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Abstract

This study deconvolved regional seismograms to derive the azimuth-dependent
source time functions for the 2019 Xiulin earthquake in Hualien, Taiwan. Then, rupture
directivity analysis was used to estimate the fault parameters, and the results revealed a
rupture length of 11.5 km, a source duration of 7.37 s, and a rupture velocity (V,.) of
1.56 km/s, approximately 0.4 times the value of the crustal S-wave velocity.
Furthermore, the multiple-event analysis indicated two subruptures during the
earthquake. Notably, the average rupture and the subrupture shared the same product of
AogV;? (Ao,: static stress drop) and thus obeyed a specific source-scaling relationship.
In short, the 2019 Xiulin earthquake had a relatively low V, and a relatively high Agg.
We noted similarities between the 2018 Hualien and 2019 Xiulin earthquakes when
comparing the fault parameters; rupture directivity analysis revealed that the two events
occurred on a west-dipping plane with a similar strike. Therefore, the 2019 Xiulin
earthquake likely constituted the remaining energy release of the 2018 Hualien

earthquake.

Keywords: 2018 Hualien earthquake; 2019 Xiulin earthquake; Rupture directivity;

Rupture velocity; Static stress drop.
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1. Introduction

After an M 6.2 (Mw 6.4) earthquake struck the city of Hualien in 2018 and caused

severe destruction (called the 2018 Hualien earthquake; Rau & Tseng 2019), high

seismicity persisted in eastern Taiwan. Approximately 14 months later, on April 19,

2019, the Central Weather Bureau (CWB) reported an My 6.3 earthquake in the Xiulin

region of Hualien. The 2019 event had a depth of approximately 20 km, greater than

the 6.3-km depth of the 2018 event, and occurred 18 km to its southwest. The fault-

plane solutions indicated that the two events both had a west-dipping plane with a strike

of approximately 217° (Fig. 1). Hwang (2018) analyzed the rupture directivity of the

2018 Hualien earthquake to suggest that the west-dipping plane was the fault plane.

When we superimposed the location of the 2019 Xiulin earthquake on the finite-fault

model of the 2018 event (Huang & Huang 2018; Lee et al. 2019), the 2019 event

appeared to occur on the 2018 event’s fault plane, where it had failed to rupture.

Therefore, the data indicated that the two events occurred in the same fault system. This

study investigated whether the 2019 Xiulin earthquake originated from the release of

the remaining energy of the 2018 Hualien earthquake.

Lee et al. (2020) derived the finite-fault model of the 2019 event and calculated a

rupture velocity (V}.) of up to 4.0 km/s (i.e., a supershear rupture event) and a static

stress drop (Aoy) of 3.27 MPa. These calculations differed from those of Lin et al.
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(2022), who measured V. values of 2.58 and 3.16 km/s and Ag, values of 13.7 and
23.4 MPa for two strong motion generation areas (SGMAs). The conflicting results of
the two studies imply an anticorrelation between V. and Agg; namely, an increase in
V.. coincides with a decrease in Adg, and vice versa. Ye et al. (2016) noted that Ao, V;3
remained approximately constant for a given earthquake in finite-fault inversions
(Kanamori & Rivera, 2004). Hwang et al. (2020) also proposed an inverse relationship
between V. and Ao, and further derived the product AcgV,3 = 29.3 MPa-km?®s™>
from the observations of moderate-to-large earthquakes in Taiwan. Hence, we also
investigated whether the 2019 Xiulin earthquake obeyed the conclusion of Hwang et al.
(2020).

This study analyzed the kinematic and dynamic source parameters of the 2019
Xiulin earthquake and compared them with those of the 2018 Hualien earthquake
(Huang & Huang 2018; Hwang 2018; Lee et al. 2019; Hwang et al. 2019, 2020, 2022).
We first used rupture directivity analysis (e.g., Ben-Menahen 1961; Chung & Kanamori
1976, Velasco et al. 1994, 2004; Hwang et al. 2012) to investigate the kinematic source
parameters, including rupture length, source duration, and V;. through the azimuth-
dependent source time functions (e.g., Ammon et al. 2006; Vallée 2007; Hwang et al.
2019). In addition, we also employed multiple-event analysis to determine the dynamic

source parameters, including radiated seismic energy, scaled energy, and Aoy (Hwang
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etal. 2019).

