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ABSTRACT

The 2018 M,, 6.4 Hualien earthquake struck the eastern Taiwan and caused seri-
ous damage. We investigate the rupture properties of the 2018 Hualien earthquake by
inverting teleseismic body wave and forward modeling GPS coseismic deformation.
The rupture process and slip pattern of preferred model explain both the far-field
(teleseismic data) and near-field (GPS) observations. The results show that the 2018
Hualien mainshock ruptured southward on two fault segments, with a weak but fast
initiation (3.0 km s™') in the main west-dipping segment F1 and slow (2.0 km s) yet
significant slip on shallow east-dipping segment F2. In the past few years, several
moderate-sized events, which struck eastern Taiwan and caused strong ground shak-
ing and some seismic damage, are considered occurring on the west-dipping fault.
Additional investigations are required to building up the knowledge of this not well-
known region.

Hualien, Taiwan earthquake. Terr.
Atmos. Ocean. Sci., 30, 377-387, doi:
10.3319/TAO.2018.11.15.03

1. INTRODUCTION

On 4 February 2018, one M,, 6.1 event occurred in the
offshore area of Hualien City, which is the largest city in
the eastern Taiwan. Two days later, the 6 February 2018 M,,
6.4 Hualien earthquake struck the eastern Taiwan and trig-
gered several large aftershocks (M,, = 5.0) within 24 hr, as
shown in Fig. 1. The M,, 6.4 mainshock is also located in the
northern offshore area of Hualien City, and the aftershock
sequence and strong ground shaking extended toward the
northern part of Longitudinal Valley (LV) with the maxi-
mum intensity of 7 (> 250 gals) and caused serious damage,
including 17 fatalities, 285 injuries, and 4 collapsed build-
ings. Most damage coincided with the surface rupture zones
along the Milun fault (MLNF) and Linding fault (LDNF).
The latest severe seismic disaster around Hualien City area
was caused by the 1951 Longitudinal Valley earthquake
sequence, and the surface ruptures along MLNF were also
observed (Hsu 1962; Chen et al. 2008).

According to the Global Centroid Moment Tensor
(CMT), Central Weather Bureau (CWB) CMT and the
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Real-time Moment Tensor monitoring system (RMT, Lee et
al. 2013) solutions, the 2018 Hualien earthquake shows the
focal mechanism with a west-dipping fault plane (Fig. 1).
However, the MLNF and LDNF, which are observed sur-
face ruptures for the 2018 Hualien event, are considered as
the east-dipping faults with high angles (Shyu et al. 2016).
In addition, the Global CMT solution suggests an oblique
thrust faulting mechanism with a significant non-double-
couple component of 61% from the W-phase solution, in-
dicating that the 2018 Hualien event cannot be well repre-
sented by a single point source and may involve slip vector
variations or multiple rupture planes during the faulting. In
this study, we carried out teleseismic waveform inversion
and near-field GPS (Global Positioning System) forward
modeling to investigate the rupture properties of the 2018
Hualien earthquake.

2. TELESEISMIC WAVEFORM INVERSION

Here, we set up a simplified finite-fault geometry
based on the focal mechanism, the field observations and af-
tershock distribution. As shown in Fig. 1, focal mechanism
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Fig. 1. Locations and focal mechanisms for the 2018 Hualien earthquake and the seismicity from 2018/2/4 to 2018/2/7 recorded by CWB. The stars
indicate locations of the 2018/2/4 M,, 6.1 event (gray), the 2018 M,, 6.4 Hualien earthquake (black), and its large aftershocks with M,, = 5 (white).
The seismicities at the different time periods are marked with different color dots. The dashed rectangles show the locations of two fault segments.

