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Strong ground motion over a large area in northern Taiwan caused by

the northward rupture directivity of the 2019 Hualien earthquake
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Chen @

2 Institute of Earth Sciences, Academia Sinica, Taipei, Taiwan

b Department of Geosciences, National Taiwan University, Taipei, Taiwan

Abstract

An My, 6.2 earthquake struck Hualien on the eastern coast of Taiwan on April 18, 2019.
Its focal mechanism was determined to be a thrust fault with a depth of 18.8 km. A wide
range of strong ground shaking with an intensity value from 4 (25 - 80 gal) to 7 (greater
than 400 gal) occurred in northern Taiwan, which is unusual for earthquakes of this size.
Here we show a source model as determined by local seismic waveform inversion. Two
asperities were found, the smaller one occurred at the hypocenter and the larger one was
found 10 km north of the hypocenter with a depth of 18 - 25 km. The initial rupture
started from the hypocenter and then rapidly propagated all the way to the large asperity
in the north. A near supershear speed of close to 4.0 km/s was found to have occurred
during this northward rupture process. The inverted source model was evaluated using
forward three-dimensional ground motion simulations. The results show strong
agreement with island-wide observed displacement waveforms and peak ground
acceleration for periods from 3.0 to 20.0 seconds. The rapid northward rupture caused a
strong directivity effect coupled with the specific source radiation pattern, resulting in a
large area of strong ground shaking in northern Taiwan, even though the Hualien
earthquake was a moderately-sized event.

Keywords: Rupture directivity, source radiation pattern, rapid rupture speed, strong

ground motion, 2019 Hualien earthquake



1. Introduction

A moment magnitude (Mw) 6.2 earthquake struck the Hualien region of eastern Taiwan
(121.54°E 24.06°N) on April 18, 2019 (05:01:07 UTC). From the centroid solution of
the Real-time Moment Tensor monitoring system (RMT, Lee et al., 2013), the
mechanism of this event was determined to be a thrust with some left-lateral slip

component.

The ground shaking near the source area was extremely strong, the largest intensity was
observed in Hualien county with a maximum intensity 7 (> 400 gal) on the Central
Weather Bureau (CWB) intensity scale. Shaking of intensity 5 (> 80 gal) was
experienced in parts of northern Taiwan. Strong ground shaking also occurred in Taipei
city with an intensity of 4 (> 25 gal) and duration of more than 10 seconds, which was
the highest intensity earthquake recorded in Taipei in the past ten years. Fortunately, no

one died during this event and only two buildings in the city were damaged.

The 2019 Hualien earthquake occurred in a complex tectonic area. It is located at the
western side of the northernmost part of Longitudinal Valley, which is a suture zone of
the Eurasian Plate and the Philippine Sea Plate (Yu et al., 1997). Thousands of
earthquakes occur in this area every year. During the period from October to December
in 1951, three events with a magnitude larger than M7 occurred along the Longitudinal
Valley (LV) between Hualien and Taitung. This earthquake series is known as the 1951
Longitudinal Valley earthquake sequence. The epicenter of the 2019 Hualien earthquake
was close to one of the 1951 events (Fig. 1). It is also of note that the hypocenter of this
event was very close to the Mw 6.3 Hualien earthquake that occurred in 2018. Due to
this similarity in magnitude, epicenter location, and focal mechanism, there is concern
about the possibility of similar large events to follow. It should also be noted that the
depth of the 2019 event (18.8 km) was deeper than that of the 2018 event (6.31 km), but
the 2019 event resulted in a wider range of strong ground shaking than is usual for

earthquakes of such a moderate size (see Fig. 2).

In this study, we perform a source inversion by using local seismograms to analyze the
rupture process in order to find out which kind of structure was involved in this event as
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well as how this moderately-sized earthquake produced such a wide range of strong

ground shaking in northern Taiwan.

