed of 4.5
km/s (bottom inset of Figure 3.7b).

In this section, we revealed the spatiotemporal rupture properties of the 2013
Okhotsk earthguakes sequence including the mainshock and two aftershocks by 3D
MUSIC BP imaging. Summarizing these 3D BP results, we found all the earthquakes
comprising the vertical ruptures. The later S-ward rupture of mainshock is about 10~15
km deeper than the initial NE-ward stage and two aftershocks both ruptured down-dip
along the fault planes. In next section, we intent to comprehend the reliability and
resolution of 3D MUSIC BP images on resolving the rupture propagation especially in
vertical direction. We design several rupture scenarios and examine the recovery ability

of 3D MUSIC BP images by using P-, pP-only and combined P+pP waves
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respectively.

(a) 20130524 Aftershock (b) 20131001 Aftershock

Time (s) Time (s)

Figure 3.6 Coherently aligned vertical seismograms of two aftershocks from EU seismic network.
The waveforms in frequency band of 1.0~2.0 Hz are from aftershocks (a) 2013/05/24 and (b)
2013/10/10. The solid green lines show the stacking waveforms. The purple lines mark the onset time of

P waves.
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Figure 3.7 High frequency P-wave 3D BP images of two aftershocks by using EU array data.
The BP images of (a) 2013/05/24 (1.5~2.0 Hz) and (b) 2013/10/01 (1.0~2.0 Hz) aftershocks. On the
beach ball, the magenta thick line highlights the rupture fault plane. Insets: the cross-section along the

rupture direction of profile AA’. The rupture fault plane and the conjugate one reported by Global CMT
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are denoted by solid and dash blue lines, respectively. Top left: the sketch demonstrates the rupture along
the horizontal and vertical direction. The symbol explanations are the same as in Figure 3.3.

3.5 Synthetic examination

The superior resolution of the 2D MUSIC BP applying to shallow earthquakes has
already been demonstrated by (Meng et al., 2011, 2012a, 2012b). In this section, we
further evaluate the reliability of 3D MUSIC BP imaging on several rupture
propagation scenarios inspired by the BP results of 2013 Okhotsk deep earthquake
sequence. Each hypothetical earthquake source model consists of several subevents to
simulate the rupture propagation with presumed rupture speed ranging from 3 to 4.5
km/sec. The NA and EU seismic stations shown in Figure 3.2d are taken as our test
arrays. The synthetic waveforms are calculated by the FK method (Zhu and Rivera,
2002) which includes all seismic phases with all ranges of slowness excited by the
velocity structure and has better simulation on the nonstationary seismic wave
properties than the synthetic waveforms from ray tracing method of WKBJ.

Our first vertical resolution experiment is motivated by the depth difference
between two rupture stages of mainshock and fast downward ruptures of two
aftershocks. We set up two rupture scenarios which both consist of 6 subevents at the
same epicenters with focal depths and gradually move upward or downward. To have
more realistic simulation, we set later subevents having much smaller magnitudes
which can imitate the poorer coherency of the waveforms and push this examination
more difficult to recover. The focal depth is set from 600 to 645 km. Figure 3.8 shows
the recovered 3D BP images of vertical rupture experiments. The combined P- and
pP-waves 3D BP images retrieve the epicenters of subevents precisely for both upward

and downward rupture tests. The cross-sections (insets of Figure 3.8) demonstrate the
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spatial uncertainty of the combined BP images which is reduced significantly
comparing with those from P- or pP-wave BP images. As the focal depth, the
combined BP images apparently recover the rupture propagation better than the P-only
or pP-only BP images do. Whereas, in overall, the P- or pP-wave only MUSIC BP
images seem obtain more reliable subevent hypocenters when the propagation
direction is against the ray path (Figure 3.8b&f). In other words, the rupture
propagating close to the ray path tends to result in stronger smearing effects and less
reliability of BP images (Figure 3.8c&e). In more realistic circumstance, it is typical
that we only have P-wave to perform BP imaging (Figure 3.8b&e), hence the P-wave
BP results achieve acceptable resolution for recovering both the epicenters and focal
depths although we will see larger spatial uncertainty for the downward rupture
scenario. For the pP-wave BP image, as we expected, it’s more un-reliable than the
P-wave BP image. Because of more energy decaying in high frequency, the pP-waves
holding more lower frequency contents and longer period signals usually suffer
stronger swimming and smearing effects (Meng et al., 2012b) which also explains the
great uncertainty of pP-wave BP results for the 2013 Okhotsk deep earthquake (Figure

3.4b).
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Figure 3.8 Synthetic tests of vertical rupture scenarios.

Map and cross-sections showing the 3D BP results for (a)-(c) downward and (d)-(e) upward rupture

scenarios. (a) & (d) show the resultant BP images by combining those obtained by P- and pP-waves,

respectively. (b) & (e) are the BP images of P-wave. (c) & (f) are the BP images of pP-wave. The stars

showing the subevent hypocenters are colored and scaled by the hypothetical occurrence time after the

1% subevent and with corresponding magnitude. The inset in each figure shows the cross-section along

the latitude. The resultant BP images are shown with the symbols the same with those in Figure 3.3.

The second experiment is an overall Southwestern-dipping scenario which is

inspired by the high-frequency 3D BP imaging result from EU seismic array (Figure

3.3b). We like to examine whether the NA seismic array is capable to recover this

rupture scenario if this is the true 1% rupture propagation of the mainshock. This testing

model includes 5 subevents with a rupture speed of 4 km/s. In order to set up more
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sophisticated rupture experiment, as shown in Figure 3.9, after the rupture initiates, a
smaller subevent located at the north of the epicenter, then the rupture gradually moves
to SE-ward direction and the focal depths of subevents also increase from 600 to 645
km at the same time. Figure 3.9a shows great agreements in both horizontal and
vertical direction between the presumed and recovered subevents from the combined
BP images of P- and pP-waves. As the result from pP-wave only shown in Figure 3.9c,
the BP imaging only retrieves reliable initial NE-ward rupture (subevent 1 & 2). The
P-wave BP result is overall consistent with the input rupture model although there are
few unrealistic source radiators which falls to the range parallel to the source-to-array
path. This unavoidable bias accompany with large smearing zone occurs because the
BP tends to project those subsequently low coherent wavetrains inside the smearing
area which has long axis parallel to the source-to-array path. Similar biases are also
observed in the vertical rupture experiment at the end of the rupture (Figure 3.8). In
general, disregarding those weak source radiators accompany with large spatial
uncertainties, the P-wave BP result retrieves the hypocenters of input subevents
correctly including the focal depths (Figure 3.9b). After briefly summery this synthetic
test results with the BP imaging of the mainshock from two arrays that we believe NA
seismic array should also observe the SE-ward propagation as EU array does if the
2013 Okhotsk deep earthquake do rupture toward SE direction during the 1% rupture

stage.
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Figure 3.9 Synthetic tests of SE-ward dipping rupture scenario.
The recovered BP image snapshots by (a) combined, (b) P-wave and (c) pP-wave BP images. Insets: the

cross-section along the Profile AA’. The symbol configurations are the same as Figure 3.8.

The last synthetic experiment, based on the 3D BP results of the mainshock from
NA seismic array, is a complex rupture scenario having total 13 subevents comprising
two subhorizontal ruptures against to each other. Figure 3.10a-c shows the BP imaging
results from NA seismic array. The first one goes to NE-direction at depth of 609 km
and the SSW-ward one propagates at depth of 645 km. As expected, the P-wave BP is
capable to recover the input subevent hypocenters well (Figure 3.10b) even though we
notice some errors on estimating the focal depth for the initial NE-ward rupture. It’s
also not surprise to see the BP results of pP-wave having biased radiators recovery for
the second SSW-ward rupture (Figure 3.10c) because of strong swimming and
smearing effects as discussed earlier. Nevertheless, the integrated BP images of P- and
pP-wave (Figure 3.10a) recovered scenario precisely and approved the reliability and

stability of the 3D BP images likewise.
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Figure 3.10 Synthetic tests of two-stage anti-parallel rupture scenarios.

Map and cross-sections showing the 3D BP results with circles and diamonds are obtained from the

(@)-(c) NA and (d)-(e) EU seismic arrays, respectively. Insets: the cross-section along the Profile AA’.
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The layout and symbol configurations are the same as Figure 3.8 & Figure 3.7.

To have cross-reference, we also examine whether the EU seismic array is capable
to resolve this anti-parallel rupture scenario (Figure 3.10d-f). Instead of getting the
NE-direction propagation of 1¥ rupture stage, the EU seismic array projects the
wavetrains to an East-ward propagation rupture which is literally parallel to the
source-to-array (EU) direction. Summarizing the BP results shown in Figure 3.9b and
Figure 3.10e, we found one of the disadvantages of BP imaging is the near
perpendicular geometry between source-to-array path and rupture propagation. The
undesirable geometry perfectly explains the inconsistent 1% rupture stage of 2013
Okhotsk earthquake from NA and EU arrays (Figure 3.3). By our rupture scenario
experiments, we are able to confirm that the East-ward propagation of 1% rupture stage
observed by EU BP images is deviated from the true rupture propagation.

Taking a compressive view of above synthetic experiments (Figure 3.9b & Figure
3.10Db), For the late arriving less coherent and weak wavetrains, the BP imaging
becomes unstable and tends to back project the energy radiators along the
source-to-array path rather than to the true propagation when the rupture direction is
nearly perpendicular to the source-to-array path. We believe the biased BP result is
related with the less coherent wavetrains, the stronger smearing and swimming effects
which are contributed together to make the source energy been projected to the error
locations along the ray path. This particular phenomenon could be treated as an
important indicator for us to examine and verify the BP images carefully if the
tempo-spatial distribution aligns parallel to the ray path. In practical, it’s easy to
encounter poor geometry of propagation with the ray path when performing the BP.

Other than the instability of horizontal locations of subevents, the cross-sections of all
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synthetic tests indicate that the focal depths of subevents recovered by combined
MUSIC BP images of P- and pP-waves are reliable and stable. For the synthetic results
from P-wave only BP images, we also approve the reliability on resolving the focal
depth of subevents, even in the circumstance of undesirable geometry between the
rupture direction and ray path (Figure 3.9b and Figure 3.10e).

Our synthetic experiments demonstrate the importance of combining P-wave and
depth phases BP images to cope with the perpendicular geometry of rupture
propagation with the ray path (Figure 3.8~Figure 3.10) and approve the depth
difference of two-stage antiparallel subhorizontal ruptures of 2013 Okhotsk mainshock

and fast subvertical ruptures of two aftershocks.

3.6 Discussions

The BP results of 2013 Okhotsk deep earthquake sequence are summarized in the
Figure 3.11. As the mainshock, the integrated P- and pP-waves 3D BP images suggest
that this most recent largest deep earthquake consisted of two subhorizontal ruptures
toward the opposite directions. The en-echelon like anti-parallel ruptures separate at
least 10~15 km in depth as the cross-sections show in Figure 3.12. Other than that,
based on the focal depth of aftershocks collected from the ISC catalog (International
Seismological Centre, 2015) and relocated by Chen et al. (2014) could be divided into
two groups. The shallower aftershock group roughly has comparable focal depth of the
mainshock; whereas there is another deeper group near the terminus of the 2" S-ward

rupture. The Figure 3.12 demonstrates the coincident distribution of the 3D BP results
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of mainshock and the aftershocks. The depth aperture of ~15 km between the upper
and lower rupture zone is also observed by Chen et al. (2014) who obtained one
subevent starting at 12 s after the earthquake nucleated and having focal depth about
16.7 km deeper than hypocenter by using multiple point source inversion technique.
The 3D BP results and the aftershocks distributions clarify that the rupture process of
great 2013 Okhotsk deep earthquake consists two subhorizontal shear zones. The
paired shear ruptures have been observed in other large deep earthquakes. For example,
Chen et al. (1996) utilized the P and SH waveform inversion method and discovered
the “en-chelon” rupture feature for several large deep earthquakes such as the 1994
great Bolivia earthquake and the 1994 Japan deep earthquake. Moreover, the deep
earthquakes showing double rupture zones are also observed in Tonga, 1zo-bonin
subduction zones (Furukawa, 1994; lidaka and Furukawa, 1994; Wiens et al., 1994).
For the 2013 Okhotsk mainshock, the 3D BP results also revealed different
rupture speeds of two-stages of en-chelon like anti-parallel ruptures. The 1% NE-ward
rupture almost reaches the northern edge of the Pacific slab and propagates in much
slower velocity (~0.64Vs) than the 2" S-ward rupture stage and two aftershocks
(>0.82Vs). Varying rupture speeds along different section of the same subducting plate
implies the importance of the slab temperature which might affect the earthquake
rupture behaviors, because the northernmost slab edge is believed to be warmed by
both the ambient mantle and corner asthenosphere flow (Peyton et al., 2001; Park et al.,
2002; Davaille and Lees, 2004a). The shorter NE-ward rupture length also denotes the

northern terminus of the seismogenic zone inside the subducting Pacific slab.
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Figure 3.11 The tectonic setting of northern Kuril subduction zone and the BP imaging results of 2013

great Okhotsk deep earthquake sequence, including the mainshock and two largest aftershocks.