and aftershock distribution (AA’ profile) both suggested a
west-dipping fault plane. However, based on the geologi-
cal investigation (Chen 2018), the surface ruptures were
observed along the east-dipping Milun fault trace and the
aftershocks occurred on the southern part (BB’ profile) also
indicated an east-dipping segment. Therefore, two possible
fault segments are considered: (1) F1: a 36-km west-dipping
segment oriented N215°E with a 24-km width (i.e., down-
dip extent) dipping 55°, and (2) F2: a 36-km east-dipping
segment oriented N26°E with a 9-km width dipping 60°. The
fault plane is then divided into finite subfaults, each with a
dimension of 3 km x 3 km along the strike and dip direc-
tions, respectively. The teleseismic broadband waveforms
typically have good data quality and widespread azimuthal
coverage, thus providing a good opportunity to investigate
the primary characteristics of fault rupture behavior and
slip pattern. There are 16 P-waves and 8 SH-waves from
the Data Management Center of the Incorporated Research
Institutions for Seismology (IRIS-DMC) stations with epi-
central distances between 30 and 90° which are selected for
the finite-fault modeling, as shown in Fig. 2. The records
from 5 s before to 35 s after the P- and S-wave arrivals with

a sampling rate of 0.1 s were used and integrated to dis-
placement after removing the instrument response from the
original velocity seismograms and bandpass filtering the
data between 0.01 and 0.5 Hz. We applied the generalized
ray theory method (Langston and Helmberger 1975), with
the 1-D crustal velocity structure of CRUST2.0 (Bassin et
al. 2000), to generate teleseismic Green’s functions.

For a given station, the seismic record can be repre-
sented as the linear sum of response contributed from each
ruptured subfault during the faulting. Applying a non-nega-
tive least square inversion (Lawson and Hanson 1974), the
observed and synthetic waveforms are represented as a sys-
tem of linear equations:

(an)=(0) 0

where A is the matrix of teleseismic Green’s functions, b
is the vector of observed data and x represents the solution
matrix of the subfault dislocations. In addition, we also con-
sidered the stability constraint matrix, H, e.g., the smoothing
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Fig. 2. Teleseismic station distribution. The beach ball indicates the location of the 2018 Hualien earthquake. Triangles and diamonds represent
the stations which recorded P-wave and SH-wave waveforms, respectively, used in this study. The dashed circles represent epicenter distance at a

30-degree interval.

on the slip between adjacent subfaults, with damping ratio,
A . Then, the error is calculated as:

€=(Ax-b)*/b? )

For each subfault, we allow the change in rake direction and
use a triangular source-time function with a width of 3 s.

Since the 2018 Hualien earthquake is a moderate-size
event, first we carried out the waveform inversion with
single fault plane, e.g., a model with segment F1 alone.
The optimal model with misfit of £ = 0.331 indicates the
2018 Hualien earthquake ruptured with a slow velocity of
1.6 km s!. The slip model and comparison of synthetic and
observed waveforms are shown in Fig. 3. The total seismic
moment is 5.62 x 10'* Nm (M,, = 6.44), with the maximum
slip of 75.7 cm. This model exhibits a main asperity between
the epicenter to the centroid location determined by RMT
solution, where is close to the seriously damaged area.

For model with the two fault segments, F1 and F2,
we allow the various rupture velocity between 1.0 and
3.2 km s on each segment, with an increment interval of
0.2 km s™'. In total, this leads to 144 inverted slip models
with various rupture velocities. The asterisk in Fig. 4 rep-
resents the optimal model with misfit of € = 0.325, and it
suggests that the 2018 Hualien earthquake initially ruptured
with a slow velocity of 1.4 km s in segment F1 and propa-
gated to segment F2 with a higher speed of 2.0 km s. The
total seismic moment is 5.73 x 10'® Nm (M,, = 6.44), with

the maximum slip of 77.6 cm. The optimal two-faults model
(Fig. 5) shows that the main asperity is similar with that of
F1-alone model (Fig. 3), but some energy was released on
the shallow segment F2 and the location is consistent with
surface deformation observed on MLNF and LDNF.