2. Data and method

The local ground motion data were taken from two local seismic networks: the
Broadband Array in Taiwan for Seismology (BATS) and the Central Weather Bureau
24-bit Seismic Monitoring Network (CWB 24-bit). The near source records were
considered with an epicenter distance of less than 80 km in order to avoid complex 3D
path effects resulting from local sedimentary deposits, such as the Taipei basin and
Yilan Plain. All waveforms were integrated into displacement and aligned with the time
of the event origin. A 60-second waveform time window was used in the inversion. The
band-pass filter applied to the local seismic waveforms was 0.05 — 0.33 Hz. In total, 29

waveform records in E, N, and Z components, were used in the inversion (Fig. 3).

We used a parallel non-negative least squares method (Lee et al., 2006) for the source
inversion problem Ax = b. Here, A is the matrix of local Green’s functions, b is a vector
of observation, and x is the solution in which the seismic moment is released on each
subfault. The inversion used 20 time windows, each was 0.4 seconds in length and
overlapped for 0.2 seconds. To evaluate the waveform fitting, a misfit was defined as
(Ax-b)? / b2 The local Green’s functions were calculated using the spectral-element
method (SEM, Komatitsch et al., 1999) with the 3D Taiwan tomography model (Huang
et al., 2014). The same filtered frequency bands used for the observation were applied to
the synthetic Green’s functions. The upper bound of the rupture velocity was set as 4.0
km/s, resulting in an inverted rupture speed that varied between 0 km/s and 4 km/s. A

test of varying maximum rupture velocity is provided in the Appendix.

Two fault planes based on the focal mechanism reported by the RMT are shown in

Figure 1a. One of them has a N-S strike, dipping to the west (strike 205°, dip 56°, Fault

1), and the other is a nodal plane with a NE-SW strike, dipping to the southeast (strike

62°, dip 40°, Fault 2). The two fault planes both have a length of 42 km and a down-dip

of 39 km. They were decomposed into 182 subfaults, each 3 km in length and 3 km in
7



down-dip direction. Most of the aftershocks were located along the down-dip trend of
Fault 1 (Fig. 1b). In addition, the inversion result of the NE-SW strike nodal fault plane
(Fault 2) was worse than that of Fault 1 (see Appendix for more information). Thus, we
focused on the inversion results of Fault 1 in the following discussion. The observations

and synthetic waveform fitting of Fault 1 are shown in Figure 3.

3. Results

3.1 Slip distribution

The resulting slip distribution shows a compact slip pattern that had a size of about 15 x
10 km? with two asperities on the fault plane (Fig. 4). The slip near the hypocenter
(Asperity 1) was concentrated of about 50 cm, which shows a thrusting movement.
Asperity 11, located in the northern area about 10 km from the epicenter, was the largest
asperity on the fault plane. The slip at Asperity Il was mainly a thrusting movement and
had a slip of more than one meter. This concentrated slip area was located in the middle
crust, approximately 18 to 25 km deep, which is deeper than the hypocenter (18.8 km).
The slip in the entire rupture zone increased gradually with depth between the
hypocenter and Asperity Il. The centroid reported by RMT (the red open star in Fig. 4)
was located between Asperity | (the hypocenter) and Asperity 1. Both the compact slip
zone and aftershock distribution show a northeast to southwest trend (Fig. 4a). Most of
the aftershocks were located outside of the slip zone, with the remainder located around
Asperity I1. The average slip and the maximum slip of the fault were 38.3 cm and 101.8
cm, respectively. The stress drop was 3.27 MPa, assuming a representative circular fault

model for slips larger than 10 cm.