2. Data

We used vertical-component acceleration seismograms from the Broadband Array

in Taiwan for Seismology (BATS; IES 1996) and the CWB Geophysical Data

Management System (CWB 2012) to analyze the azimuth-dependent STFs using a

nonnegative time-domain deconvolution technique (Hwang et al. 2019). Only

seismograms with epicentral distances of less than 50 km were analyzed to reduce the

effect of structural complexity in wave propagation, where the structure can be regarded

as a half-space region (Kanamori 1990). Fig. 1 illustrates the available stations around

the epicenter. Before retrieving the STFs, we removed the instrument responses,

converted the accelerograms into displacement, and filtered the waveforms between

0.05 and 0.33 Hz. Finally, for the follow-up deconvolution, we extracted a 35-s-long

waveform, which began during the first 5 s of the P-wave arrival and ended during the

last 30 s of the P-wave arrival (Figs 2 and 3).

3. Analysis and results

3.1 Source time functions (STFs)

The nonnegative time-domain deconvolution was employed to solve g(t) *
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s(t) = b(t) for retrieving the STF, with b(t) as the observed waveform, g(t) as the
empirical Green’s function (EGF), s(t) as the STF, and ‘*’ representing the
convolution operator. The time domain convolution can be written in linear matrix form
as GS =B, where G is the EGF matrix arranged according to the convolution
operation, S is the STF matrix with the unknown parameters to be solved, and B is
the observed waveform matrix. The damped least-squares method with nonnegative
constraint (i.e., S = 0) was applied to the linear inversion (Lawson & Hanson 1974;
Menke 2012) by minimising E + A%L, where E = ||B — GS||?, L = ||WS]|, damping
= 2%, and W = matrix smoothness to yield the following solution:
S =(GTG + *WTw)~1G"B (1)
Details regarding the nonnegative time-domain deconvolution can be found in the
work of Hwang et al. (2019). We used synthetic seismograms without source duration
as the EGFs, created using the wavenumber integration technique (Herrmann 2013) in
a half-space model with a P-wave velocity of 6.47 km/s, an S-wave velocity of 3.76
km/s, and a density of 2.80 g/cm?. To generate the EGFs also needed a focal mechanism,
provided by the BATS CMT (Central Moment Tensor) catalogue (IES 1996) (Fig. 1).
Fig. 2 provides an example of deconvolution for station WUSB.
Fig. 3 presents the apparent STFs (aSTF) with duration variations according to the

station azimuths. A relatively longer duration occurred at stations located south of the
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epicenter (e.g., EGC, ESL, and SHUL); by contrast, a relatively shorter duration
dominated the stations situated north of the epicenter (e.g., ETLH, NACB, ENA, NNS,
NNSB, and EWT). The apparent source duration variation with station azimuth formed
a shape approximating a cosine or sine wave (Fig. 3), revealing unilateral rupture
(Hwang 2014). This feature indicated that the 2019 Xiulin earthquake was a unilateral-
faulting event with a northward rupture. We next implemented rupture directivity

analysis to investigate the rupture propagation of the 2019 Xiulin earthquake.

3.2 Rupture directivity analysis
The apparent source duration (T4sp) for an event with unilateral faulting (Fig. 4a)
due to the rupture directivity effect can be written as follows:

Tysp = to — 1 C0S 8 )
where v is the wave velocity (P- or S-wave) at the source area, [ is the rupture length,
and ¢, is the source duration (corresponding to [/V}.) observed at the station azimuth
that is perpendicular to the rupture direction. Because the STF is derived primarily from
the S-wave (Fig. 2), v in Equation 2 is the S-wave velocity (3.76 km/s in this study).
In Equation 2, cosd can be expressed below (Chung & Kanamori 1976):

cosd = cosiycosB + sinfsiniy cos(AZ — ¢)

where & is the angle between the rupture direction and a ray taking off from the
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hypocentre, i; is the take-off angle of the wave ray, AZ is the station azimuth, ¢ is
the horizontal rupture azimuth measured clockwise from the north, and 6 is the
vertical rupture angle measured upward from the vertically downward axis (see Fig.
4a). For 0 larger than 90°, the event ruptures upward; for 6 less than 90°, the event
ruptures downward. When searching for a series of ¢ and 6, we obtained an
appropriate pair of (¢, 8) constructing an optimal linear relationship between t,sp
and cos 6. Therefore, the intercept denotes the average source duration (¢, in Equation
2), and the slope represents the propagation time (% in Equation 6) used to obtain the
rupture length (1) when v at the source area is known. Finally, we derived the average
rupture velocity from [ and t,.