The rupture propagations for mainshock and two aftershocks are shown in circles with brownish and

purplish color-bars. The colors and sizes of the circles represent

the elapsed time after the onset of

P-wave and the pseudo-spectrum power of BP images. The rupture fault planes of mainshock and

aftershocks are highlighted by thick lines in beach balls reported by the Global CMT solutions. Gray

circles are the aftershocks in 6 month after mainshock. Gray diamonds show the relocated aftershocks

done by Chen et al., 2014. The white circles show the background seismicity since 1900. The blue

contours are the slab contours of the subducting Pacific Sea Plate from slab 1.0 model.
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Figure 3.12 Cross-sections of the 3D BP results of 2013 Okhotsk mainshock.

Cross-sections along the profiles parallel to the (a) subduction direction (AA’) and (b) slab contour (BB’)
as indicated in Figure 3.11. Right panels show the enlarge part of the cross-sections. The background
image are the P wave tomography from Fukao and Obayashi (2013). The symbols configurations are the

same with those in Figure 3.11.

When an earthquake occurred, the static stress drop could be estimated directly
with the confidential rupture length, width of the rupture plane and seismic moment.
According to Starr (1928), the stress drop of a buried dip slip fault is given by
Ao = 16M,/(3nSW), where Mo, S and W are the seismic moment, fault area and

rupture width respectively. The BP imaging represents the spatiotemporal slip
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distribution on the fault plane (Fukahata et al., 2014). Therefore the high resolution BP
imaging has confidential estimation on the minimum rupture length. According to our
3D BP results, the total rupture length of two anti-parallel ruptures is about 120 km. As
the rupture width, it can be roughly assumed by setting the aspect ratio of the
rectangular fault plane from 0.1 to 1.0 to obtain the exaggerated range of stress drop
estimations. For aspect ratio of 0.1 and 1; the stress drop are 344 and 3.44 MPa,
respectively. By taking the seismogenic width of 40~60 km simulated by numerical
modeling of rheological structure of subducted oceanic plate (Karato et al., 2001) as
the rupture width approximation, then the static stress drop ranges from 31 to 13 MPa
for width. Further compare with the result from teleseismic frequency spectrum
analysis, Ye et al. (2013) suggested the stress drop is about 12~15 MPa which is close
to the estimation by setting the rupture width of 60 km.

The global slab geometry model, the slab 1.0 (Hayes et al., 2012), optimized by
the seismicity may have some uncertainties on sketching the slab geometry for the
regions having rare deep-focus seismicity, such as the northern part of Kuril
subduction zone. As shown in the cross-sections of Figure 3.3 and Figure 3.12, the
2013 Okhotsk mainshock nucleated outside the slab boundary of slab1.0 model. The
high P-wave speed anomaly from the tomographic images by Fukao and Obayashi
(2013) illuminates the colder subducted Pacific plate (Figure 3.12) clearly. Due to the
limited resolution of the tomography image, the metastable olivine wedge inside the
slab could not be discernible here. According to the thermo-kinetic subduction models
proposed by Mosenfelder et al. (2001), the maximum depth of the olivine metastable
tip should be less than 600 km if the subducting plate having thermal parameters of

4000 to 6000 km. Moreover, the numerical modeling for olivine-spinel transformation
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(Marone and Liu, 1997) suggested an extreme narrow seismogenic zone (5~15 km)
outside the olivine metastable wedge. Several studies also tried to determine the width
and extension depth of metastable olivine wedge by detecting the seismic velocity
anomalies (Koper and Wiens, 2000; Kaneshima et al., 2007; Jiang et al., 2008; Kubo et
al., 2009; Kawakatsu and Yoshioka, 2011). However, the rupture area estimated by our
3D BP images indicates that 2013 Okhotsk mainshock ruptures beyond the entire
metastable wedge and implies that thermal shear instability remains the most plausible
mechanism of 2013 Okhotsk deep earthquake.

The triggering of deep earthquakes at great distances has been observed in several
subduction systems including Tonga, Japan and Bolivia (Myers et al., 1995; Tibi et al.,
2003a, 2003b). The first aftershock “2013AS1” was also dynamic-triggered because of
the static stress decreases to only 0.08 MPa by the assumption that two-stage ruptures
have equal moment magnitude. Dynamic stress triggering induced by maximum
passing seismic wavefields has been proposed to explain the triggered earthquake at
great distance for both shallow and deep earthquakes (Kilb et al., 2000; Tibi et al.,
2003a). The dynamic stress disturbance may supply the extra stress or pressure at the
region facilitating the nucleation of earthquakes. However, much longer delay times of
the triggered events do not accommodate with the travel times of the passing seismic
wavefields. The first My 6.7 aftershock,“2013AS1”, located 300 km away in south
was triggered in only 9 hours; however the second one half way close to the mainshock
occurred after 4 months. We suspect great different time delays responding to the
dynamic stress disturbance of two aftershocks is more related to the ambient
seismogenic circumstance than the distance to mainshock or the stress changes

inherited from the mainshock. As the cross-sections shown in Figure 3.13, the
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background seismicity in the north (prof. C) is higher than in the south (prof. D). The
event “2013AS1” locates in the vicinity with lower seismicity where may have
accumulated vulnerable stress and closed to a more critical circumstance to nucleate
earthquake as soon as the area inherits the stress disturbance. Other than the
background seismicity, the variation of thermal structure along the deepest part of the
subducting slab may also affect the response time to the stress; however more
seismological observations, dynamic rupture models and slab geodynamic simulations

are necessary for further examinations.
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Figure 3.13 Cross-sections of the 3D BP results of two aftershocks.

Cross-sections along the profiles of (a) C, (b) D and (c) E as shown in Figure 3.11. The background
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image and symbol configurations are the same with those in Figure 3.11 and Figure 3.12.
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3.7 Conclusions

We revealed the rupture properties of 2013 Okhotsk deep earthquake sequence by
applying the 3D MUSIC BP method. As the mainshock, the low-frequency pP-wave
BP image is integrated to the P-wave BP images to ascertain the focal depth difference
between two-stage en-echelon rupture feature. We also found both largest aftershock
rupture downward in fast rupture speed. In summary, along the same subduction plate,
we observe two different rupture speeds: the slow NE-ward rupture of mainshock and
the fast 2™ rupture stage of mainshock and two aftershocks. The significant variation
of rupture speeds in the subducting Pacific slab suggests the difference of thermal
structure along deepest part of the slab. Also the NE-ward rupture may reach the
terminus of the seismogenic zone of the norther tip of the slab which is warmed by the
ambient mantle and asthenosphere corner flow.

We also perform a suit of earthquake rupture model tests to assure the reliability
of the 3D BP images and approve the capability on diminishing the smearing effects by
adding the P-wave and pP-wave BP images.

Despite of the fact that aftershock 2013AS1 located far from the mainshock in the
central part of Kuril, it is triggered much faster than the other closed aftershock
2013AS2. The response time to the dynamic stress perturbation induced by the
mainshock seems related with the backgrounds seismicity around two aftershocks or
the pressure-temperature distribution inside the slab which need to be examined further

by geodynamic or earthquake rupture dynamic simulations.
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Chapter 4 Rupture characteristics of the 2016 Meinong earthquake
revealed by the back-projection and directivity analysis of teleseismic

broadband waveforms

Originally published in Jian, P.-R., S.-H. Hung, L. Meng, and D. Sun (2017).
Rupture characteristics of the 2016 Meinong earthquake revealed by the back
projection and directivity analysis of teleseismic broadband waveforms, Geophys. Res.
Lett., 44,n0.8, 3545-3553, doi: 10.1002/2017gl072552.

4.1 Abstract

The 2016 Mw 6.4 Meinong earthquake struck a previously unrecognized fault
zone in mid crust beneath south Taiwan and inflicted heavy causalities in the populated
Tainan City about 30 km northwest of the epicenter. Because of its relatively short
rupture duration and P wave trains contaminated by large-amplitude depth phases and
reverberations generated in the source region, accurate characterization of the rupture
process and source properties for such a shallow strong earthquake remains
challenging. Here we present a first high-resolution MUSIC back-projection source
image using both P and depth-phase sP waves recorded at two large and dense arrays to
understand the source behavior and consequent hazards of this peculiar catastrophic
event. The results further corroborated by the directivity analysis indicate a unilateral
rupture propagating northwestward and slightly downward on the shallow NE-dipping
fault plane. The source radiation process is primarily characterized by one single-peak,
~7 s duration, with a total rupture length of ~17 km and average rupture speed of 2.4
km/s. The rupture terminated immediately east of the prominent off-fault aftershock
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cluster about 20 km northwest of the hypocenter. Synergistic amplification of ground
shaking by the directivity and strong excitation of sP and reverberations mainly caused
the destruction concentrated in the area further to the northwest away from the rupture

Zone.

4.2 Introduction

On Feb. 5, 2016, a strong devastating earthquake with a moment magnitude (Mw)
6.4 struck the Meinong District of Kaohsiung City in southern Taiwan. The Central
Weather Bureau (CWB) of Taiwan located the earthquake hypocenter at a mid-crust
depth of 16.7 km beneath the northern tip of the Pingtung plain, the region covered
with the Quaternary alluvial deposits and bounded by the two major faults, the N-S
striking Chaochou fault to the east and the NE-SW striking Chishan fault to the west (

Figure 4.1). The USGS CMT (centroid moment tensor) solution of the main shock
and distribution of its aftershocks reported by the CWB suggest that the earthquake
slipped on a shallow NE-dipping fault plane striking N61°W with both left-lateral
strike-slip and thrust motions (

Figure 4.1). Amplification of ground motion by sediment reverberations coupled
with local site effects have been blamed for partly causing the collapse of high-rise
buildings and severe fatalities in Tainan City, about 20 km northwest of the epicenter.

For the last nearly three centuries, several historically-documented events with
similar or larger magnitudes had rattled the Tainan area which also resulted in

substantial damages and casualties. The two recent ones occurring in very close
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proximity to the 2016 Meinong earthquake are the 1946 Hsinhua and 1964 Baihe
earthquake located about 40 km to the northwest and 30 km to the north, respectively
(Cheng and Yeh, 1989). After about 45 years of seismic quiescence, strong earthquakes
with magnitude greater than 6 started to reactivate in the vicinity, including the 2010
Mw 6.2 Jiashian and 2012 Mw 6.3 Wutai earthquake that struck 25-30 km deep east
and southeast of Meinong on the blind faults beneath the southern Central Mountain
Range (Hsu et al., 2011a; Chan and Wu, 2012; Lee et al., 2013). As revealed by the
earthquakes in 1990-2015 from the CWB catalog, the Meinong event occurred in a
NW-SE trending linear zone of background seismicity with no clear link to any known
faults. This linear feature delineates the boundary between the seismically active,
rugged hilly terrain to the north and east and the Pingtung Plain to the south with
extremely low seismicity. Two prominent aftershock clusters were triggered near the
source region within hours to days after the main shock. The one nearest to the
hypocenter was distributed at 10-20 km depth along the linear background seismic
zone as mentioned above and the other more concentrated deeper at 20-30 km depth to
the WNW about 20-30 km from the source. These two clusters appear to be aligned on
a NW-SE trend parallel to the strike of one of the nodal planes inferred from the CMT
of the main shock, but separated by a seismic gap in between. Additionally, fewer
aftershocks, in spite of being quite sparse and scattered, seem to run roughly parallel to

the strike of the other nodal plane (N174°E) and steep topographic front.
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Figure 4.1 Tectonic settings of Meinong earthquake and the profiles showing BP results and aftershock
distributions.