3. GPS FORWARD MODELING

Teleseismic data are frequently used to investigate the
primary characteristics of fault rupture behavior and fault-
ing history. However, the long-period nature limits their
sensitivity to the detailed complexities of the rupture pro-
cess. Conversely, the near-field GPS data provides good
constraints on the shallow faulting pattern as well as the
total rupture area. Since some continuous and campaign
GPS stations recorded coseismic offsets of the 2018 Hual-
ien earthquake, we then simulate the static ground displace-
ments using the finite-fault approach of Ji et al. (2002), with
a regional 1D velocity structure modified from Kuo-Chen
et al. (2012), as listed in Table 1. Coseismic displacements
were derived from 24 continuous GPS stations and 16 cam-
paign-mode GPS stations which were announced by the
Central Geological Survey, as listed in Tables 2 and 3. Co-
seismic displacements from continuous GPS stations were
estimated by the coordinate difference between three-day
average before the event and one-and-half-day average after
the earthquake. Because the observations from campaign-
mode GPS stations before the earthquake were collected
approximately one year ago, the coseismic displacements
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Fig. 3. Slip distribution of the optimal one-fault model (F1) and comparison of the observed (solid line) and synthetic (dashed line) waveforms. The
station name and peak value of the record in micrometers are shown above the waveforms.
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Fig. 4. Misfit of teleseismic waveform inversion (contour) and GPS forward modeling (grayscale) for 144 two-faults model. The asterisk and
triangle represent the minimum misfit of teleseismic waveform inversion and GPS modeling, respectively. The square shows a trade-off between

waveform inversion and GPS simulation.
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Fig. 5. Slip distribution of the optimal two-faults model and comparison of the observed (solid line) and the synthetic (dashed line) waveforms. The
station name and peak value of the record in micrometers are shown above the waveforms.

Table 1. One-Dimensional Velocity Model for GPS Modeling.

Vp (kms') Vs(kms') Density (gcm?®) Thickness (km)
5.138 2.996 2.391 3
5.648 3.375 2.575 3
5.744 3.446 2.609 3
5.836 3.530 2.643 6
5.886 3.661 2.661 9
6.541 3.899 2.897 12
7.695 4.382 3312 33
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Table 2. Coseismic offsets used in this study recorded at continuous GPS stations.

Station lon.(deg) lat.(deg) E(@mm) N(@mm) U(@mm) stE(mm) stN(mm) stU(mm)
CHUN 1213863  23.4542 -53 38 6.0 35 33 45
DNFU 1214755  23.6864 -1.1 142 9.0 39 35 50
DSIN  121.3912  23.6325 -5.9 -14.0 99.9 49 37 55
FENP 1215126  23.5998 29.6 -12.1 69.1 45 42 6.7
FLNM 1214466  23.7476 -6.9 -15 24 3.0 1.8 25
FONB  121.5141 23.5995 -6.0 59 8.7 35 33 4.6
HNSN  121.3013 24.3390 0.6 -8.6 13.7 35 35 4.8
HUAL  121.6067 23.9767 149.1 4349 70.4 33 33 4.6
HUAN  121.2658 24.1448 42 0.7 49 42 4.1 5.7
HUAP  121.7427 243103 -11.6 -4.8 29.7 39 35 53
JSUI 1214171 23.4933 42 39 35 35 33 4.8
JYAN 1212195  24.2438 -6.9 22 -0.1 35 33 47
KNKO 1214989 234735 -8.8 6.7 109 35 32 44
NAAO  121.8034 244506 -32 19 169 35 3.1 44
NDHU  121.5440  23.8985 -91.9 -49.6 364 35 32 45
NSAN  121.3760  24.4295 -2.6 -10.7 2.7 38 38 5.6
PEPU  121.6035  24.0192 -54.0 -261.2 98.1 43 3.6 53
SCHN  121.6448  24.1291 29 -97.4 -14 35 32 44
SHUL  121.5559  23.7889 -6.4 244 10.2 4.7 43 6.2
SICH 121.6476  24.1270 10 -97.3 -7.6 33 3.1 44
SLIN 1214346  23.8132 -21.1 22 5.6 4.7 4.6 7.0
SOFN  121.5914 238716 -19.7 92.7 144 35 33 47
WULI  121.3017 243536 -3.1 =25 18.4 39 38 5.6
YENL  121.5950  23.9048 -174 195.0 -344 4.6 43 6.0

Table 3. Coseismic offsets used in this study recorded at campaign-mode GPS stations.