Fig. 4 shows the rupture directivity analysis of the 2019 Xiulin earthquake. The
optimal pair of (¢, ), identified by searching for ¢ and 6 between 0° and 180°
with an interval of 1°, was (5°, 76°), indicative of a slightly downward rupture along
the azimuth of N5°E (Fig. 4b). The optimal linear relationship between T,sp, and
cos 6, as illustrated in Fig. 4¢, had a rupture length (I) of 11.5 km and a source duration
of 7.37 s, resulting in a V. of 1.56 km/s, about 0.4/ (/3 is the S-wave velocity as 3.36
km/s). Unlike the results of Lee et al. (2019), which demonstrated a high V,. of 4.0
km/s for the Xiulin earthquake, the low V, of this study is similar to the estimated V.

(1.85 km/s) of the 2018 Hualien earthquake (Hwang 2018; Hwang et al. 2020).
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The angle between the optimal rupture direction and the vertically downward axis
was 76°, analogous to the take-off angle (Fig. 4b). We projected the optimal rupture
direction (¢p = 5°, 8 = 76°) to the focal mechanism (i.e., beachball; BATS CMT) as
illustrated with a solid blue circle in Fig. 4d. The solid blue circle is closer to the red
arc than the other arc; we thus verified that the west-dipping plane with a strike of 217°
(from BATS CMT with the best double couple of 217°/61°/81° and 55°/30°/105°) was
the fault plane (red arc) of the 2019 Xiulin earthquake.

The derived source parameters are also comparable with several empirical
relationships. When using M, =3 x 10'® Nm (Table 1), the source duration (7.37 s)
from this study agrees with that (7.4 s) calculated by an empirical relationship between
My and T as M, = 0.74 x 101°T3 (M, = seismic moment in Nm and T = source
duration in s) (Hwang et al. 2020); however, the derived rupture length (11.5 km) is
slightly shorter than that (14.4 km) estimated by log,q L = (1/2) log,o, My, — 8.08 for

M, < 10%° Nm (L = rupture length in km; Yen & Ma 2011).

3.3 Multiple-event analysis
Because station WUSB with azimuth is approximately perpendicular to the rupture
direction, we used the aSTF deconvolved from WUSB as the STF of the 2019 Xiulin

earthquake (Fig. 2). Through multiple-event analysis of the STF (cf. Hwang 2013;
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Hwang et al. 2019), the mainshock comprised at least three subevents, each of which
had its own isosceles triangle and source duration (Table 1 and Fig. 2). Then, the seismic
moment (M) of each subevent was calculated from the area of the isosceles triangle
STF, and the radiated seismic energy (E;) of each subevent was estimated from M,
and its own source duration (cf. Vassiliou & Kanamori 1982). The total M, and E
were 3.0 x 10'® Nm (Mw 6.3) and 1.2 x 10'* Nm, respectively; these measurements
were somewhat larger than those calculated by several institutes (United States
Geological Survey, USGS; Global Centroid-Moment-Tensor, GCMT; BATS, and CWB)
and by Lee et al. (2020). From Table 1 and Fig. 2, our results revealed that the largest
subevent with Mw 6.1 occurred about 3 s later than the initiation. The Eg/M, ratio of
3.4 x 107° also resembled the global average (3.0 x 107; Ide & Beroza 2001) and was
comparable with that of the 2018 Hualien earthquake (2.72 x 10~>; Hwang et al. 2019).
We also estimated the Ao, of each subevent following circular cracks (Brune 1970)
7M,