(a) Tectonic setting of the Meinong earthquake outlined by a black box in the inset map showing the
plate configuration around Taiwan.Stars show earthquakes with Mw>6.0 recorded in this area during the
instrumentation era, with the focal mechanisms from the BATS database. Color and gray circles denote
the aftershocks within 10 days after the mainshock and background seismicity with M >2.0 from the
CWB catalog, with size and color scaled by magnitude and depth, respectively. (c) Projection of all the
earthquakes located within 5 km on either side of the AA’ and BB’ cross sections parallel to the strikes of
the two nodal planes shown in (a), where yellow star and square mark the hypocenter and terminus of

the rupture from our BP image.

In spite that the fault plane orientation, average slip vector, and rupture area of an
earthquake can be crudely determined from the CMT mechanism, aftershocks, and
surface field observations, tracking the details of the rupture process is of essential
importance for comprehensively understanding the source characteristics and
consequent impacts of a destructive event. A back-projection (BP) method using
high-frequency (HF) teleseismic body waves recorded at large-aperture dense arrays is
well suited for this purpose, as it has been demonstrated effective in imaging the

space-time evolution of radiated energy with no need of much a priori knowledge
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about source parameters (Ishii et al., 2007). Here, we employ the multitaper-MUSIC
BP technique (Meng et al., 2011) to illuminate coherent radiation sources through time
for tracking the rupture process of the Meinong earthquake. The obtained image would
facilitate the identification of the asperity on the previously unknown fault zone and
estimation of important source parameters such as rupture speed, length, and direction.
Using broadband waveforms recorded globally and modelled synthetics, we further

verify our BP results through the directivity and source radiation analyses.

4.3 Methods and data

In principle, the BP method tracks the rupture front of an earthquake by extracting
coherent seismic arrivals radiated from common source points and propagating them
backward in time to the positions of the respective radiators (Ishii et al., 2007; Koper et
al., 2011). Practically, there are various ways to perform the reverse-time source
imaging, such as the time-domain stacking (Ishii et al., 2007), frequency-domain
compressive sensing (Yao et al., 2011) and MUSIC (MUIltiple Slgnal Classification)
(Meng et al., 2011). Because a seismic signal is inherently nonstationary and there
exists a tradeoff between its arrival time and traveling distance, the drift of the stacked
energy over time toward the direction to the array is inevitable for the BP results (Ishii
et al., 2007; Koper et al., 2011; Yao et al., 2011). This so-called swimming artifact can
be much mitigated by the MUSIC to enhance the image resolution (Meng et al., 2012b).
The method estimates the covariance matrix of waveforms for every sliding time

window and sampling frequency by a multitaper approach (Thomson, 1982) and
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project it into the signal and noise subspace (Schmidt, 1986). The steering vector
consists of the frequency-domain phase shifts at each station to correct for the
arrival-time shifts of the signals from each candidate source relative to the hypocenter.
The direction of arrival (DOA) associated with the strongest radiator is determined by
the maximum amplitude of the frequency-average MUSIC pseudospectrum, defined as
the inverse of the projection of the steering vector onto the noise subspace (Meng et al.,
2011).

In this study, we combine the high-resolution MUSIC BP and directivity analysis
to explore the rupture process of the Meinong earthquake in details using global
teleseismic broadband records. The vertical velocity waveforms filtered at 0.5-1.5 Hz
from two large and dense seismic networks in Europe (EU) and Australia (AU) are first
aligned on the initial P arrivals as the onset (zero time) of the rupture (Figure Al). By
choosing overlapping sliding windows of appropriate length, we perform the
multitaper cross-spectral estimation of the windowed signals for the subspace
projection analysis. Nodes of a 50x50 km? grid mesh centered at the hypocenter with a
2-km spacing along the strike and dip of the presumed fault plane are specified as
candidate source radiators. We test two plausible scenarios of the rupture propagating
on either one of two conjugate nodal planes derived from the USGS CMT. The results

favor the shallow NE-dipping one striking N61°W as the rupture plane.

4.4 Back projection source image

Figure 4.2 summaries our BP results using P and depth phase sP wave trains from
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the AU and EU array. We test different lengths of the sliding window shifted in every
second and choose 3 s, about twice of the dominant period of the filtered P pulses, to
achieve both the optimal time resolution and stability of the BP images. The rupture
process is illuminated by the strongest radiators in every 2 s projected on the map. The
respective peak amplitude of the MUSIC pseudospectrum varying with time is also
shown as the apparent source time function, similar to the maximum amplitude of the
stacked energy obtained in the time-domain BP method.

In Figure 4.2 (a), we show the BP results obtained with ~20-s long wave trains
starting from the aligned P arrivals. The MUSIC pseudospectrum observed at the AU
and EU array grossly resembles the displacement waveforms shown in Figure 4.3(b),
indicating two major episodes of source energy release. Each episode begins with a
~5-7 s long, stronger radiation burst followed by a rapid decay afterwards, but the peak
and duration observed from the AU array appear later and longer by about 2 s than
those from the EU array. In the first episode, except for the last 2-3 s during which the
normalized amplitude of the MUSIC pseudospectrum at the EU drops rapidly to very
small values (<-3 dB), the radiators seen by both the arrays show the predominance of
a unilateral rupture propagating primarily toward the NW and slightly downdip.
Though the AU compared to the EU array has a less dense station coverage, the shorter
epicentral distance and favorable azimuth opposite to the rupture direction lead to the
recorded waveforms having longer duration and higher coherence and signal-to-noise
ratios. The AU image thus gives preferable spatiotemporal resolution for more robust
estimates of the rupture length, speed, direction and duration. The following
investigation of the main rupture features mostly rely on the AU results.

Despite some minute differences probably due to the source radiation pattern and
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directivity effect, the overall HF radiators reveal fairly consistent space-time
distributions during the first 5-8 s. In contrast, during the second episode there are
large discrepancies in the radiator locations between the two arrays, even though the
apparent source time functions and displacement waveforms of the two episodes are
similar. The EU radiators emitted between 10 and 14 s are found to move further
northwest about 20 km from the epicenter and ~5-10 km above the deeper off-fault
aftershock cluster, while the AU radiators are shifted eastward in the reverse direction
to the previously ruptured area. We notice that these inconsistent radiators are mainly
back projected from the second major pulses which have the arrival-time moveouts and
amplitudes comparable to the first ones (Figure 4.3b). Considering the hypocentral
depth of ~16 km and relative short rupture duration typical for the Mw6.4 event, we
speculate these late-arriving pulses originate from the surface-reflected depth phases,
pP and sP.

To corroborate this speculation, we manually pick the onset times and peak
amplitudes of the pP and sP phases on the vertical velocity seismograms filtered at
0.01-2 Hz (Figure 4.3a). The corresponding 1-D synthetic seismograms are calculated
by the frequency-wavenumber (FK) method (Zhu and Rivera, 2002) assuming a point
source with the USGS CMT focal mechanism and CWB located hypocenter (Figure
A2). The observed differential sP-P and pP-P times and amplitude sP/pP ratios are then
compared with those predicted by the synthetics. As long as the ratio of P to S velocity
does not vary significantly, the traveltime difference between sP and pP with similar
ray paths is not susceptible to shallow velocity structures near the source and can be
used to constrain the focal depth. The average differential sP-pP time from our picking

is 2.27 s consistent with the reported depth of ~17 km. Compared to those predicted by
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the global IASP91 model, the observed sP-P and pP-P times are substantially delayed
by 2-2.4 s. Besides, the sP phases observed at the azimuth of EU (~300°) and AU
(~140°) stations persistently arrive earlier and later respectively than the average
picked time of ~10 s after P. These arrival-time changes with azimuth are mostly
ascribed to lateral velocity heterogeneity around the hypocenter. The 3-D local
tomography model (Huang et al., 2014) indicates that the earthquake occurs in the mid
crust overlain by a 10-15 km thick sedimentary layer with low P- and S-wave
velocities and in transition to a relatively faster upper crust to the east beneath the
southcentral mountain range (Figure A3). To reconcile the average ~2-s delay of the
observed depth phase arrivals, we replace the crustal velocity model in IASP91 by the
layer-averaged tomography model and vary the velocities in the upper and middle
crustal layers. We find the average P and S velocities have to be respectively reduced
by 16+4% and 7+7% relative to the 1-D local model (Figure 4.3c). The radiated
seismic energy propagating through the shallow low-velocity layer generate strong
reverberations seen at all the stations, with slowly decaying amplitude and long
duration over 10 s emerging after the sP (Figure 4.3a). As the amplitudes of
high-frequency waves are strongly influenced by scattering from heterogeneity, the
observed sP/pP ratios exhibit considerable scattered variations with azimuth
unmodelled by the 1-D synthetics. Despite this, the amplitudes estimated from the 1-D
synthetics can properly predict the large, less scattered ratios observed in the NE and
SE azimuths, where the pP and sP waves travel eastward through the upper crust

covered with less sediments.
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Figure 4.2 The resulting BP images from the AU and EU seismic array.

Spatiotemporal distributions of the strongest radiators imaged with the MUSIC BP using (a) ~20 s P, (b)
~6 s sP, and (c) both P and sP waves at the AU (square) and EU (diamond) array, with symbol size and
color scaled by the radiation strength and time elapsed. Green arrows show the rupture direction and
length from the directivity analysis, and inverted triangles the most damaged Tainan area. Upper inset

shows the distances of the radiators from the hypocenter along the strike and dip, with concentric circles
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for the rupture fronts at specific times assuming a rupture speed of 2.5 km/sec.
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Figure 4.3 Teleseismic waveforms, travel time differences between depth phases and P arrivals and the
amplitude ratio of pP/sP.

(a) Teleseismic velocity waveforms at 0.01-2 Hz varying with azimuth. The red, purple and blue lines
mark the aligned P and average hand-picked pP and sP arrivals (thin bars), respectively. (b)
Displacement waveforms varying with directivity parameter, with the rupture duration marked by red
lines. Note that the positive P-wave polarity has been reversed. (c) Differential pP-P and sP-P
traveltimes varying with focal depth. The red, blue, and pink lines indicate the pP-P and sP-P times
predicted for three 1-D models from IASP91, the local tomography model (Huang et al., 2014), and our
estimates that fit the observed differential times for a 16-km deep event. Circles with error bars show the

averages and standard deviations of the picked pP-P and sP-P times. (d) Comparison of the observed
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(circle) and predicted (cross) sP/pP amplitude ratios varying with azimuth.

As we confirm the phase arriving at ~10 s after P is mainly the sP, we separate
these two phases and synchronize their respective onset times to conduct the BP
imaging individually. The time-evolving radiators constrained from the P and sP waves
at the AU array are consistent. The sP waves propagating northwest through the very
thick low-velocity layer to the EU stations and more contaminated by reverberations
are less coherent, resulting in the much weaker radiators. Even so, compared to those
using the longer P wave trains mixed with the depth phases, the rupture patterns
obtained with the sP only at the two arrays become more consistent with each other
(Figure 4.2b).