Station lon.(deg) lat.(deg) E(@mm) N(@mm) U@mm) stE(mm) stN(mm) stU(mm)
E415 121.5662  24.0058 -1242 -150.4 50.9 43 29 47
G970 1215972 23.9267 12 3372 -52.0 45 3.0 45
G972 121.5887  23.9265 -315.8 -2323 163.6 45 30 44
G979 1215285  23.9463 -115.8 -76.4 74 5.1 32 47
GA37  121.6013  23.9849 -184 -285.0 -77.6 45 3.0 44
GA40 1215749  24.0049 -108.6 -188.6 40.8 43 29 43
GE46  121.5964  23.9880 71.5 -398.1 <739 45 29 44
GE63  121.6120  24.0082 2653 447.1 120.9 43 29 42
GE64  121.6021  24.0157 -70.3 -288.1 40.5 43 29 42
GA41 1215853  23.8455 -30.1 70.6 -40.6 4.8 33 49
E549 121.5338  23.8880 -183.0 -49.5 16222 5.8 39 6.8
GA43 1215129  23.8856 -69.5 -453 -114 5.0 33 4.6
GES56 1214916  23.7280 6.4 -5.6 -41.6 5.0 34 47
GE57 1214608  23.7557 -8.7 -19 -27.0 5.0 34 4.7
GEO8 1214380  23.7313 -7.1 93 -37.5 5.0 33 4.8
GES5 121.4042 23.7170 43 -5.0 -6.1 50 33 4.8
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were derived from the coordinate difference before and after
the event and the effect from interseismic velocities were
removed in this calculation. Based on the uncertainties of
coseismic displacements and first-order pattern of coseis-
mic deformation from continuous and campaign-mode
GPS stations, horizontal displacements are reliable but the
vertical displacements from campaign-mode GPS stations
are relatively suspected. The misfits of synthetic to the ob-
served GPS displacements, denoted as € gps, is also calcu-
lated using the same definition as used for teleseismic data.
Figures 6a and b show the synthetic GPS displacements de-
rived from the optimal F1-alone model (Fig. 3) and optimal

24°00'

23°54'

24°00'

23°54'

24°00'

121°30' 121°36' 121°42"

two-faults model (Fig. 5), respectively. Although the ori-
entations of synthetic displacement are roughly consistent
with the GPS observations, the synthetic displacement un-
derestimates the measured displacement. As mentioned in
previous section, the optimal two-faults model reveals a mi-
nor asperity on the shallow segment F2, which might be re-
lated to the better fitting around the northern end of LDNF,
.e.g., stations G970, YENL, and SOFN. This indicates that
two-faults model can better explain the surface deformation
caused by the 2018 Hualien earthquake.

For further validation, we calculated the misfit of GPS
modeling for all 144 inverted slip results of two-faults model.
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Fig. 6. Modeled horizontal and vertical displacements from (a) optimal Fl-alone model, (b) optimal two-faults model, and (c) preferred model,
respectively. Solid and open arrows show the observed and synthetic displacements at GPS stations. The asterisk shows the epicenter location.
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The open triangle in Fig. 4, which represents the minimum
misfit of GPS modeling, indicates a model with fast rupture
velocity of 3.2 km s in segment F1 and slower speed of
2.2 km s in segment F2. Since we adopted a simplified
fault geometry, it is not easy to well explain the surface de-
formation, especially for the near-fault region. Therefore, a
trade-off between waveform inversion and GPS simulation
is considered, as the square shown in Fig. 4. The synthetic
waveforms of the preferred model (Fig. 7) explain the ob-
servations well; nevertheless, the slip pattern is significantly
different with the other two models. This preferred model
of the 2018 Hualien earthquake exhibits a weak initiation
with a rupture velocity of 3.0 km s in segment F1 and then
propagated across F2 at 2.0 km s'. The total seismic mo-
ment is 5.79 x 10" Nm (M,, = 6.45), with the maximum slip
of 89.9 cm. In addition, the main asperity was located on
segment F2, and the minor asperity ruptured the deeper part
of segment F1. The locations of both asperities are concen-
trated on the seriously damaged area and close to the RMT
centroid location. Figure 6¢ shows the synthetic GPS dis-
placements derived from the preferred model (Fig. 7). With
the exception of some very near-fault stations, the synthetic
coseismic displacements best explained the amplitudes and
orientations of observed GPS cosesmic data.