. _ My 21 fe 3 . _
using Aog; = P (_2-341?) with f, =

nTiup (Godano et al. 2015), where S is the S-
wave velocity at the source area, and f. is the corner frequency determined by the
rupture time (Typ), which is about 0.85 times the value of the source duration (cf.
Vassiliou & Kanamori 1982; Heaton 1990). From the multiple-event analysis, the

average Aog; was measured to be 8.82 MPa using weighted M, (cf. Kanamori &

Heaton 2000). In addition, from the E /M, ratio, the apparent stress (g,) was 1.35

10
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MPa using o, = uE;/M, (u: rigidity; Wyss & Brune 1968). Because o,/Aag, < 0.5,
the frictional overshoot model, in which the frictional stress is lower than the final stress
on the fault plane, can be used to interpret the 2019 Xiulin earthquake rupture (Savage
& Wood 1971; Zudiga 1993; Kanamori & Rivera 2006). Table 1 lists the source
parameters of the three subevents composing the 2019 Xiulin earthquake.

According to Fig. 3, the aSTF at several stations may be divided into two groups,
G1 and G2. G1 consists of the first two subevents, and G2 consists of the last subevent
(see Table 1). We assumed that G1 and G2 occurred along the optimal rupture direction
of (5°, 76°), as measured in Fig. 4. Fig. 5a shows the rupture directivity analysis of G1
based on the optimal rupture direction of (5°, 76°) to obtaina V. of 1.61 km/s, a rupture
length of 7.26 km, and a source duration of 4.50 s. Next, subtracting the rupture length
and source duration of G1 from the entire rupture length and source duration, we
obtained a V. of 1.48 km/s, a rupture length of 4.24 km, and a source duration of 2.87

s for G2 (Fig. 5b). The rupture from G1 to G2 revealed a slight deceleration.

3.4 Static stress drop
As mentioned in the preceding section, using multiple-events analysis, the average

Ao, was estimated at 8.82 MPa (Table 1). However, a standard method of calculating

2
Aoy is to use the rupture area (A) as: Aoy = % (%) (cf. Kanamori & Anderson,

11
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1975). Here, we attempted to calculate the rupture area of the 2019 Xiulin earthquake
by the rupture length and width. The rupture width using the aftershock distribution and
the fault dip was calculated. As shown in Fig. 1, aftershocks with Mp > 3.0 appeared at
depths of 18-25 km with an approximately 7-km-depth range. In addition, the focal
mechanisms from GCMT, USGS, BATS, CWB, and Lee et al. (2020) indicated fault
dips of 60°, 46°, 61°, 69°, and 63°, respectively. The rupture widths were then estimated
to be 8.08,9.73, 8.00, 7.50, and 7.85 km, respectively, yielding an average rupture width
of 8.23 km. Hence, the rupture area is 94.65 km? (11.5 km x 8.23 km) for the 2019
Xiulin earthquake. Assuming a circular fault (Kanamori & Anderson 1975), through the
rupture area, the 2019 Xiulin earthquake had a Agg; = 7.94 MPa, similar to the
measurement (8.82 MPa) obtained through multiple-event analysis. In any case, the two
results were relatively higher than that (3.27 MPa) estimated by Lee et al. (2020) but
comparable with the single SMGA Agg of Lin et al. (2022). Through the rupture area,
the average dislocation slip (D) for the 2019 Xiulon earthquake is about 0.8 m by M, =

uDA (Aki, 1966).

4. Discussion
The results of the rupture directivity analysis based on azimuth-dependent STFs

(Figs 3 and 4) verified the fault plane to be a west-dipping plane with a strike of 217°

12
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(BATS CMT). Such results were similar to the rupture directivity analysis of the 2018
Hualien earthquake (Hwang 2018); therefore, the two events seemingly occurred in the
same fault system (Fig. 1). Furthermore, the 2018 Mw 6.4 Hualien and the 2019 M. 6.3
Xiulin earthquakes shared additional common features. First, the two events had
relatively slow average V, values, with 1.85 km/s (0.55 B, : S-wave velocity) for the
2018 event and 1.56 km/s (0.4 B) for the 2019 event. Second, the two earthquakes had
asimilar Eg/M,, which also corresponds to the global value of 3 x 10~ (Ide & Beroza
2001). Third, both events could be interpreted using the frictional overshoot model, i.e.,
the final stress on the fault plane is larger than the frictional stress (cf. Kanamori and
Rivera, 2006). Fourth, even though the Ao of the 2019 event was larger than that of
the 2018 event, the two events had a similar product Ac,V;3, a finding that closely
agrees with the suggestion of Hwang et al. (2020), i.e., Ao,V,3 = 29.3 MPa-km?/s’ for
Taiwan’s moderate-to-large earthquakes (Fig. 6). Fifth, the 2019 event seemingly
occurred on an unruptured area of the 2018 event’s fault plane when superimposed on
the finite-fault models of Huang and Huang (2018) and Lee et al. (2020). From these,
a high level of similarities is evident between the 2018 and 2019 events. Hence, the
2019 event likely originated from the release of the remaining energy of the 2018 event.
Table 2 lists the source parameters of the 2018 and 2019 events for comparison.