From the previous study (Kiser et al., 2011a) and our exercises using both the
observed and synthetic data, combining the BP results from multiple phases with
different take-off angles can help improve the image resolution and reduce the
uncertainties of the radiator locations for further evaluation of the rupture parameters
(Figure A4). In Figure 4.2 (c), we integrate the P and sP obtained rupture images by
summing linearly the amplitudes of the respective MUSIC pesudospectrum for each
candidate source and given time interval. Those at which the summed amplitudes reach
the maxima are identified as the strongest radiators and the corresponding peak
amplitudes of the MUSIC pseudpspectrum as the apparent source time function
(Figure 4.2 c¢). The summed AU image indicates that the rupture is initially stagnant
nearest the hypocenter at 0-2 s, then propagates toward the northwest and slightly
downdip between 2 and 6 s, and turns more horizontally at 6-8 s. This rupture scenario
agrees with the aftershock distribution in the vicinity of the hypocenter which forms a

linear trend roughly parallel to the strike of the rupture plane (
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Figure 4.1b). The rupture extent spans about 10 km along the strike and 7 km
along the downdip direction and ends at the eastern periphery of the off-fault
aftershock zone located ~20-25 km northwest of the epicenter. The average rupture

speed is about 2.4 km/s by taking a total rupture length of ~17 km and duration of ~7 s.

4.5 Rupture directivity and source radiation analysis

To further verify our BP results, we conduct the directivity analysis using all the
global teleseismic broadband records. Assuming a simple kinematic source model for
an earthquake rupturing on a rectangular fault of finite length L, the apparent rupture
duration, t;, observed from a teleseismic P wave at azimuth, ¢, is expressed as

L  Lcos(@—¢y)sinip

- , Where c is the P-wave velocity, v the rupture speed, i; the

td =
take-off angle, and ¢, the rupture azimuth. If the Meinong earthquake ruptured with

multiple subevents, by arranging the waveforms as a function of directivity parameter

defined as —M(Zhan et al.,2014), we would observe the multiple coherent

arrivals aligned along the straight lines with different slopes. The rupture duration, %

for each subevent is equal to the intercept of the line crossing the zero directivity
parameter. Considering the rupture propagates predominantly toward N61°W as seen in
the BP image, we display the displacement waveforms aligned on the onset P arrivals
as a function of directivity parameter (Figure 4.3b). The rupture directivity toward the
NW is clearly evidenced by the time duration of the first pulse linearly increasing with

the directivity parameter. Besides, the onset times of the second pulses seem to be
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aligned on the same moveout as the P. Though the amplitudes of these two pulses vary
differently with the directivity parameter, the overall waveform shapes are very similar
with one single dominant peak, further implying that these two seismic pulses originate

from the same rupture process.
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Figure 4.4 Directivity analysis result, the rupture distances and times at EU and AU array and the
comparison of BP result with finite fault inversion.

(a) The rupture speed (v) and length (L) (red cross) that best fit the observed rupture duration (ty) at the
AU, EU, and NA stations from the directivity analysis. Color image shows the RMS misfit between the
observed and predicted ty (white ellipse for RMS=0.1 s). (b) (Left) Propagation distance of the
time-evolving radiators from the hypocenter at the AU (square) and EU (diamond) array. The average v
estimated by the slope of each least-squares fit line is 2.5 and 1.6 km/s, respectively. (Right) Comparison
between the radiator locations (square) from the AU image and cumulative slip distribution from the
finite-fault model (Lee et al., 2016), with light and dark gray shaded areas showing the slip exceeding
15% and 30% of the maximum value. Star and circles denote the epicenters of the mainshock and

aftershocks.
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4.6 Discussions and conclusions

The finite-fault model of Lee et al. (2016) shows that the Meinong earthquake has
two slip asperities with an overall area of ~25x25 km? and the moment release with a
total duration of ~16 s. However, our BP and directivity analyses vyield the
considerably shorter rupture length (~17 km) and duration (~7 s), with the strong
directivity pointing more toward the northwest than the fault strike of N79°W assumed
in their finite-source model. The rupture extent constrained by our AU image is
partially overlapped with the first asperity which starts with a small patch near the
hypocenter at 0-2 s, and during 2-8 s moves downdip about 18 km and then
horizontally about 10 km to the west (Figure 4.4b). The resulting moment rate function
has the prominent peaks at 3-5 s, similar to the strongest radiation burst which reaches
the maximum amplitude of the MUSIC pseudospectrum in the AU image (Figure
4.2c).

The second asperity developed after 9 s is located immediately west of the first
one but shifted to the shallower depth of ~15 km above the off-fault aftershock cluster.
This smaller slip patch is collocated with the radiator emitted at 10 s in our AU image
(Figure 4.4d), where the sP and reverberating wave trains are considered as part of the
direct P in the BP imaging. It results in a continuously westerward-propagating rupture
with a much longer rupture length and duration atypical for the Mw6.4 event. We find
the direct P and depth phases of the shallow Meinong event would overlap each other
if the lowpass cutoff frequency chosen to filter the waveforms at the AU stations is too
low at 1 Hz as that used for the finite-fault inversion. This may explain that the

moment magnitude of several earthquakes with Mw=6.0~6.5 in Taiwan tends to be
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overestimated by the finite-fault models compared to the global CMT solutions, and so
do the rupture area and source duration.

Combing the BP results with constraints from the directivity and source radiation
pattern, we conclude that the rupture does not reach the depth shallower than 15 km
nor beyond the off-fault aftershock cluster about 20-30 km northwest of the hypocenter.
The Meinong earthquake happened to rupture toward the NW azimuth close to the
maximum S-wave excitation. The radiated energy propagating through the very thick,
low-velocity layer west of the epicenter generated strong reverberations. Synergistic
amplification of ground motion by strong directivity and excitation of sP and
reverberations mainly caused the destruction in Tainan further to the NW from the
rupture zone. Our analysis demonstrates the source parameters such as the rupture
extent and duration especially for strong shallow earthquakes with Mw<7 can be
overestimated if late-arriving P-wave energy included in the BP imaging and

finite-fault inversion are dominated by depth phase and reverberant energy.
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Chapter 5 The 2010 Jiashian and 2016 Meinong earthquakes:

doublet ruptures interact across two strong asperities

5.1 Abstract

In the last decade after about 45 years of seismic quiescence, southwest Taiwan
was imperiled by two strong earthquakes occurring in relatively close proximity, the
2010 My 6.2 Jiashian earthquake and the deadly 2016 My 6.4 Meinong earthquake.
The focal mechanisms and aftershock distributions imply that both events had rupture
along the NW-SE striking, shallow-dipping fault planes at the depths of 21 and 16 km,
respectively, with their hypocenters horizontally separated by ~17 km. Here we present
the Multiple Slgnal Classification (MUSIC) back projection (BP) images using
high-frequency P- and sP-waves recorded by the European and Australian seismic
networks, the directivity analysis using global teleseismic P waves, the distribution and
predominant focal mechanisms of relocated aftershocks, and the temporal variation in
the frequency-magnitude distribution (b-value) of regional seismicity to characterize
the rupture characteristics of the two mainshocks and explore the potential connection
between them. The results of the Meinong event indicate a unilateral, subhorizontal
rupture propagating ~17 km northwestward and lasting for ~6-7 s (Jian et al., 2017).
The Jiashian earthquake nucleated ~5 km deeper and ruptured obliquely toward the
NW and up-dip (~16°) direction with a shorter rupture length of ~10 km and a duration
of ~4-5 s. The up-dip propagation is corroborated by the 3-D directivity analysis.
Moreover, the refined aftershock locations reveal that the Jiashian sequence is confined

in an elongated zone extending 15 km in the NW-SE direction and located 0~3 km
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shallower than the hypocenter. The Meinong aftershocks mainly form three clusters:
the first one clustered around the mainshock hypocenter, the second one distributed
deeper (>20 km) and ~20 km northwest of the mainshock epicenter off the rupture
plane, and the third one occurring farther east of the epicenter at <10 km depth beneath
the southern Central Mountain Range. As evidenced by similar magnitudes, focal
mechanisms, rupture directions and propagation speeds of the two mainshocks as well
as the spatial configuration of the rupture zones and aftershock distributions, we
attribute their occurrence to the surface roughness and strength heterogeneity with the
two relatively stronger and larger asperities on a buried oblique fault that have been
recently reactivated and interacted with each other through static stress transfer, which

consequently caused the ruinous destruction in SW Taiwan.

5.2 Introduction

The region of Taiwan, located at the junction of the Eurasian Plate (EP) and the
Philippine Sea Plate (PSP) Plate, presently undergoes a fast convergence rate of 82
mm/yr in direction of N310°E obliquely to the northeast-trending Eurasian (EU)
continental margin (Seno et al., 1993; Yu et al., 1997). The PSP subducting beneath the
EP in the north but overriding the EP in the south of Taiwan is well depicted by
seismicity down to at least a depth of about 200 km (Kao et al., 1998a, 2000; Kao and
Rau, 1999). In between, the collision of the Luzon arc on the PSP with the EU
continental margin has produced the highly-deformed, NNE-SSW striking orogenic

belts with a very high rate of seismicity unevenly distributed in the Taiwan island
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(Suppe, 1984). Numerous seismotectonic and geodetic investigations reveal that the
earthquakes occurring with diverse faulting mechanisms are correlated with crustal
deformation and stress patterns, largely controlled by the direction of the fast
convergence of the PSP relative to the EP and the orogeny- and subduction-related
structures (Kao and Jian, 1999; Hsu et al., 2010) (Figure 5.1). In the last century, most
catastrophic earthquakes occurred in the two prominent thrust zones in the western and
eastern side of the Central Mountain Range, including the tragic 1999 ChiChi
earthquake with moment magnitude (Mw) of 7.6 that hit central western Taiwan.
However, because of the relatively low seismicity in southwest (SW) Taiwan,
comprehensive evaluations of the statistical and physical properties of the historical
seismicity, the structures and behaviors of active faults, and seismic hazard potential
are still insufficient in this region.

Within a decade, southwestern Taiwan was struck by two nearby large
earthquakes: the 2010 Mw 6.2 Jiashian and the deadly 2016 Mw 6.4 Meinong. The
epicenters of these two mid-to-lower crust events (with the focal depths of 22.6 and
16.7 km) were not located in any previously-known linear features but adjacent to two
major faults, the N-S striking Chaochou fault (CcF) and the NE-SW striking Chishan
fault (CF) which border the flat Pingtung Plain (PP) to the east with the Central Range
(CR) and to the west with the southern Western Foothills (WF), respectively (Figure
5.1b). The Meinong and Jiashian earthquakes are found to lie in the northern boundary
between the PP and the WF near the northern tip of the CF and east of the CcF in the
CR, respectively. Despite very sparse and rare earthquake activities during the
instrumental period and in historical records, Ching et al. (2007) and Hsu et al. (2009)

speculated the presence of subsurface hidden shear or fault zones oblique to the
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existing N-S and NE-SW striking active faults to accommodate the increase of the
strain rate from the north to south Taiwan and the counterclockwise rotation from east
to west of the GPS velocity across SW Taiwan observed during the interseismic period.
In addition, many studies integrating multiple field observations of the modern GPS
strain rates, paleostress, and tectonic-geomorphic features advocated that the PP has
experienced the lateral extrusion toward the W and SW with the right-lateral shear
deformation (Lacombe et al., 2001; Ching et al., 2007; Angelier et al., 2009; Hsu et al.,
2009; Deffontaines et al., 2016). Prior to the 2010 Jiashian earthquake, it is noted that a
20-km long, NW-SE trending seismogenic zone is present in the depth range of ~10-20
km and almost juxtaposed with the transition boundary from the low-relief PP to the
high-elevated WF. The inversion of regional stress (Michael, 1984) using the
earthquake focal mechanism data from a recently-improved regional MT (moment
tensor) catalog (Jian et al., 2018) indicates that the axis of the average principal stress
is about 28°counterclockwise from the azimuth of the GPS velocity field. Such
noticeable difference implies that there may be a transition in the deformation and
stress distribution between the upper and lower crust controlled by various tectonic
mechanisms. Studies of the source characteristics and linkage of the mainshocks and
aftershocks of these two earthquake sequences would help unravel the important
hidden structures in the transition boundary and further understand the principal

tectonic processes that govern the seismogenic potential in SW Taiwan.
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Figure 5.1 Map showing seismicity and tectonic settings in Taiwan