4. DISCUSSION AND CONCLUSIONS

With the advantages of nice azimuthal coverage and
easy accessibility, teleseismic records are popularly used to
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investigate the earthquake properties. However, due to the
limitation of data resolution as well as the simplification of
fault geometries, models derived from teleseismic data alone
can provide the primary faulting process and slip pattern, es-
pecially at greater depths. It means that teleseismic waveform
inversion is relatively insensitive to reveal slip patterns at
shallow depths. On the other hand, the near-field GPS co-
seismic deformation data can give better constraints on the
shallow rupture pattern. Without any constraint, the optimal
results of the one-fault model (F1, Fig. 3) and two-faults
model (Fig. 5) both exhibit large amounts of slip at deeper
depths, but the synthetic surface displacements do not well fit
GPS observations, as shown in Figs. 6a and b, respectively.
With the indirect constraint by forward GPS simulation, the
preferred model (Fig. 7) shows good fits to both teleseismic
and GPS data. For the 2018 Hualien event, there are some
continuous GPS stations recorded the coseismic information.
Figure 7 also shows the time series records of two near-fault
stations, PEPU and HUAL. It is noticed that a significant en-
ergy release between 12 - 16 s after the initiation was revealed
by station HUAL, and this feature coincides with the main
moment-rate burst released on segment F2. It suggests the re-
liability of the preferred model and also explains the faulting
mechanism with a significant non-double-couple component.

In our model, fault segment F2 could represent the
MLNF and LDNF, however, the west-dipping fault segment
F1 is not identified by Central Geological Survey yet. Ch-
uang et al. (2014) suggested that the 2000 M, 6.2 Hualien
event occurred on the west-dipping Central Range fault,
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series records of two high-rate continuous GPS stations (triangles) are also shown. The station name and peak value of the record in micrometers

are shown above the teleseismic waveforms.
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which is buried beneath the Longitudinal Valley fault for
the northernmost LV (Shyu et al. 2005, 2006). Wen et al.
(2019) suggested that the 2018 Hualien earthquake may be
associated with a west-dipping blind fault which could reach
out to the Heping sea basin and might belong to the Central
Range fault. Figure 8 shows the locations of the 2000 Hual-
ien event and its aftershocks, which correlate well with the
2018 Hualien mainshock and its aftershocks. On the other
hand, MclIntosh et al. (2005) suggested a west-dipping struc-
ture beneath the coastal and near shore area as a boundary
between the sedimentary basin and continental crust, and the
location is close to the west-dipping fault segment F1 of the
2018 Hualien earthquake. Further investigation of this not
well-known structure should be carried out in the near fu-

ture. Ohta et al. (2012) supposed that 11 March 2011 M,, 7.4
Sanriku-Oki earthquake aftershocks, which might be caused
by strain concentration at the after-slip region edges, may
have motivated nucleation for the 11 March 2011 M,, 9.0
Tohoku earthquake. Figure 1 shows that the 2018 Hualien
mainshock initiated from the southern edge of the seismicity
region following the M,, 6.1 event occurred two days before.
The 2018 Hualien mainshock ruptured southward on both
fault segments. Previous studies revealed that the strength
and stress state of the fault, fault geometry and the fracture
energy would strongly affect the rupture velocity during the
faulting process (Rosakis 2002; Kanamori and Rivera 2006).
One example is the slow rupture for the multifault of the
2016 Kaikoura earthquake (Wen et al. 2018). Therefore, for
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Ruisui and 2014 Fanglin earthquakes. Gray dots indicate background seismicity since 1990. Black and white dots represent the aftershock distribu-

tions of the 2000 and 2018 Hualien events, respectively.
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the 2018 Hualien earthquake, stress transfer from the MLNF
to LDNF would take some time to reach the critical status of
rupture and thus slow down the propagation speed. The mi-
nor asperity with fast rupture velocity of 3.0 km s on fault
segment F1 might cause the directivity effect. On the other
hand, main asperity with slow faulting speed of 2.0 km s on
the shallow fault segment F2 resulted in the surface rupture.
The integrated effect might be the reason of serious damage
for the 2018 Hualien earthquake. In the past few years, sev-
eral moderate-sized events struck eastern Taiwan and caused
strong ground shaking and some seismic damage, including
2013 Ruisui earthquake, 2014 Fanglin earthquake (Wen
2018; gray asterisks in Fig. 8), and the 2018 Hualien earth-
quake. The coincidence is that these events are considered
occurring on the west-dipping fault. Are they all related to
the Central Range fault? Why does this area become active
recently? We should pay more attention and carry out more
studies for this not well-known region.
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