In addition, we investigated whether the subruptures during faulting corresponded

13
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to the proposed source-scaling relationship, having AoV, = 29.3 MPakm?/s>
(Hwang et al. 2020). As shown in Table 1 and Fig. 5, the subrupture of G1 hada V}. of
1.61 km/s and a Aoy of 8.11 MPa, resulting in AoV, = 33.85 Mpakm?/s®; the
subrupture of G2 had a V. of .48 km/sanda Ao, of 10.77 MPa, leading to AdV,3 =
34.91 MPa-km?/s® (Fig. 5b). Both subruptures also had the similar AoggV,3 to obey the
source-scaling relationship proposed by Hwang et al. (2020).

Unlike a high V. (4.0 km/s) obtained by Lee et al. (2020) using the rupture
wavefront of their finite-fault model, our study derived a relatively slow V. (1.56 km/s).
In order to investigate the validity of the derived V., we implemented a parameter called
radiation efficiency (ng), generally defined as ng = E;/E5y = Eg/(Es + E4), where
the available energy Eg, = (%)AO'SDA, and E; is the fracture energy (D: dislocation
slip; A: rupture area) (cf. Venkataraman & Kanamori 2004; Kanamori & Rivera 2006;
Wang 2006). For subshear earthquakes with 1. < f (f: S-wave velocity), then ng <
1; for supershear earthquakes with 1. > [, then ny 1is possibly close to 1.0 (Kanamori
2004). For a frictional overshoot model, E;, might be overestimated; then the original
Esy must be reduced to 0.6E;, for V, =098 and 0.7E,, for V, =0.6f

(Madariaga 1976). In addition, ng can also be estimated by V,.. For model III crakes,

we have ng =1—/(1-V./B)/(1+V,/B) in the subshear case (Husseini &

Randall 1976; Husseini 1977). From E; and Ao, estimated in this study, we obtained

14
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ng = 0.31; in addition, using the derived V,. to yield nz = 0.35. The two estimations
are close to each other. Because the 2019 Xiulin earthquake rupture belongs to the
frictional overshoot, the value of 1z might be increased to 0.4-0.5, comparable with
the nr of the 2018 Hualien earthquake (Hwang et al. 2022). Here, whether 7y is
estimated from E; and Aogg or V., np is always less than 1.0. Therefore, we suggest
that the 2019 Xiulin earthquake should have a slow V., indicating a subshear

earthquake rather than a supershear one.

6. Conclusions

The rupture directivity analysis of the 2019 Xiulin earthquake from the azimuth-
dependent STFs, deconvolved from regional seismograms, indicated a relatively slower
rupture velocity (~0.4 times the crustal S-wave velocity) and verified a west-dipping
plane to be the fault plane. Observations from the average rupture and the subrupture
both obeyed the proposed source-scaling relationship (i.e., AoV, = constant; Hwang
et al. 2020). In addition, we noted similarities in the source parameters of the 2018
Hualien and 2019 Xiulin earthquakes. Therefore, our findings indicate that the 2019

Xiulin event was likely the remaining energy of the 2018 Hualien earthquake.
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Figure Captions

Figure 1. Locations of the 2019 Xiulin earthquake and its aftershocks in eastern

Taiwan. Also included is the 2018 Hualien earthquake. The stars indicate the

epicenters of the two mainshocks. The blue and red circles indicate the aftershocks

within one month for the Xiulin and Hualien earthquakes, respectively. Aftershock

distributions with depths are illustrated in two profiles, AA’ along the strike and BB’

vertical to the strike. Focal mechanisms are from the BATS CMT catalogue. The

triangles represent the seismic stations used in this study.