(a) The dots showing the earthquakes (M, >2.5) from CWB relocated catalog are colored by the focal depth.
Pink thick arrow indicates the current convergent direction. Purple arrows show the some selected
average GPS velocity field relative to station of Paisha, Penghu. (b) Enlarge map of the study area
showing the background seismicity and regional focal mechanisms (M\>3.0) from AutoBATS catalog
(Jian et al.,2018) before 2010 Jiashian earthquake. The stars mark the large earthquakes (M > 6.0) from
1900 to 2016. (c) The 2010 Jiashian and 2016 Meinong aftershock sequences are shown in circles
colored by the focal depth in yellow and orange color-bars, respectively. The focal mechanisms of two
mainshocks are from USGS. The abbr. on the map: WH: Western foothill; CR: Central Range; PP for
Pintong Plain; CF: Chishan Fault and CcF: Chaochou fault.
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Previous studies verified that the Meinong earthquake ruptured along a previously
unknown blind fault striking NW and gently dipping toward the NE and thus excluded
the CcF or CsF as candidate faults (Lee et al., 2016; Jian et al., 2017; Kanamori et al.,
2017). The rupture process revealed from BP of high-frequency P- and depth-phase sP
waves further puts tight constraints on the spatial extent of the rupture area and
kinematic rupture parameters which result in a predominantly unilateral rupture
propagating toward the NW with the rupture length of ~17 km and a single-peak
source radiation duration of ~7 s (Jian et al., 2017) , in agreement with those estimated
from the directivity analysis of global broadband teleseismic and local strong-motion
records (Jian et al., 2017; Kanamori et al., 2017). On the other hand, the finite-fault
model of the Meinong earthquake obtained from the inversion of combined teleseismic,
strong motion and geodetic data suggests a two-stage rupture process with two peaks
of slip over a larger area extending updip and further to the west and a total
source-time or rupture duration of (~16 s) at least twice longer than that from the BP
result (Lee et al., 2016). The finite-fault model of the Jiashian earthquake obtained in
the same way also reveals the same source-time duration of ~16 s with two large slip
areas corresponding to two peaks of moment release, for which the rupture initially
propagates westward for a short distance inducing large slip in the deeper and larger
asperity at 12-22 km depth and later moves upward to near surface with the second
smaller slip patch distributed over the depth of 2-8 km (Lee et al., 2013). The resulting
slip distribution and rupture extent are the finite fault inversion results from the
postulated curved thrust fault segment between the CF and CcF, named the Chishan
transfer fault zone, with a low angle dip at mid-crustal depths, and more steeply

dipping at shallow depths toward the NE. However, neither the aftershocks nor the
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coseismic slips determined from the inversion of GPS displacements (Hsu et al., 2011b)
are found in the near-surface asperity as observed in the finite-fault model (Lee et al.,
2013).

Jian et al. (2017) first applied a high resolution array method, MUItiple Signal
Classification (MUSIC) analysis (Meng et al., 2011) to BP imaging of the rupture
process for the Meinong earthquake occurring in the structurally complex setting even
with a moderate magnitude but causing severe damages in the vicinity of the
metropolitan city. The results suggest that the finite-fault models may overestimate the
rupture extent, duration, and moment release of moderate-sized earthquakes in Taiwan
because of the lower-frequency waveform data and uncertainties in the assumed fault
geometry, source parameters, and velocity structures through which seismic waves
propagate used in the inversion (Jian et al., 2017). This motivates us to revisit the
detailed rupture process for the Jiashian earthquake as well, since both the events have
comparable moment magnitudes and focal mechanisms. Following the procedures of
Jian et al. (2017), we determine the rupture process of the Jiashian earthquake by
integrating the BP images obtained with direct P and depth-phase sP wavetrains. The
resulting source properties including the rupture direction, length, and duration are also
compared and cross-checked with those derived from the directivity analysis using
global displacement waveforms. Our investigations support that the two events
ruptured with similar propagation speeds on an unknown fault surface with the same
geometry striking N409W and dipping toward the NE, and the estimated rupture
lengths and durations are of the same order but much shorter than those resulting from
the finite-fault inversion. Despite no geological field observations to make a direct link

with the hidden causative faults of the two events, we identify and relocate their
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respective aftershock clusters based on the earthquake interaction model (Reasenberg,
1985) and determine focal mechanisms of larger aftershocks and historical regional
earthquakes (Figure 5.1c) to help characterize the geometry of the candidate blind fault.
A recent study of the spatial variation of the earthquake frequency-magnitude
distribution, i.e. b-value, in Taiwan indicates the change of the b-value is inversely
correlated with the variation in the GPS-derived differential strain-rate or stress (Chen
et al., 2017). We thus compare the b-values of seismicity in the vicinity of the rupture
areas before and after the main shocks to understand the circumstance of stress
accumulation for the impending large earthquakes. Finally, we define the geometry and
dimension of the source and receiver faults based on focal mechanism and aftershock
distributions and testify the possibility of the triggering of the Meinong mainshock by

the preceding Jiashian earthquake through static stress transfer.

5.3 The MUSIC Back Projection and data

The back-projection (BP) method retrieves the coherent P wavefield recorded by a
dense seismic array backward in time to the respective energy emitted positions during
an earthquake rupture process. It requires minimal assumptions of the fault geometry
and rupture kinematics plane and provides a high-resolution source radiation process
using high-frequency seismic wave energy (Ishii et al., 2005; Kiser and Ishii, 2012). In
our study, we adopt a frequency-domain BP approach which combines multitaper
cross-spectral estimation and MUSIC (MUItiple Signal Classification) for

identification of seismic source radiators of coherent signals orthogonal to the noise

107

doi:10.6342/NTU201800838



subspace (Meng et al., 2011). The method is originally employed to image the rupture
processes of great megathrust and deep-focus earthquakes using teleseismic array data
(Meng et al., 2011, 2014) and major earthquakes recorded in regional distance (Meng
et al., 2012a). We first demonstrated its capacity to resolve the rupture characteristics
of the damaging Meinong earthquake with only a moderate magnitude (Mw=6.4) (Jian
et al., 2017), providing that the waveforms of multiple phase arrivals are carefully
identified and aligned prior to performing the back projection.

We follow the same procedure as that for the Meinong earthquake to explore the
rupture process of the Jiashian earthquake. The vertical-component velocity
waveforms obtained from the European (EU) and Australian (AU) seismic networks
are first bandpass filtered between 0.5-1.5 Hz and aligned at the onset of initial P
arrivals (Figure B1). Considering that the signals in each short-time window are
emitted from a suite of candidate radiation points positioned at 2-km spaced grid nodes
on a 50x50 km? fault plane with a trial orientation derived from the centroid moment
tensor solution, we estimate the corresponding MUSIC pseudospectrum defined as a
measure of waveform coherence across the array.

As the trade-off between the traveling time and distance of the waveforms
yielding smearing effects with certain spatial uncertainty can be largely reduced when
combining the BP images resulting from multiple phase arrivals with various angles of
incidence. For mid-crust earthquakes with moderate magnitude (Mw~6), the rupture
duration is sufficiently short such that the upgoing depth phases pP and sP are
separated far enough in time from the downgoing P phase. As such, the wavetrains of
these depth phases can be individually projected back in time to source radiation

locations as long as they do not interfere substantially with the preceding long-lasting P
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wavetrains or the following strong sediment reverberations (Jian et al., 2017). In the
next section, we demonstrate that the pP and sP phases of the Jianshian earthquake are
identified and picked through comparison with the corresponding synthetic waveforms.
The same BP approach is employed to estimate the MUSIC pseudospectrum at all the
candidate radiators associated with the sP wavetrains. The amplitudes of the obtained

BP images then are summed linearly to locate the strongest radiators.

5.4 Rupture Characteristics of the Jiashian Earthquake

54.1 Back Projection Rupture Image

In Figure 5.2, we demonstrate our BP results for the Jianshian earthquake using
the EU and AU array data, where each panel shows the spatiotemporal evolution of the
strongest seismic radiation emitted during the rupture process determined by back
projecting the P and sP wavetrains separately and combining the direct and
depth-phase BP images. The pseudospectrum power time function (PSTF) shown in
the lower-right inset displays the MUSIC pseudospectrum of the strongest radiator as a
function of rupture time for each BP image. Considering the first 20-s P wavetrains as
the radiated energy, the resulting PSTFs consist of two energy radiation bursts with
comparable amplitude and duration, each of which lasts for about 6 s and 7 s in the EU
and AU array, respectively (Figure 5.2a &d). During the first rupture stage, both the
array data result in consistent spatiotemporal distributions of seismic radiation,
suggesting a unilateral rupture propagating ~11 km along the strike azimuth (N60°W)
and 3-5 km along the up-dip direction (see the upper-right insets of Figure 5.2).
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However, the second-stage rupture processes resolved from the two arrays are
distinctly different. The EU result reveals a continuously NW-ward progressive rupture
from 8 to 16 s, whereas the energy radiators between 10 and 20 s observed in the AU
image wander in the opposite direction toward the epicenter. Jian et al. (2017) found
similar rupture scenarios for the Meinong earthquake if the later depth-phase energy
were mistakenly treated as part of the P wavetrains and back projected to the candidate

radiation points by using the P-wave travel times.
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Figure 5.2 The resulting BP images of 2010 Jiashian earthquake from the EU and AU seismic array.
The data used for BP images are ~20s P, ~7s sP waves at EU (a)-(b) and AU (d)-(e) array. The combined
BP results of direct P- and sP- waves of EU and AU arrays are displayed in (c) and (f), respectively. The
symbols are scaled by the BP pseudo-spectrum power and colored by time elapsed. Lower-right inset
shows the source time function with pseudo-spectrum power. The upper inset shows the distance of the
radiators from the hypocenter along the strike and dip, with concentric circles represnting the rupture
fronts by assuming a rupture speed of 2.0 km/sec.
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To verify that the wavetrains beginning at ~7 s after the onset of the P arrival
mainly comprise the depth-phase signals, we calculate the corresponding synthetic
seismograms by a frequency-wave number method (Zhu and Rivera, 2002) using the
global IASP91 model. The earthquake source is represented by a single- or
double-point source model with the same focal mechanism provided by the US
Geological Survey and the hypocenter by the Central Weather Bureau (CWB) of
Taiwan. The synthetics generally reproduce the first-order features of the observed
displacement pulses (Figure 5.4 & Figure B2), showing a polarity reversal of the pP
and sP phases arriving at ~7 s and ~10 s and comparatively very low pP amplitudes at
the azimuths between 120° and 190 ° to the AU array. Therefore, we select the
larger-amplitude sP wavetrains sufficiently separated from the direct P-wave coda from
both arrays to perform the same BP imaging as done with the P waves. The resulting
BP images of EU and AU array exhibit a very similar pattern to that resolved from the
P waves in the first 8-s period, confirming that the Jiashian mainshock ruptured
unilaterally to the NW and updip direction with the effective source duration of about
5-6 s (Figure 5.2a &c). However, the sP BP images from the AU array, the relatively
weak sP arrivals across the AU seismic network (Figure B1c) are not coherently
enough to robustly locate the radiators in space and time. It is also noted that the depth
phases travel through the crust with sharp lateral velocity gradients across the
arc-continent collision suture zone in southeast Taiwan (Figure B3). The contamination
of strongly scattered waves may lead to the unstable BP source images in the AU array.
By summing the amplitudes of the P and sP pseudospectrum for each array to track the
strongest radiators in time and space, we conclude that the rupture zone of the Jiashian

earthquake extends respectively about 11-12 km and 3-5 km along the strike and updip
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direction, largely overlapped with the distribution of relocated aftershocks (Figure