3.2 Rupture process

The accumulated slip snapshot is shown in Figure 5. The initial slip was concentrated
near the hypocenter, and then the rupture quickly propagated toward the north. It mainly
ruptured on the northern fault plane, which produced strong northward rupture
directivity from one to six seconds. The slip continued to rupture at deeper crust
(20-25km), about 10 km north of the epicenter and gradually formed Asperity Il. The
rupture of this event was relatively fast. It started from the hypocenter and propagated
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toward the north. To evaluate the rupture speed of this process, we plotted three
reference rupture fronts with constant rupture velocities (V) of 4 km/s, 3 km/s, and 2
km/s in Figure 5. The slip near the hypocenter occurred immediately after the reference
rupture front with Vr = 3.0 km/s passed through. After approximately two seconds, this
rupture propagated through the RMT centroid with a speed of approximately 3 km/s.
Then, the rupture quickly extended toward the northern area. The slip of Asperity 1l
began to appear when the rupture front with V, = 4 km/s passed through; thus, it had a
fast rupture speed of approximately 4 km/s. The average shear wave velocity of the
middle-to-deep crust in this area (depth = 18 — 25 km) was approximately 3.8 km/s (Fig.
5). The typical rupture speed is usually taken as 80% of the local shear wave velocity.
However, the rupture speed of Asperity Il was faster than the typical rupture speed and

could be very close to the local shear wave velocity.

A complex seismic moment release history can be found from the moment rate function
(Fig. 4c). Several high-frequency peaks occurred during the first two seconds, and this
was caused by the initial rupture (Asperity 1) and northward propagation process.
Between 2.0 to 4.0 seconds, there was a large number of moment releases with a peak at
approximately 2.5 seconds. This is related to the burst of seismic energy releases from
Asperity Il. Some moment releases can be observed between 5.0 and 7.0 seconds,
coming from the small slips in the northern area that occurred before the end of the
rupture. The entire source time function closely resembles a triangle with a duration of
about 7 to 8 seconds and a peak at approximately 2.5 seconds. The total seismic
moment is about 2.32 x 10'8 Nm, and this is equal to an earthquake size of Mw 6.18.

4. Discussion

4.1 Island-wide ground motion simulation

An island-wide three-dimensional ground motion simulation was performed using the

spectral-element method (Komatitsch et al., 2004; Lee et al., 2008) to validate the

inverted rupture model. We compared the synthetics with the BATS and CWB 24-bit

vertical displacement waveforms in Figure 6a. The comparisons of E-W and N-S

components are provided in the supplementary material Figure S1. For the period
9



between 3.0 and 20.0 seconds, most of the characteristics of the observed waveforms
could be reproduced by the synthetics. The waveforms observed near the northern
epicenter (e.g., stations NACB and ETLH) generally having large amplitudes compared
to the stations located south of the epicenter (e.g., stations EGFH and HGSD). The
strong ground motions recorded in northern Taiwan were also well modeled (e.g.,
stations NNSB, EWT, NWL, and NHDH). In western Taiwan, the shallow low-velocity
sedimentary deposits may have amplified the ground shaking, resulting in greater
discrepancies with the observations (stations WTK, NMLH, and HSN). The island-wide
waveform misfit of the forward modeling for 3.0 to 20.0 seconds in the vertical
component is 0.404.

The comparison between observed and synthetic peak ground acceleration (PGA) is
shown in Figure 6b. The observed Palert data (Wu et al., 2013) were low-pass filtered
below 0.33 Hz to compare with the synthetic PGA, which was simulated under 0.33 Hz.
Most of the observed PGA characteristics could be reproduced by the simulation.
Records in both the Yilan Plain and the Taipei basin displayed large PGAs due to
amplification caused by the sedimentary deposits. Weaker PGAs were observed in most
of southern Taiwan. These phenomena were reproduced by the synthetic PGA. In the
Western Plain, the same result was observed as in the waveform comparison: the
simulated PGA was weaker due to the velocity model not having sufficient resolution to

reproduce the sedimentary amplification effect completely.

Overall, the synthetic waveforms and PGAs were comparable to observations on the
island-wide scale, which indicate that the inverted finite-fault source model of the 2019
Hualien earthquake is able to adequately reproduce the low-frequency characteristics

(0.33 Hz) of the ground movements.