Figure 2. Nonnegative time-domain deconvolution for station WUSB. From top to

bottom, the blue and red lines denote the observed and reconstructed P-waves; the

black line is the empirical Green’s function (EGF), which was created from a half-

space velocity model. The bottom line is the deconvolved source time function

(STF), and the blue shading represents the multiple-event analysis.

Figure 3. (Left) The stations used for deconvolution. The yellow and purple triangles

denote the stations from the CWB and the BATS. The star is the epicenter of the

mainshock. (Middle) The source time functions (STFs) were obtained through

nonnegative time-domain deconvolution. The dashed lines represent two

subruptures (also see Fig. 5). (Right) Comparison of the observed (blue lines) and

reconstructed (red lines) P-waves.
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476  Figure 4. (A) A coordinate system for a source rupture in space. O is the hypocentre, R

477 is the termination of the rupture, OR is the rupture direction, and [ is the rupture
478 length. ¢ and O are the angles that describe the rupture in space, where ¢ is the
479 horizontal rupture azimuth measured clockwise from the north and 6 1is the vertical
480 rupture angle measured upward from the Z-axis. In addition, i; is the take-off angle
481 of a wave ray, AZ is the station azimuth, and § is the angle between the rupture
482 direction and a ray taking off from the hypocentre and controls the rupture directivity
483 of the source. (B) Rupture directivity analysis to search for the optimal rupture
484 azimuth (8, ¢), which is (5°, 76°). (C) A plot of Tasp versus cosd in accordance
485 with the optimal rupture azimuth in (B). (D) The optimal rupture azimuth is projected
486 on the equal-area net to indicate the fault plane (red arc) from the fault-plane
487 solutions of the BATS CMT.

488  Figure 5. (A) Rupture directivity analysis for the first subrupture (G1) following the

489 optimal rupture azimuth of (5°, 76°). Please also see Fig. 4. (B) Schematic of the
490 subruptures G1 and G2 and their corresponding rupture parameters. The rupture
491 length and duration of G2 were obtained by subtracting the values of G1 from the
492 total rupture length and duration.

493  Figure 6. Log—log plot of rupture velocity (}.) and static stress drop (Aogy) for Taiwan’s

494 moderate-to-large earthquakes. Excluding the squares from this study, the data
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495 plotted are from Hwang et al. (2020). G1 and G2 represent the two subruptures of

496 the 2019 Xiulin earthquake (also see Fig. 5).

497
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Figure 1 (Hwang et al., 2023)

Locations of the 2019 Xiulin earthquake and its aftershocks in eastern Taiwan. Also included is the 2018
Hualien earthquake. The stars indicate the epicenters of the two mainshocks. The blue and red circles
indicate the aftershocks within one month for the Xiulin and Hualien earthquakes, respectively.
Aftershock distributions with depths are illustrated in two profiles, AA" along the strike and BB’ vertical to
the strike. Focal mechanisms are from the BATS CMT catalogue. The triangles represent the seismic

stations used in this study.
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Figure 2

Nonnegative time-domain deconvolution for station WUSB. From top to bottom, the blue and red lines
denote the observed and reconstructed P-waves; the black line is the empirical Green’s function (EGF),
which was created from a half-space velocity model. The bottom line is the deconvolved source time

function (STF), and the blue shading represents the multiple-event analysis.
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Figure 3

(Left) The stations used for deconvolution. The yellow and purple triangles denote the stations from the
CWB and the BATS. The star is the epicenter of the mainshock. (Middle) The source time functions
(STFs) were obtained through nonnegative time-domain deconvolution. The dashed lines represent two
subruptures (also see Fig. 5). (Right) Comparison of the observed (blue lines) and reconstructed (red
lines) P-waves.
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Figure 4

See image above for figure legend
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(A) Rupture directivity analysis for the first subrupture (G1) following the optimal rupture azimuth of (5°,
76°). Please also see Fig. 4. (B) Schematic of the subruptures G1 and G2 and their corresponding rupture
parameters. The rupture length and duration of G2 were obtained by subtracting the values of G1 from
the total rupture length and duration.
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