5.2c&f and Figure 5.3). The following discussions of the rupture properties of the

Jiashian earthquake and comparisons with those of the Meinong earthquake are based

on the P- and sP-wave integrated BP results from the EU array.
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Figure 5.3 The resulting BP images of Jiashian and Meinong earthquakes.
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(a) Map showing the BP results and aftershocks in circles and diamonds for Meinong and Jiashian

earthquakes, respectively. The BP results and aftershocks are colored by the elapsing time and focal

depth, respectively. The cross-sections showing the BP results and aftershocks distributions along the

profile of (b) AA’ and (c) BB’ for Jiashian and Meinong earthquakes, respectively. The symbols for BP

results are the same as those shown in Figure 5.2.
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5.4.2  3-D Rupture Directivity Analysis

Our previous BP and directivity study for the Meinong earthquake (Jian et al.,
2017) indicates a near-horizontal rupture propagation toward the NW with negligible
downdip movement (Figure 5.3c). For the Jiashian earthquake, the resulting BP image
reveals both the along-strike and updip rupture propagation as shown in Figure 5.2 and
Figure 5.3b. To further examine whether the up-dip rupture directivity significantly
modulates the duration of the observed P wavetrains, we conduct a rupture directivity
analysis by taking into account both the strike and dip components in a unilateral
kinematic rupture model (Park and Ishii, 2015). The apparent rupture duration, t,, of

the teleseismic P wave at azimuth ¢ , is expressed as

L L(sinrcosip+cosycos(¢—¢y)sinip)

- . , Where c is the P-wave velocity, v is the rupture

speed, i, isthe take-off angle, ¢, isthe azimuth of the rupture direction measured
clockwise from the north and vy is the rupture dip angle positive downward from the
horizontal. Given a ruptured event propagating in the direction specified by ¢, and v,
the apparent rupture duration viewed from the time span of P-wave displacement

pulses at various station azimuths would increase linearly with the directivity

parameter defined as — sinrcosip+cosycos(@—@y)siniy

- and the slope of the linear trend is

proportional to the rupture length L. If the rupture of the Jiashian earthquake, like that

of the Meinong earthquake, primarily propagated horizontally toward the NW, the

cos(@p—q@y)sinip,

directivity parameter simply becomes .

In Figure 5.4, the global vertical displacement waveforms of the Jianshian
earthquake are aligned at the P-wave onset and presented as a function of station

azimuth. Within the first 6-s time window that mainly comprises the direct P

114

doi:10.6342/NTU201800838



wavetrains, the double-peaked pulses with comparable amplitudes are observed at
most of the recording stations except those with azimuth in 290°- 310° The time delay
between the two pulses appears to vary with azimuth. Based on above apparent
duration equation of horizontal rupture, we search the rupture length and speed by
minimizing the observed and predicted rupture duration by assuming Jiashian
earthquake ruptured horizontally along the strike of 325°from the focal mechanism
reported by USGS. The resultant rupture length and speed are ~5 km and 1.0 km/s
which are apparently much shorter and slower than the estimations with our BP result
(Figure 5.5a). The resulting BP image indicates that the Jiashian earthquake ruptured
upward ~16°along the strike of ~3009, the rupture direction may not be the same as the
strike of focal mechanism and the rupture dip angle should also be accounted for. In
this case, the same global search on rupture strike, dip, length and speed is performed
again. In order to demonstrate the importance of adding variables of rupture strike and
dip into global search on minimizing the errors between observed and predict apparent
source durations. We perform the F-test for three hypotheses of adding strike, dip or
both with the presumed hypothesis in which there are only two searching variables of
length and speed. According to the definition of the F-test statistics, when the P-value
equals to 0, it means the tested hypothesis can’t be rejected. The resulting F-test
statistics are 207.5, 66.6 and 113 for three tested hypotheses and the corresponding
P-values are all equals to 0. Through the F-test, we confirm the necessity on searching
both strike and dip of rupture direction. Figure 5.5¢ shows the minimum errors respect
to the scanned strike and dip, it should be noted that the directivity analysis having
much larger uncertainty on the dip than strike. The best strike is about 275%-285°and

dip is -209--45° However, the relocated aftershock sequence and BP result (Figure 5.3)
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suggest the rupture dip angle should be in the range of -16~-20° When we fixed the
strike of 280°and dip -209, the resultant of rupture length and speed are 11.25 km and
2.2 km/s which are consistent with the results from BP images (Figure 5.5b&d).
Colligating the estimations of rupture length and width inferred from the BP
images and relocated aftershock sequences (Figure 5.3), the static stress drops could be
estimated with the assumption of A=p. The stress drop of Jiashian earthquake ranges
from 5 ~ 9 Mpa for rupture widths of 4-6 km. For Meinong earthquake, the stress drop
is about 4 ~ 10 Mpa if the rupture width ranges in 5-8 km. Although the uncertainty of
stress drop arises from the ambiguous of rupture width estimations, the stress drop of

two earthquakes are comparable.
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Figure 5.4 Global displacement waveforms of 2010 Jiashian earthquake.

The vertical displacement waveforms are assorted by the (a) azimuth and (b) directivity parameter by

setting the rupture strike and dip of 310° and -16°. The purple lines mark the aligned crest of the P waves.

The short pink lines mark the hand-picked second crest corresponding to the peak of the second

subevent. The rupture duration varying with directivity parameter are marked by the red lines.
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Figure 5.5 The directivity analysis results and comparison with BP results for 2010 Jiashian earthquake.
(a)-(b) Misfit functions of apparent source durations respect to the rupture length and speed. (a) The best
rupture length and speed (yellow cross) are 5.5 km and 1.0 km/s with error of 0.279 s with fixed rupture
strike of 325°and dip of 0% (b) The best rupture length and speed are 11.25 km and 2.2 km/s with error
of 0.156 s with fixed rupture strike of 280°and dip of -16° (c) The misfit function respect to the rupture
strike and dip. The searching variables include rupture strike, dip, length and speed for best fitingt the
observed rupture durations. Note: each grid shown in (c) representing the smallest misfit among 4
scanned variable, which means the resultant length and speeds in each grid are all different. (d) The
rupture length and time from the hypocenter and onset time of P wave from EU (yellow diamonds) and

AU (blue squares) BP images. The text on each red line labels the rupture speed.
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5.5 The 2010 Jiashian and 2016 Meinong doublet sequence

The slightly upward NW-ward rupture of Jiashian earthquake revealed by BP
image and directivity analysis delineated the overall rupture zone. To better examine
the aftershock sequence, we performed the cluster analysis proposed by Reasenberg
(1985) and Hypo-DD relocation (Waldhauser and Ellsworth, 2000) for aftershocks that
occurred within 1 year after Jiashian earthquake. The relocated Jiashian aftershock
sequence extends parallel with the NW-SE striking fault plane and also gradually
shallows toward the west (Figure 5.1c & Figure 5.3a). The same procedures of cluster
analysis and Hypo-DD relocation are also processed for Meinong aftershocks, and one
of the clusters around the epicenter of Meinong event also distributed subhorizontal
and parallel with the rupture direction of Meinong earthquake (Figure 5.3). We also
notice a clear gap between two earthquake sequence both in horizontal and vertical
direction which tell us the rupture zones of Jiashian and Meinong events are separated
with each other. We proposed a blind causative fault responsible for these two major
earthquakes because of two following observations. The first one, according to the
focal mechanisms issued by USGS, the differences of strikes and dips between two
closed by earthquakes are only 24°and 3° The Second, the regional focal mechanisms
for small aftershocks in this area from AutoBATS MT catalog (Jian et al., 2018) are
showing similar focal mechanisms (Figure 5.6a) just like two mainshocks. The Figure
5.6 illustrates the fault geometry based on the focal mechanism of Meinong earthquake
from USGS report. Along the cross-section of profile BB’ (Figure 5.6b), we see the
Jiashian earthquake sequence lying at the deeper part of the same proposed fault plane

which ascertain our assumption about the one blind causative fault in the crust. The
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width of this blind fault can be roughly confined by the delineations of two aftershock
sequences. To the east along the strike, we see a small group of vertical distributed
earthquakes which is not along the blind fault plane (profile CC’ & EE’ in Figure 5.6b)
and those can be treated as the east boundary of our presumed fault. The western
bound of the fault is not easy to determine because of the sparse distributed aftershocks
in the west. Summarizing above the rupture extends from BP results and aftershock
sequences of Jiashian and Meinong earthquakes, we define the causative fault plane
with a minimum rupture area of 27x22 km? (abbreviated as JSMN fault).

The 2010 Jiashian and 2016 Meinong earthquakes not only might occur on a blind
JSMN faut but also can be regarded as a doublet sequence because of several similar
kinematical rupture properties of two events including closed epicenters, nearly
identical focal mechanisms, rupture directions and speeds (Lay and Kanamori, 1980;
Kagan and Jackson, 1999). Moreover the 6 years apart of the occurrences of Jiashian
and Meinong earthquakes are not too long considering that SW Taiwan is an over 50
years seismic quiescence area before the 2010 Jiashian earthquake. Prior this doublet
sequence, there was a NW-SE trend background seismic belt composed by small
events (M_<5.0) and the Meinong earthquake just occurred on it (Figure 5.1b). As
mentioned above, in the presumed JSMN fault area, the focal mechanisms of
background earthquakes (Figure 5.1b) and the aftershocks are overall consistent with
two mainshocks (Figure 5.6) (Jian et al., 2018). To understand the seismologic
properties of this JSMN fault which has deficient geological observations, we first
study the seismic activities by calculating the frequency-magnitude distribution and
then calculate the Coulomb stress change on the fault itself and two off the fault

triggered aftershock clusters by Meinong earthquake induced by two mainshocks. All
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the computations are based on the rough geometry estimation of JS-MN fault as shown

in Figure 5.6.
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Figure 5.6 Fault settings for 2010 Jiashian and 2016 Meinong doublet events.483%! & A T &% & o

(a) Map showing regional focal mechanisms and aftershock sequences (circles) denoted by orange for
Jiashian and blue for Meinong earthquakes. Regional focal mechanisms are from AutoBATS MT catalog
(Jian et al.,2018) or first motion method. The color of the beach ball shows the focal depth. The circles
with thick outline are those events having focal mechanisms displayed on the map. The brown and blue
dash boxes mark the fault areas of JSMN fault for the doublet evens and two receiver faults, respectively.
(b) The cross-sections of profiles A to H. The dash brown lines mark the JSMN fault plane along each
profile. To better illustrate two sequences in cross-sections, the beach balls are colored by orange for

Jiashian and blue for Meinong aftershock sequences.
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5.6 The frequency-magnitude distribution (FMD) and the static

stress transfer in Southwestern Taiwan

The power law form of size distribution of earthquake is givenas (N) = a —
bM , where N is the cumulative number of earthquakes with magnitude larger than M,
and a and b are two constants. The b-value, slope of the FMD, is believed varying
temporally or spatially within different tectonic stress regime (Wyss and Lee, 1973;
Zobin, 1979; Wiemer and Benoit, 1996; Wyss et al., 1997; Wiemer and Katsumata,
1999). Here, we examine the spatial differences and temporal variations of b-values for
the JSMN fault and Southwestern Taiwan area. We calculate the b-values by using

maximum likelihood (Aki, 1965) and follow the error estimation method proposed by
1

Shi and Bolt (1982): log(e)m and 2.3b? [Z%‘l—__?z]z respectively, where

M is the mean magnitude of the catalog, M. is the completeness of magnitude, sm is

the bin size of magnitude, n is the number of earthquakes. The M is estimated by

searching the maximum curvature of the FMD (Wiemer and Wyss, 2000). The

probability (Pr) of Akaike information criterion (AIC) is a statistic way to examine the

reliability of differences in b-values between two earthquake groups. The probability

