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Abstract

A fault-to-fault jumping rupture was found during the 2018 Mw 6.4 Hualien earthquake
that occurred in eastern Taiwan. Joint source inversion results indicated that the initial
rupture started from a north-south striking fault dipping to the west and propagated to
the south with a high rupture speed. The rupture then jumped to the shallower
east-dipping Milun Fault. Slip on the Milun Fault was slow and continued for more than
10 seconds, which produced the largest asperity near Hualien City. The rupture jumped
again to the Lingding Fault in the northernmost Longitudinal Valley. This fault-to-fault
rupture process implied that slip on Milun Fault and Lingding Fault was triggered by
the N-S strike, west-dipping fault plane where the initial rupture originated. In other
words, the movement on the Milun Fault was passive, it was just part of a secondary
branch of the major structural system in the northernmost Longitudinal Valley. Based on
this inverted source model, the static Coulomb failure stress increased along the
Longitudinal Valley, which is a crucial issue for potential seismic hazards in eastern
Taiwan in the near future.

1. Introduction

On February 6, 2018, a large earthquake struck eastern Taiwan. This earthquake had a
moment magnitude of 6.4, and the epicenter (121.729°N, 24.100°E) was located in the
offshore area approximately 16.5 km north of Hualien City at a depth of only 6.31 km
(Figure 1). The ground shaking near the source area was extremely large, with the
largest intensity being observed in Hualien City with a maximum intensity of 7 (>250
gals) based on the Central Weather Bureau (CWB) intensity scale. A high felt intensity
(intensity 5, >100 gals) also extended toward the northern part of Longitudinal Valley.
There were at least 17 deaths with 285 injured during this event. The strong ground
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shaking caused buildings in the city of Hualien to be damaged, including four buildings
that were partially collapsed and tilted. This event was the most severe earthquake to
strike Hualien in the past 67 years.

More than 1000 aftershocks were detected within two week, forming a trend from
northeast to southwest. The mainshock was located at the northern part of this
earthquake sequence. However, the centroid location determined from the Real-time
Moment Tensor monitoring system (RMT, Lee et al., 2013) was located in the south
approximately 20 km away (Figure 1). This location was very close to the Milun Fault,
which runs along the western edge of the Milun Tableland near Hualien City. The focal
mechanisms determined from CWB and RMT all had a north-south striking,
west-dipping fault. The other nodal plane was close to an E-W striking, south-dipping
fault. However, there is no known active fault with a west-dipping fault plane near the
source area. The only active fault is the Milun Fault, which is a strike-slip fault with a
steep dipping angle toward the east (Yen et al., 2011). The field research after the
earthquake observed severe surface breaks and cracks along the Milun Fault. The
ruptures were mainly left lateral strike-slip, and the largest movement was more than 50
cm. Most of the damaged buildings were found along the Milun Fault (Figure 1).
Apparent breaks and damage were also found on the Hualien Bridge, located across the
Hualien River and close to the northern end of Lingding Fault. All of these observations
indicated that the Milun Fault and/or even Lingding Fault might have been involved in
the mainshock. In addition, both of the focal mechanisms (CWB and RMT) contain a
strong compensated linear vector dipole (CLVD) component. The large value of CLVD
also implies that the Hualien earthquake rupture could be unusual, and it might have
ruptured on multi-segment fault planes or that several different fault systems were
involved.

The Hualien earthquake occurred in a complex tectonic area with a high background
seismicity rate. The hypocenter was located at the northern offshore of Longitudinal
Valley (LV), which is a suture zone of the Eurasian Plate and Philippine Sea Plate (Tsai,
1986; Angelier et al., 1997) with a rapid convergence (Yu et al., 1997; Yen et al., 2011).
The Ryukyu Trench is located on the eastern side where the Philippine Sea Plate
subducted beneath the Eurasian Plate (Kao and Rau, 1999). Thousands of earthquakes
occur in this junction area every year. However, the tectonic from the western end of the
Ryukyu Trench to northeast offshore Taiwan is still a controversial issue. The depth of
the western end of the Ryukyu Trench near the offshore of Hualien is about 40-50 km.
However, the hypocenter of 2018 Hualien earthquake is at a depth of only 6.31 km.
Because of the significant difference in depth, this event might be independent of the
Ryukyu subduction zone.