4.2 Source radiation pattern and rupture directivity

From the snapshot analyses, it was determined that the rupture of this event mainly

propagated toward the north. To investigate whether this unique rupture process can

cause a strong directivity effect that could produce anomalous large ground motion in

northern Taiwan, we further tested three different source models: an explosion, a

double-couple, and a finite-fault. To avoid complex path and site effects, we set the
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velocity model to be half-space and the mesh model to be flat without surface
topography. The norm of the three components PGA (also called the ShakeMap) is
presented in Figure 7. The explosion showed a simple concentric circles pattern from
the epicenter (Fig. 7a) and this simple pattern was in line with our expectation. For the
point double-couple source model (Fig. 7b), large PGA extended from the epicenter in
the N-S and E-W directions. This result was due to the characteristic of the focal
mechanism that caused the distribution of amplified ground motion to have a specific
pattern. In the finite-fault model, the large PGA not only occurred along strike but also
extended toward the northwest (Fig. 7c). As shown from the rupture snapshot analysis,
the 2019 Hualien earthquake ruptured all the way to the north. This source characteristic
can amplify the ground shaking in the rupture direction and form a strong directivity
effect. The stations located north of the epicenter generally having large amplitudes
compared to the stations located south of the epicenter could be due to this source
rupture characteristic (Fig. 6a). Moreover, the source radiation of the finite-fault model
was different from that of the point double-couple in which the amplified PGA occurred
on the northwest side. From these results, we concluded that the strong shaking over a
large area in northern Taiwan was not only due to the local sedimentary amplification
effect, i.e. the large PGA observed in the Yilan Plain and Taipei basin, but also
dominated by two source factors: the source radiation pattern and rupture directivity.

4.3 Coulomb stress change

To analyze the relationship between the 2018 and 2019 Hualien earthquakes, the
Coulomb failure stress change, ACF'S, was calculated. Coulomb failure stress change
describes the stress change on the receiver fault plane after the earthquake. It is
calculated by the effective normal stress, shear stress and frictional strength of the
material. In this study, we followed the method by King et al. (1994) and Stein (1999).

ACFS = At + u(Ao, — Ap)
where At is the shear stress change; Ag,, is the normal stress change on fault plane;
Ap is the change of pore pressure; u is the friction coefficient of the rock material. A

finite-fault source model of the 2018 event (Lee et al., 2018) was used in this analysis.

The mechanism of the receiver fault is strike 205°, dip 56°, and rake 67°, assumed from

the fault plane of the 2019 event, and the target depth was set to 20 km. The result
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showed that the Coulomb stress pattern has a positive stress change in the source area of
the 2019 event (Fig. 8a). This indicates that the 2019 event occurred at the area where
stress had accumulated after the 2018 event. A weaker positive stress change was also
found at the 2019 source area when the receiver fault was assumed from the other nodal
plane (Fig. 8b). The ACFS was further calculated to analyze the relationship between
the 2019 mainshock source model and its aftershock distribution (Fig. 8c). Result
showed that most of the aftershocks have occurred in the area where the ACFS shows
both increased and decreased. It indicates again that the mainshock and its aftershocks
occurred on a complex tectonic region where several seismogenic structures could be
involved. The ACFS also increased along the Longitudinal Valley when considering the
mechanism of 2019 Hualien earthquake, this west-dipping fault plane could be related
to the Central Range Fault (Fig. 8b). On the other hand, the ACFS decreased in the LV
when the receiver fault was assumed from the east-dipping Longitudinal Valley Fault
(Fig. 8d).

4.4 Tectonic implication

The finite-fault source inversion results showed that the 2019 Hualien event occurred on
an N-S strike west-dipping fault plane that has a fault geometry close to the initial
rupture plane of the 2018 Hualien earthquake (Lee et al., 2018). However, the rupture of
the 2018 event occurred at a depth of about 0 - 15 km (Lee et al., 2018; Huang and
Huang, 2018), which is much shallower than the 2019 event that ruptured mainly at a
depth of 20 km. The aftershocks of these events were also located in different areas: the
2018 aftershocks occurred in the shallow crust of approximately 10 km depths
(Kuo-Chen et al., 2018) and the 2019 aftershocks occurred inland in a deeper crust (Fig.
1). The RMT centroid moment tensor report (Lee et al., 2013) of 2018 event contains
more strike-slip component with a large CLVD compared to the 2019 event which is
close to a pure thrust double-couple source. In addition, the 2018 event was complex
that ruptured on several fault segments (Ma and Wu, 2018) while the 2019 event was
relatively simple that ruptured on a single fault plane. All of these results imply that the
2018 and 2019 Hualien earthquakes could have different source mechanism and occur
on the different structural background. Figure 9 provides a conceptual northernmost LV
tectonic model inferred from the 2018 and 2019 Hualien earthquakes. The Coastal
Range bedrock is subducting northward beneath the Eurasian plate together with the