—AAIC
2

(Pr) of AIC is defined as Pr = exp( - 2), where AAIC = —2NIn(N) +

2N1in (N1 + NZ%Z) + 2N2in (N1%21 + Nz) — 2. N=N1+N2 and N1, bl and

N2,b2 are event numbers, b-values for catalog 1 and 2 (Utsu, 1966, 1992; Wiemer and
Wyss, 2002). Following the criteria proposed by Wiemer and Wyss (2002), only when
Pr is larger than 0.95 or AAIC is larger than 2, the difference of b-values between two

earthquake sets is considered statistically significant.
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According to previous studies (Wiemer and Wyss, 1994, 1997; Wyss et al., 2000;
Schorlemmer and Wiemer, 2005; Wiemer and Schorlemmer, 2007; Chan et al., 2012), a
region showing low b-value suggests the local concentration of the stress. From 1995 to
2010 (before two mainshocks), the b-value in JS-MN fault (0.79) is significantly lower
than in Southwestern Taiwan area (0.85) with Pr larger than 0.99. Previous study (Chen
et al., 2016) also observed apparent low b-value inside our presumed JSMN fault. The
lower b-value in the JS-MN fault than in the surrounding area accompanying with a ~50
years seismic quiescence imply that the JS-MN fault is the local stress concentration
and accumulation zone than the rest of the Southwestern Taiwan (Chen et al., 2016). In
addition to compare the spatial differences of b-value, we also analyze the annual
b-value variations in JSMN fault zone and whole Southwestern Taiwan (SW-TW) by
applying rigorous constraint. Only when the differences of b-value between the year and
the previous year having Pr larger than 0.95 are taken into account (marked by solid
circles In Figure 5.7) for temporal b-value variation analysis. The annual b-values from
1995 to 2010 gradually declined until the Jiashian mainshock (Figure 5.7a). Then the
b-value shortly increases in one year. Therefore, we consider that the JS-MN fault was
continuously locked and at the same time the stress accumulation continues for several
decades before 2010 Jiashian earthquake. After 2 years of Jiashian earthquake, not only
the JS-MN fault but also the entire SWTW area becomes totally quiet for a whole year
(Figure 5.7). Then, in JSMN fault area, the b-values continue to decline again until 2016
Meinong earthquake. Not like JSMN fault, we don’t see obvious temporal b-value
variations for whole SWTW area (Figure 5.7b). Based on the temporal evolution of
b-value and seismic activities, we suspect that the accumulated stress for at least 50

years was not released by a single earthquake at once but by two comparable strong
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earthquakes. We proposed that the Mw 6.2 Jiashian earthquake initiated the doublet
sequence at deeper eastern part of the JSMN fault but may only release partial stress or it

may trigger the western shallow area to further release more stress: the Mw 6.4 Meinong

earthquake.
(a
2.5 25
v Mc A Prorsu [ Counts
—e— b valueysxr .+ shistn)
2.0 . 20
v v o
E_ v vy v v [ S
o Yy v vy v \>_</
o 15 N - -- 15 o0
= ! vl v
o - o
() v E
(2]} =
C_SU 1.0 Aa A 4 (ala A 10 =z
[¢] b -
> ROA A1 4, c
= Aan o A ’\' g © g
0.5 & 5 W
0.0 WHHHHWHHHHHHHHH H HHH H 0

1990 1995 2000 2005 2010 2015 2020

Year
(b)
25 - 160
v Mc A Pryrsu
® b value s ¢ swistp) [ Counts 140
20 1209
“d [ v v v v 8
o v v yYvYyy Yyvy ‘>_<’
¥ 15 v vy vv 100 o
= g0 &
; :
210 : 60 £
g / E
a A A or? 20 2
0.5 w
dls H ] )
0.0 D D = 0

1990 1995 2000 2005 2010 2015 2020
Year

Figure 5.7 Earthquake numbers and temporal b-value variation in JSMN fault and Southwestern Taiwan.
The b-value (circles), Mc (invert triangle) and earthquake numbers (bar) as a function of time in (a)
JSMN fault area and (b) SW-Taiwan area. The statistical significant probability (Pr) of each year
denoted by triangles is calculated between the b-values of its corresponding and previous year. The
symbols are solid when the Pr of that year is larger than 0.95. The shading blue zone shows the b-value
uncertainties which are determined by the standard deviation of b-value (Shi and Bolt, 1982). Mc is
determined by the maximum curvature strategy (Wiemer and Wyss, 2000). It’s worth noted that we
obtain the Mc pushing to below 1.0 after 2012 because the CWB has improved the seismicity detections

by upgrading and installing borehole seismometers.
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The Coulomb static stress change is widely studied to reveal the relation between
the aftershocks and the static stress transfer (Lin and Stein, 2004; Toda et al., 2005). To
inspect the potential triggering between the Jiashian and Meinong doublet mentioned
above, we calculate the slip vectors approximated from the moment magnitude, focal
mechanism and then distributed them into the subfaults following the source energy
radiator locations from our BP results. Based on the sensitivity study of Coulomb
stress change by Zhan et al. (2011), they concluded that focal depth and receiver fault
geometry are more important on stress change outside the mainshock rupture zone. We
also found the stress change on the receiver fault keeps similar pattern as long as the
fault geometry of the triggering mainshock is the same; in other words, we have
similar stress change distribution on the receiver faults no matter we have
even-distributed slip-vectors on the whole rupture fault or contagious distribution of
slip vectors following our BP results. Figure 5.8 shows the coulomb stress change
results. After the Jiashian earthquake, the shallower area of the JSMN fault where the
Meinong earthquake ruptured imparted a notable positive static stress change ( >2 bars)
but rare aftershocks were triggered by Jiashian earthquake. Likewise, the Meinong
earthquake also delivered positive static stress ( >1 bar) at deeper zone where the
Jiashian earthquake ruptured but was not able to trigger any aftershocks (Figure 5.8d).
In summary, both Jiashian and Meinong earthquakes induce positive stress changes
across two rupture zones of the fault which are much larger than the proposed
threshold (0.1 bar) of stress change (e.g., King et al. 1994; Stein 1999) for potential
earthquake triggering (Figure 5.8c&d). However, the stress disturbances induced by
Jiashian or Meinong earthquake didn’t trigger aftershocks on each other’s rupture

zones. Following previous discussions about overall continue low b-value for the last
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20 years in JSMN fault; we already suspect it may be a strong fault to sustain the
concentration of regional stress. In addition, the first “deeper” doublet induced great
increases of static stress and failed to trigger aftershocks at “shallower” zone, and vice
versa. Based on above observations, we proposed that these two separated rupture
zones are two strong asperities and not easy to be triggered. The occurrence of this
doublet sequence started at the deeper strong asperity on the JS-MN fault, the 2010
Jiashian earthquake. And the 2010 Jiashian earthquake might release accumulated
stress partially since the b-value continued declining until 2016 Meinog earthquake
(Figure 5.7a). The 2016 Meinong earthquake might be triggered but it took 6 years for
the shallower asperity to rupture and release more stress. The long delay triggering has
been addressed by previous studies, such as 1992 Landers & 1999 Hector Mine
earthquakes (Parsons and Dreger, 2000; Freed and Lin, 2001; Gomberg et al., 2001)
and 1994 Northridge earthquake (Stein et al., 1994).

As the 2016 Meinong earthquake occurred, other than the aftershocks surround
the epicenter, it also immediately triggered one western deeper ( >20 km) cluster
beneath Tainan (TN for short) which was adjacent to the rupture terminus of the
mainshock (Figure 5.3). Within a week, another eastern group of shallow normal
faulting earthquakes beneath South Central Mountain Range (SCM for short) was also
triggered by Meinong earthquake (Figure 5.3). Along the profile of rupture propagation,
we believe that the TN and SCM aftershock clusters not relate with the proposed
JSMN fault. We can calculate the Coulomb stress change upon the receiver faults of
two distance clusters to further approve the triggering of stress transfer from Meinong
earthquake. However, there are absent of any identified fault structures linking to both

clusters. Hence, we tried to have rough fault geometry approximations by the average
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stress axes which are determined by the stress inversion method (Michael, 1984) of
regional focal mechanisms from first-motion method or AutoBATS MT inversion (Jian
et al., 2018). The fault planes of two clusters from the stress inversion are shown in
Figure 5.8b and Figure B4. Then we also isolated two earthquake clusters with
earthquake interaction model (Reasenberg, 1985) of 1 year seismicity after Meinong
event and relocated the hypocenters by Hypo-DD technique (Waldhauser and
Ellsworth, 2000). The resultant aftershock distributions of TN and SCM clusters
demonstrate two fault zones clearly (Figure 5.6a). From the map view of TN cluster
(Figure 5.6a), the aftershock distribution is more consistent with the fault plane having
strike in N-S direction and eastward dipping angle. In addition, we obtain positive
static stress change only when this N-S striking sub-vertical fault plane is the receiver
fault (Figure 5.8b, cross-section DD”). As the normal faulting SCM cluster, the stress
inversion result shows that two nodal planes are both in NW-SE striking direction.
After taking either fault planes as the receiver fault, the resultant static stress are all
positive which clarify that the SCM cluster was triggered by the Meinong earthquake
(Figure 5.8, cross-section CC”) no matter which one is the rupture fault plane. After
reviewing the cross-sections of two possible fault planes, the NE-ward dipping fault

plane seems to be more consistent with distribution of SCM cluster.
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Figure 5.8 3D sketch of fault geometry settings and the Coulomb stress change induced by Jiashian and
Meinong doublet.

(a) 3D sketch showing JS-MN fault (denoted as JMFT) and receiver faults of South Central Mountain
(SCM) and Tainan faults (TN). The BP results of Jiashian and Meinong earthquakes are shown in
diamonds and circles, respectively. The symbols are scaled with the pseudo-power of MUSIC BP images
and colored according to the lapsed time. The Jiashian and Meinong aftershocks sequence are denoted
by orange and blue dots, respectively. Green gradient dots show the background seismicity (M >2)
before Jiashian earthquake. (b) Cross-sections of Coulomb stress change on the receiver faults of SCM
(CC’) and TN (DD”) induced by 2016 Meinong earthquake. The blue solid and dash lines mark the
receiver fault and the conjugate nodal plane. Cross-sections of Coulomb stress change along the (c)
shallower part induced (red line) and (d) deeper part (brown line) of the JSMN fault induced by Jiashian
and Meinong earthquakes, respectively. The Jiashian and Meinong aftershocks are shown in red and

blue circles, respectively.
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5.7 Conclusions

In this chapter, 1 conclude that the rupture of 2010 Jiashian earthquake propagates
N80°W ~ N60°W and updip of ~20° for about 11 km by the integrated BP images of P-
and sP-waves recorded in EU array and 3D directivity analysis results. The rupture
speed is about 2.0~2.2 km/s. As the 2016 Meinong earthquake, the rupture extend
16~18 km to N60°W with speed of 2.5 km/s (Jian et al., 2017). | propose that the
Jiashian and Meinong earthquakes as a doublet sequence which occurred on a common
unknown buried fault based on following observations: closed epicenter, similar focal
mechanism and rupture properties. Moreover, the BP results and aftershock
distribution indicate that two earthquake rupture independently in separate zones. Two
relocated aftershock sequences and the BP results are well consistent with this JSMN
fault plane which is determined from the USGS-MT solution of Meinong earthquake.
The b-value on the JSMN fault is overall lower than the surrounding SW-Taiwan area
for at least 20 years. The low b-value suggests the local stress accumulation on the
JSMN fault. The Coulomb stress change approves that the 2016 Meinong earthquake
triggered two distant aftershock clusters in Tainan and south central mountain range.
However, two mainshocks on deeper and shallower rupture zones both transfer notable
stress increases across the rupture zones without producing any triggered small events
reciprocally. Low b-value suggests potential stress accumulation on the strong JSMN
fault and troubling to trigger aftershocks on either rupture zones may imply two strong
asperities on the JSMN fault. In conclusion, the doublet initiated at the eastern deep
asperity, 6 years later, delayed triggered Meinong earthquake, the shallower asperity;,

released more accumulated stress which also caused great casualties unfortunately.
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Chapter 6 Appendixes