During the time-period from October to December in 1951, three large events with

magnitudes larger than My 7 and thousands of aftershocks occurred between Hualien

and Taitung along the LV. This earthquake series is known as the 1951 Hualien-Taitung
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earthquake sequence (TWB, 1952; Cheng et al., 1996, 1997). The epicenter of the 2018
Hualien earthquake is very close to the one from the 1951 event (Figure 1). Due to its
similarity in both magnitude and epicenter location, people are worried about the
possibility of this earthquake being followed by more large events. Is it possible that
this event could become the beginning of a large earthquake sequence along the LV like
the 1951 events? The source model of the Hualien earthquake could be the critical clue
to answer this question. In this study, we performed a joint source inversion to analyze
the rupture process of the Hualien earthquake, and try to realize which faults were
involved in the rupture of this event.

2. Data and Method

We use three data sets to perform a joint source inversion to investigate the rupture
properties of the 2018 Mw 6.4 Hualien earthquake, including teleseismic body waves,
local ground motion waveforms, and GPS coseismic displacements. The teleseismic
data were from Incorporated Research Institutions for Seismology (IRIS). Twenty
teleseismic P-wave records ranging between 30° to 90° epicentral distances were used.
The records were filtered to 0.02 — 0.5 Hz passband. The local ground motion data were
taken from four local seismic networks, including the CWB 24-bit Seismic Monitoring
Network (CWB 24-bit), Taiwan Strong Motion Instrumentation Program (TSMIP, Kuo
et al.,, 1995), Broadband Array in Taiwan for Seismology (BATS; Institute of Earth
Sciences, 1996), and P-alert (Wu et al., 2013; 2018). We used velocity waveforms with
a 60-second time window beginning from the event origin time in the inversion. The
band-pass filter range of local seismic waveforms was 0.05 — 0.5 Hz. Coseismic GPS
displacements were compiled by the CWB and Institute of Earth Sciences (IES). There
were 87 coseismic displacements used in the inversion.

The finite fault source inversion problem is generally formulated in a linear form, Ax =
b (Hartzell and Heaton, 1983), where A is the matrix of Green's functions, b is the
observed data vector, and x is the solution vector of the slip. In this study, the inversion
problem is solved by using a parallel non-negative least square (Parallel NNLS, Lee et
al., 2006). A misfit function, defined as (Ax-b)? / b2, was used to evaluate the fit of the
data. The multiple-time window method (Olson and Apsel, 1982; Hartzell and Heaton,
1983) was used, with 48-time windows each having 0.8-second duration and
overlapping 0.4 seconds.

In matrix A, we used the IRIS Synthetics Engine (Syngine; IRIS DMC, 2015) to

produce teleseismic Green’s functions. A one-dimensional earth reference model that

incorporates anelastic dispersion and anisotropy (anisotropic PREM; Dziewonski and

Anderson, 1981) was used. For the local ground motion data, the 3D synthetic Green’s

functions were calculated based on the spectral-element method (SEM, Komatitsch et

al., 1999; 2004; Lee et al., 2008). The local synthetic Green’s functions were filtered to
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the same frequency bands applied to the observed data. Geodetic Green’s functions
were also calculated based on three-dimensional SEM. The velocity synthetic
waveforms were integrated to displacements, and then the static displacements were
used to determine the geodetic Green’s functions. Details of the SEM mesh model built
for all of Taiwan are discussed in Lee et al., 2017.

Three fault planes were considered in this study (Figure 1). The first fault plane was
based on the focal mechanism reported by the CWB. This fault plane has a N-S strike,
dipping to the west (strike 215.6°, dip 56.3°, Fault 1). Since the damaged buildings and
surface breaks were found along Milun Fault and Lingding Fault, we further consider
these two fault planes (Fault 2 and Fault 3). The geometry and size of Fault 2 (Milun
Fault) and Fault 3 (Lingding Fault) are based on the seismogenic structure source
database proposed from the Taiwan Earthquake Model (TEM) project for seismic
hazard analysis (Shyu et al., 2016). The three fault planes were divided into 272
subfaults, each with a size of approximately 10 km?. The rupture speed was allowed to
vary between 0.0 and 4.0 km/s in the inversion. Normalized weights were given for the
three data sets so that the different data sets contributed equally to the inversion result.
The results of the data fittings (Figures S1 to S3) are provided in the electronic
supplement to this article. We had also considered the fourth fault plane in the inversion,
i.e. the nodal plane of Fault 1 taken from CWB CMT that had a west to east strike,
dipping to the north (strike 110.8°, dip 68.9°). Because the inverted slip amount on this
nodal plane was small, we focus on the inversion results of the previous three fault
planes in the following discussions.