12



Philippine Sea plate. The N-S striking, west-dipping fault (Fault A in Fig. 9) is the initial
rupture plane of 2018 event which is the boundary fault between the Coastal Range
bedrock and Central Range bedrock. The rupture fault of the 2019 Hualien earthquake
was in a lower crust and was dipping toward the west. Its representative seismogenic
structure could be Fault B as presented in Figure 9. According to the hypothesis of
lithospheric collision in Taiwan (Wu et al., 1997), this seismogenic structure is
explained as the boundary fault between the Central Range bedrock and subducted
oceanic lithosphere (Sibuet and Hsu, 2004; Shyu et al., 2016; Lee et al., 2018). Thus,
the 2018 event (Fault A) and 2019 event (Fault B) belong to different structure faults
because the tectonic settings on the two sides of these two boundary faults are different.
We proposed that the Central Range fault could be a complex fault system that contains
two branches, one is in the shallow crust (<15 km depth) and the other is in a deeper
crust (~20 km depth). The two western dipping faults of the 2018 and 2019 events could
have related to the northern extension of this Central Range fault system.

5. Conclusions

The source model determined from local waveform inversion indicated a rapid
northward rupture process with relatively simple slip characteristics on two asperities. A
fast rupture was observed during the development of Asperity I, which had a rupture
speed close to 4.0 km/s. These results indicated that the 2019 Hualien earthquake may
have had a strong directivity effect that amplified the ground motion in the rupture
direction. Forward ground motion simulations revealed that the source radiation pattern
could also play an important role in amplifying ground motion in the northwestern area.
Combining all of these investigations, we concluded that the strong ground motion
occurred over a large area in northern Taiwan during the 2019 Hualien earthquake was
caused by two source effects: the source radiation pattern and the rupture directivity. In
addition, soft sedimentary deposits in the Yilan plain and Taipei basin could have further
amplified local ground shaking. The results suggested that the static Coulomb failure
stress change increased along the LV and a previous study of the 2018 Hualien
earthquake also pointed to the same conclusion (Lee et al., 2018). It was noted that there
is a structural gap between Fault A and Fault B (Fig. 9), and the background seismicity
13



also shows a gap in that area (Fig. 1). This seismic gap could result from the geometry
change at the contact boundary between the Coastal Range and Central Range bedrocks,
and it might extend into the northernmost Longitudinal Valley. Seismology studies have
revealed that the seismic gap could be an area expected to have a large earthquake in the
future (Nishenko, 1991; Nalbant et al., 2005; Jackson and Kagan, 2006). Thus, it is
necessary to increase awareness of the possibility of large earthquakes in eastern

Taiwan.
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Appendix

The inversion result of the nodal plane (Fault 2) is shown in Figure Alb. In this
inversion, all the used data and inversion settings, including maximum rupture velocity
and the number of time windows, were the same as those used in Fault 1(Fig. Ala). The
result showed a NE-SW slip pattern with several slip patches in the shallow fault plane.
The largest slip occurred in the north from the epicenter. The inverted waveform misfit
of the nodal plane was 0.209 which was larger than that of Fault 1 (misfit 0.192). We
further performed the island-wide forward ground simulation based on the slip model of
the nodal plane and calculated the waveform misfit between observations and synthetics.
Result indicated that the misfit of forward synthetic waveform was 0.465, and again this

was worse than that of Fault 1 (forward waveform misfit 0.404).