6.1 Supplementary material of Chapter 4

This supplementary material contains four figures provided to support the results
presented in the paper. Figure Al shows the epicenter of the main shock and
distribution of dense broadband stations in Europe (EU) and Australia (AU) and
recorded vertical velocity seismograms used in our BP study. Figure A2 are the
corresponding synthetic waveforms computed by the frequency-wavenumber (F-K)
method assuming a CMT point-source model for the Meinong earthquake and 1-D
velocity structures. Figure A3 shows variations of P- and S-wave velocity in the crust
near the source region obtained from a 3D local tomography model. In addition, we
show the 1-D P and S velocity profiles that can best predict the observed arrival times
of depth phases, pP and sP, relative to P for a 16-km deep Meinong earthquake. Figure
A4 shows a synthetic test to demonstrate whether the high-resolution MUSIC BP
method is capable of resolving an assumed source scenario similar to the Meinong
earthquake using the synthetic P and sP waveforms recorded by the same AU and EU

stations.
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Figure Al. The epicenter and array distribution and the aligned vertical velocity waveforms of two

arrays.
(a) The epicenter (star) and CMT solution of the 2016 Meinong earthquake and distribution of
broadband seismic stations (squares) from the European (EU) and Australian (AU) network used in our
BP rupture imaging. (b)-(c) Vertical velocity seismograms recorded at the EU and AU stations,
respectively, plotted as a function of epicentral distance. The waveforms are aligned on the first P
arrivals at zero time denoted by black lines after being bandpass filtered between 0.5 and 1.5 Hz. Solid
purple and dashed red lines mark the observed and 1ASP91 predicted arrival times of pP and sP phases,
respectively. The traces shown by green lines on the bottom of the plots are the stacks of all the aligned

waveforms from each array.
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Figure A2. Synthetic velocity seismograms on the vertical component compared with the observed ones
shown in Fig. 3(a).

The synthetics are computed by the F-K method assuming a 1-D velocity structure from (a) the IASP91
model and (b) laterally-average local tomographic model in SW Taiwan [Huang et al., 2014] (Figure
A3b). The CWB located hypocenter and USGS CMT solution are adopted as the point-source model for
the Meinong earthquake. The pP and sP arrival times for the local velocity model, similar to the
observed depth-phase arrivals, are delayed by about 2 s relative to those for IASP91. The predicted
sP/pP ratios shown in Fig. 3(d) are estimated by the peak amplitudes of the pP and sP phases from the
IASP91 synthetics.

133

doi:10.6342/NTU201800838



Velocity (km/s)
(a) (b) 01 2 3 456 7 8 910

0 T T H T T T o T ' AR T
232" |- 0| ]
23° | 20 \‘
g
. <
»g | e < 30 FAvg. Huang's ?
8L g Vo (kmis)
Vs (km/s.)
N 40 | Avg. Huang's 1D
22.6" |- ) \ P jac Vp (km/s.)
s ?:—:,—: . : f Vs (km/s.)
Tg 10 20 30 ‘ §LE g ! 50 F 1ASP9I
29 4° ] g ] : A - Vp (km/s.)
120° 120.2° 120.4° 120.6° 120.8° 121° Ve
s (km/s.)
60 b i b A
(c) P wave (d) S wave

Figure A3 The P-wave ray paths, 1D average velocity model and the tomographic images along the ray
path.

(a) Map showing the surface projection of P-wave ray paths to the EU (blue) and AU (magenta) array in
the source area and two vertical cross sections of AA” and BB’ along which P- and S-wave velocity (Vp
and Vs) structures from Huang et al. [2014] are shown in (c) and (d). The epicenters of the Meinong
main shock, aftershocks and background seismicity are also shown by star, circles, and dots, respectively,
with color coded by hypocentral depth. (b) Comparison of the 1-D Vp and Vs structures at 0-60 km
depth, obtained from the IASP91, laterally-average local model of Huang et al. [2014], and our study
that matches the observed pP-P and sP-P differential times. (c)-(d) Vp and Vs structures along AA’ and
BB’ cross sections, where the ray paths of P, pP and sP waves to the EU and AU array are shown with

the corresponding blue and magenta colors.
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Figure A4 Test for recovery of a synthetic source scenario by the MUSIC BP method.

The test model comprises two point-source subevents (P1 and P2) with the locations denoted by stars.
Considering the rupture directivity toward the EU array, the onset times of the two radiation sources are
set to be separated respectively by 5.4 s and 4.2 s in the synthetic waveforms recorded at the AU and EU
array. The same BP procedure applied to the real data is adopted to image assumed source scenario using
the F-K synthetic seismograms for the 1-D local model from Huang et al. (2014). The space-time
distributions of the strongest radiators imaged with (a) ~20-s long wave trains including direct P, depth
phases, and following reverberations, and (b) ~8-s wave trains starting from the onset sP arrivals of
subevent P1. (c) The source images which combine the BP results obtained with P and sP waves
individually, indicating that the time and position of the two radiation sources can be well recovered by
the MUSIC BP imaging, particularly seen from the AU array. (d) Stacks of all synthetic waveforms from

AU and EU array.
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6.2 Supplementary material of Chapter 5

The supplementary figures are provided to support the results presented in the
chapter 5. Figure B1 shows the epicenter of the 2010 Jiashian earthquake and
distribution of seismic stations in Europe (EU) and Australia (AU) and recorded
vertical velocity seismograms used in our BP study. Figure B2 are the corresponding
synthetic waveforms computed by the frequency-wavenumber (F-K) method assuming
a single or two subevents models for the Jiashian earthquake. Figure B3 shows the P-
and S-wave velocity structures near the Jiashian and Meinong epicenters obtained from
a 3D local tomography model.

We performed stress inversion of regional focal mechanisms as the alternative
approximations on receiver fault geometry for Coulomb stress change analysis. The
stress inversion results of Southern Central Mountain range and Tainan clusters are
shown in Figure B4. In Chapter 5, we proposed a JSMN fault as the causative fault for
the Jiashian and Meinong doublet events and calculate the b-value and Coulomb stress
change. The alternative assumption is that the Jiashian and Meinong earthquakes were
two different fault rupture events. The fault geometries of two earthquakes are from the
USGS MT solutions as shown in Figure B7c. Figure B5 shows the earthquake numbers
and temporal b-value variations in the Jiashian, Meinong fault areas, the Southern
Central Mountain Range and the Tainan area.

Figure B6 shows the Coulomb stress change based on the two-separated fault
assumption for further comparison with the results from single causative fault of
Jiashian and Meinong earthquakes (Figure 5.8c&d). We also like to examine how the

2010 Jiashian earthquake cause the stress perturbations on the SCM or TN receiver
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faults. Although the 2010 Jiashian earthquake did not trigger aftershocks immediately
in the south central mountain range like Meinong earthquake did, the event numbers
did increase during 2010~2011 in SCM area (Figure B7). As the SCM cluster area, the
Coulomb stress changes induced by the Jiashian earthquake are also positive for either
fault planes as shown in Figure B7. We also found the increase of stress change
induced by Jiashian is actually larger than by Meinong earthquakes (Figure 5.8 &
Figure B7). However, more studies are necessary to understand the reason why the
Meinong earthquake triggered more SCM aftershocks and took much shorter time than
Jiashian earthquake did (Figure B5c). As the TN cluster, not like Meinong earthquake,
the Jiashian earthquake induce much less stress perturbation on the TN receiver fault
and failed to trigger the TN cluster like the Meinong earthquake did (Figure 5.8b &

Figure B7).
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Figure B1 The seismic arrays and aligned P waves used for the BP images of 2010 Jiashian earthquake.
(a) The epicenter of 2010 Jiashian earthquake and seismic stations from the European (EU) and
Awustralian (AU) used in our BP rupture imaging. (b)-(c) Vertical velocity seismograms recorded at the
EU and AU stations, respectively, plotted as a function of epicentral distance. The waveforms are
aligned on the first P arrivals at zero time. The red lines mark the arrival times of pP and sP phases
predicted by IASP91 model. The green traces at the bottom are the stacks of the aligned waveforms

from each array.
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(a) Single subevent (b) Two subevents
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Figure B2 Synthetic velocity seismograms for comparison with the observed ones shown in Figure 5.4
Synthetic waveforms calculated by using FK method and USGS MT solution with (a) single and (b) two
subevents. The epicenter of the second subevent is assumed by setting the rupture direction, speed and
distance from the BP imaging and directivity analysis results. The pink short lines denote the peaks of
second subevent. The arrivals of pP and sP phases from first subevent are marked with the short blue and
green lines.
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Figure B3 1D average velocity models and tomographic images along the ray paths of P and depth
phases.

(a) Map showing the surface projection of P-wave ray paths to the EU (blue) and AU (magenta) array
from the hypocenters of Jiashian and Meinong earthquakes. The epicenters (stars) and focal mechanisms
of Jiashian and Meinong earthquakes are also shown. Vertical cross sections which P- and S-wave
velocity (Vp and Vs) structures from Huang et al. (2014) are shown in (c)-(f). (b) Comparison of the 1-D
Vp and Vs structures at 0-60 km depth, obtained from the IASP91, laterally-average local model of
Huang et al. (2014), and our study that matches the observed pP-P and sP-P differential times of
Meinong earthquake (Jian et al.,2017). (c)-(f) Cross-sections of Vp and Vs structures along A-D profiles,
where the ray paths of pP and sP waves to the EU and AU array are shown with the corresponding green
and blue lines.

140

doi:10.6342/NTU201800838



[ P-axiss

[ P-axis

O T-axis O T-axis

A B-axis A B-axis

FM : 324.6/38.5/-80.5 FM :276.7/44.6/-4.3

Figure B4 The stress inversion results.
The stress inversion for aftershock clusters of (a) Southern Central Mountain Range and (b) Tainan. The

open circles represent the input P- (blue) and T-axes (red) of regional focal mechanisms. The resultant P-
and T-axes are denoted by solid blue square and red circles, respectively. The thick magenta lines are the
fault planes corresponding to the resultant P-,T-axes. The blue, red and black dots are 2000 random P-,T-

and B- axes picked by the Monte-Carlo method for the purpose showing 95% confidence level.
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Figure B5 The earthquake numbers and temporal b-value variation.

The b-value (circles), Mc (invert triangle) and earthquake numbers (bar) as a function of time in (a)

Jiashian earthquake, (b) Meinong earthquake, (c) Southern Central Mountain and (d) Tainan areas. For

the assumption of two different causative faults of 2010 Jiashian and 2016 Meinong earthquakes, the

corresponding fault geometries of two events are illustrated in Figure B6a. The symbols and

explanations are the same as those in the Figure 5.7.
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Figure B6 The 3D sketch of two causative faults for Jiashian and Meinong doublets and the Coulomb

stress change induced by two earthquakes.

(a) The 3D sketch of the fault geometries based on the assumption that two earthquake occurred on two
separated fault planes (denoted as JSFT and MNFT). The Coulomb stress change on (b) the MNFT
induced by 2010 Jiashian earthquake and (c) the JSFT induced by 2016 Meinong earthquake. The

symbols and explanations are the same as those in the Figure 5.8.
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Figure B7 The 3D sketch of JSMN fault or two-separated faults and the Coulomb stress change across

the SCM and TN fault areas induced by 2010 Jiashian earthquake.

The 3D sketch of Jiashian fault geometry based on the assumption that Jiashian and Meinong occurred
on (a) a single causative fault (JMFT) or (c) two separated faults (denoted as JSFT and MNFT). (b)&(d)
The cross-sections of Coulomb stress change across the SCM (CC”) and TN (DD”) fault area after 2010

Jiashian earthquake with the fault geometries shown in (a) and (c) respectively. The symbols and

explanations are the same as those in the Figure 5.8.
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