The tests of varying maximum rupture velocity (Vimax) of 3.0 km/s and 5.0 km/s are
shown in Figure Alc and Figure Ald, respectively. The slip patterns of these two results
were close to Vimax = 4.0 km/s (Fig. Ala) in which they all had a large asperity in the
northern fault plane and a weaker slip near the hypocenter. The difference of inverted
waveform misfits between Vimax = 3.0 km/s, 4.0 km/s and 5.0 km/s were small.
However, the result of Vimax = 4.0 km/s provided the smallest misfit in the island-wide

forward waveform modeling.
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Figure Captions

Figure 1. (a) The location map of the 18 April 2019 Mw6.2 Hualien earthquake. The
orange open star and beach ball indicate the epicenter and focal mechanism
provided by the CWB earthquake report. The red open star and beach ball
show the centroid location and focal mechanism provided by RMT. The black
open star and gray beach ball show the epicenter and focal mechanism of the
2018 Hualien earthquake. Gray open star indicates one event of the 1951
Longitudinal Valley earthquake sequence. Pink circles are the aftershocks
occurred within 12 days after the mainshock. Active faults in the northernmost
Longitudinal Valley are shown with red lines. Purple and gray open rectangles
indicate the two fault planes (Fault 1, Fault 2); their shallowest portion are
shown by bold lines. (b) The fault along the profiles P1 (purple line) and P2
(gray line) labeled in (a). White, red and blue circles indicate the background
seismicity (ML > 2.0 from 1990 to 2018), 2019 aftershocks, and 2018
aftershocks projected on P1 and P2 (%5 km width), respectively. A seismic gap

as shown by pink dotted circle can be observed along P1 and P2.

Figure 2. Comparison of intensities between 2019 and 2018 Hualien earthquakes. The
black stars indicate the epicenter of the two events. The color circles show the
intensity taken from the Palert based on the Central Weather Bureau intensity

scale.

Figure 3. Comparison between observation and synthetic waveforms: (a) east-west
component, (b) north-south component, and (c) vertical component. The black
lines are BATS and CWB 24-bit observations, and the red lines are synthetic
waveforms. All the waveforms are in the type of displacement and a band-pass
filter with the period between 3 and 20 seconds was applied. The maximum
amplitude of the observed displacement waveform and misfit between
observation and synthetic are shown at each station. The pink star and open
rectangular are the epicenter and the fault plane projected to the surface,

respectively
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Figure 4. (a) Map view of the slip distribution of the 2019 Hualien earthquake. The
CWB epicenter and RMT centroid are indicated with a black star and a red star
respectively. The blue and gray open stars show the epicenters of the 2018
Hualien earthquake and one of the 1951 Longitudinal Valley earthquake
sequence, respectively. White circles are the aftershocks (M. > 2.0) occurred
within 12 days after the mainshock. (b) Slip distribution on the fault plane. Two
asperities are marked with red rectangles. \ectors are the slip direction and the

amount of slip on each subfault. (c) Moment rate function.

Figure 5. (a) Snapshots of cumulative slip. The black open star indicates the epicenter
reported by CWB and red open star shows the centroid reported by RMT. The
colored open circles are three reference rupture fronts with rupture velocity (\Vr)
of 4.0 km/s, 3.0 km/s, and 2.0 km/s. Lower-right panel shows the shear wave
velocity (Vs) distribution on the fault plane. The information of Vs was taken

from a 3D tomography model (Huang et al., 2014).

Figure 6. (a) Comparison between BATS, CWB 24-bit data and island-wide forward
synthetic waveforms. The black lines are observations and red lines are
synthetics. All the waveforms are in the type of displacement and a band-pass
filter with the period between 3 and 20 seconds was applied. The maximum
amplitude of the observed data and misfit between observation and synthetic
are shown at each station. (b) Comparison between Palert data and island-wide
forward synthetic peak ground acceleration for the frequency below 0.33 Hz.
Color circles indicate the Palert observations and color background shows the
synthetic. The blue star and open rectangular are the epicenter and the fault
plane projected to the surface. Black lines are the active faults in Taiwan
reported by the Central Geological Survey (Chang et al., 1998).

Figure 7. The norm of the three components PGA (ShakeMap) determined from three
different source models: (a) explosion, (b) double-couple, and (c) finite-fault.
The velocity model is set to be half-space and the mesh model is flat without
surface topography. The simulated ShakeMap of (a) and (b) are determined
by source half-duration of 2.5 seconds. Each of the ShakeMap is normalized
19



Figure 8.

to one and multiplying the result by 100 to obtain a percentage.

The Coulomb stress changes. Four different cases were considered: (a)
Coulomb stress changes caused by the 2018 Hualien earthquake and the
receiver fault mechanism was the Fault 1 at depth 20 km, (b) Coulomb stress
changes caused by the 2018 Hualien earthquake and the receiver fault
mechanism was the Fault 2 at depth 20 km, (c¢) Coulomb stress changes
caused by the 2019 Hualien earthquake and the receiver fault mechanism was
Fault 1 at depth 20 km , and (d) Coulomb stress changes caused by the 2019
Hualien earthquake and the receiver fault mechanism was the east-dipping
Longitudinal Valley Fault (strike 25°, dip 60°, rake 45°) at depth 20 km. The
green open rectangular is the fault plane of 2019 event projected to the

surface.

Figure 9. Conceptual tectonic model for the northernmost Longitudinal Valley inferred

from the 2019 Hualien earthquake. Blue dotted line shows the initial rupture
plane of the 2018 Hualien earthquake (Fault A) which is the boundary fault
between the Coastal Range and Central Range bedrocks. The red dotted line
in a lower crust indicates the major rupture fault plane of the 2019 Hualien
earthquake (Fault B), which is the boundary fault between the Central Range
bedrock and subducted oceanic lithosphere. Gray dotted circle indicates the

possible location of the seismic gap as shown in Figure 1.

Figure Al. (a) The inversion result of the Fault 1 with a Vimax = 4.0 km/s, (b) the

inversion result of the Fault 2 with a Vimax = 4.0 km/s,, (c) inversion result on
the Fault 1 with a Vmax set to 3.0 km/s, and (d) inversion result on the Fault 1
with a Vimax set to 5.0 km/s. The CWB epicenter and RMT centroid are
indicated with a black star and a red star respectively. While circles are the

aftershocks occurred within 12 days after the mainshock.
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Figure 1. (a) The location map of the 18 April 2019 Mw6.2 Hualien earthquake. The
orange open star and beach ball indicate the epicenter and focal mechanism provided by
CWB earthquake report. The red open star and beach ball show the centroid location
and focal mechanism provided by RMT. The black open star and gray beach ball show
the epicenter and focal mechanism of the 2018 Hualien earthquake. Gray open star
indicates one of the 1951 Longitudinal Valley earthquake sequence. Pink circles are the
aftershocks occurred within 12 days after the mainshock. Active faults in the
northernmost Longitudinal Valley are shown with red lines. Purple and gray open
rectangles indicate the two fault planes (Fault 1, Fault 2); their shallowest portion are
shown by bold lines. (b) The fault along the profiles P1 (purple line) and P2 (gray line)
labeled in (a). White, red and blue circles indicate the background seismicity (M. > 2.0
from 1990 to 2018), 2019 aftershocks, and 2018 aftershocks projected on P1 and P2 (*=
5 km width), respectively. A seismic gap as shown by pink dotted circle can be observed
along P1 and P2.
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Figure 7. The norm of the three components PGA (ShakeMap) determined from three
different source models: (a) explosion, (b) double-couple, and (c) finite-fault. The
velocity model is set to be half-space and the mesh model is flat without surface
topography. The simulated ShakeMap of (a) and (b) are determined by source
half-duration of 2.5 seconds. Each of the ShakeMap is normalized to one and
multiplying the result by 100 to obtain a percentage.

27

122°



T
203 a 243 - b
242" [ 242" |5
241" |- 4 241 |-
24" [- A Huaof eartghuake -| 24|~
239" |- 239 [~
238" [~ —| 238 |-
; Source fault: 5 Source fault:
. Fengling 2018 Hualien eartghauke . Fengling 2018 Hualien eartghauke
3 3 Receiver fault: &3 e Receiver fault:
237 |- Fault1 at depth 20 km 237 |- A Aows, Lo Fault2 at depth 20 km |
[ o
-1.0 -05 00 05 10 -10 -05 00 05 10
Coulomb stress change § Coulomb stress change
23.6" |- (bar) -| 236 |- (bar)
I | 1 ] ] I | !
121.3° 121.4° 1215 121.6° 121.7' 1218 1213 1214 121.5° 1216 12ur 1218
T T
x| C 1 ask d 4
242" |5 -1 242' |5 -1
2N o 241 |- g
24" [— - e !
239" |- - 239 |- -
238 238
’ Souirce fault: Source fault:
3 s 2019 Hualien eartghauke
Fengling 2019 Hualien eartghauke Recover fault
N Receiver fault: ; o
B Strike25°,Dip60°,Rake45°|
287 . g Fault1 at depth 20 km 287 at depth 20 km
§ [ =
N -10 -05 00 05 10 -10 -05 00 05 10
. Coulomb stress change . Coulomb stress change
23.6" |- / (bar) 23.6 / (bar)
1 | | | | | | |
121.8° 121.4° 121.5° 1216 121.7° 121.8° 121.3° 121.4° 1215 121.6° 121.7° 121.8°

Figure 8. The Coulomb stress changes. Four different cases were considered: (a)
Coulomb stress changes caused by the 2018 Hualien earthquake and the receiver fault
mechanism was the Fault 1 at depth 20 km, (b) Coulomb stress changes caused by the
2018 Hualien earthquake and the receiver fault mechanism was the Fault 2 at depth 20
km, (c) Coulomb stress changes cause by the 2019 Hualien earthquake and the receiver
fault mechanism was Fault 1 at depth 20 km , and (d) Coulomb stress changes cause by
the 2019 Hualien earthquake and the receiver fault mechanism was the east-dipping
Longitudinal Valley Fault (strike 25°, dip 60°, rake 45°) at depth 20 km. The green open

rectangular is the fault plane of 2019 event projected to the surface.
28



Northernmost
Longitudinal Central
Valley Range

Coastal

Central
.- Y Range
Coastal Bedrock
Range ¢
Bedrock

Oceanic
Lithosphere

Figure 9. Conceptual tectonic model for the northernmost Longitudinal Valley inferred
from the 2019 Hualien earthquake. Blue dotted line shows the initial rupture plane of
the 2018 Hualien earthquake (Fault A) which is the boundary fault between the Coastal
Range and Central Range bedrocks. The red dotted line in a lower crust indicates the
major rupture fault plane of the 2019 Hualien earthquake (Fault B), which is the
boundary fault between the Central Range bedrock and subducted oceanic lithosphere.
Gray dotted circle indicates the possible location of the seismic gap as shown in Fig. 1.
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Figure Al. (a) The inversion result of the Fault 1 with a Vrmax = 4.0 km/s, (b) the
inversion result of the Fault 2 with a Vrmax = 4.0 km/s , (c) inversion result on the Fault
1 with a Vrmax set to 3.0 km/s, and (d) inversion result on the Fault 1 with a VVrmax set
to 5.0 km/s. The CWB epicenter and RMT centroid are indicated with a black star and a
red star respectively. While circles are the aftershocks occurred within 12 days after the

mainshock.
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Recently, neural network technologies have been rapidly developed. Neural
networks present excellent performance in many applications. This project develops
three applications for earthquake detection by neural networks including earthquake
detection and localization. For earthquake detection, recurrent neural networks have
been used for real-time earthquake detection, while deep convolution neural networks
have been used for P and S wave picking. For epicenter localization, an attention
layer has been integrated with recurrent neural network for predicting epicenter in the
early stage of earthquake occurrence. Extensive simulations were conducted to
evaluate the performance of the developed schemes based on the collected earthquake
waveforms in Taiwan. From the simulation results, the developed schemes
outperform the traditional schemes in terms of time and accuracy.
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