3. Inversion result
Slip complexities

The source inversion result of the 2018 Hualien earthquake shows a complex slip
pattern (Figure 2; Table S1, available in the electronic supplement to this article). Three
asperities were found and each was located on a different fault plane. Asperity | was
found on Fault 1 that started at the epicenter and extended to the southwest. The slip
near the hypocenter was weak (approximately 40 cm). The maximum slip of this
asperity was 83 cm, occurring in the southwest area approximately 20 km from the
epicenter. The slip was mainly thrust with some left-lateral movement. Note that this
slip concentrated area was located in the middle depths of the fault plane (8-12 km
depth) just beneath Hualien City. The second slip concentrated area, the Asperity I,
occurred along the shallow part of the Milun Fault plane where the surface breaks were
observed. The slip was mainly left-lateral strike-slip, and the maximum movement was
up to 173 cm at a depth of approximately 5.0 km. Some deep thrust slip was also found
at the southern tip of Fault 2. Asperity 111 was located on Fault 3 close to the northern
end of Lingding Fault. The slip was mainly thrust in the deeper part, and it became
7



left-lateral movement near the surface. The maximum slip in Asperity 111 was 119 cm.

The slip zone and aftershock distribution both show a northeast to southwest trend.
Aftershock distribution almost filled the slip zone except for the asperity areas. Several
deep aftershocks can be observed in the northern Fault 1. The other group of aftershocks
was found at the eastern offshore where no fault plane exists. These aftershocks might
be caused by other seismogenic structures that were induced by the mainshock.

Fault-to-fault jumping rupture process

The snapshots of accumulated slip are shown in Figure 3. Initial rupture presented a
strong but short duration slip at the hypocenter in the first 2 seconds. This strong initial
rupture also can be identified in the teleseismic P waveforms in which the P waves start
from a strong short-period pulse followed by low frequency, long-period duration
phases, such as ADK, TIXI, and BRVK in Figure S1. Subsequently, the rupture quickly
propagated into the southwestern area. This rupture mainly occurred on Fault 1
producing a strong rupture directivity from 2 to 8 seconds. The rupture kept on slipping
beneath Hualien City forming the first asperity (Asperity I). In nearly the same time
period, slip also occurred on the Milun Fault (Fault 2). It ruptured slowly from 4 to 12
seconds gradually becoming Asperity Il. At about the eighth second, the slip started to
rupture on the Lingding fault (Fault 3). The rupture quickly occurred at the northern part
of Fault 3 and slipped until about 16 seconds forming Asperity I1I.

Three rupture fronts with constant rupture velocities (\Vr) are shown in Figure 3, they
are 4.0 km/s, 3.0 km/s, and 2.0 km/s, respectively. The slip on Fault 1 occurred
immediately after the VVr=3.0 km/s reference rupture front passed through. This implies
that the rupture speed on Fault 1 was relatively fast. It started from the offshore area
(the hypocenter) and propagated all the way toward the land (Hualien City) with a Vr of
approximately 3.0 km/s. The ruptures on Fault 2 and Fault 3 were slower. Most of the
slip occurred after the Vr=2.0 km/s rupture front, especially the slip on Fault 2. The
lower Vr on Fault 2 indicates that the rupture of Milun Fault was more like a slow slip
behavior.

The Vr 3.0 km/s on Fault 1 is a very fast rupture speed that might be close to or even
greater than the shear wave speed in the shallow continental crust. However, if Fault 1 lies
on the arc-continent collision boundary zone where the seismic wave speed is higher, a \Vr
of approximately 3.0 km/s could be a typical situation. Conversely, the rupture speeds on
Fault 2 and Fault 3 are relatively slow (Vr < 2.0 km/s). This implied that Fault 2 and Fault
3 were located on the continental crust so have a slower shear wave speed. Indeed, the
average shear wave speeds on Fault 1, Fault 2, and Fault 3, determined from a
tomography model (Huang et al., 2014), are 3.14, 2.84, and 2.62 km/s, respectively.

A complex seismic moment release history can be found from the moment rate function
8



(Figure 4). A short period peak occurred during the first 1-2 seconds, which was caused
by a strong initial rupture near the hypocenter. From 2 to 10 seconds, a significant
amount of moment release showing a peak at about 7" second. This moment release is
related to the developments of Asperity | and Asperity Il. The other time-period moment
release is between 10 and 15 seconds, which was related to the rupture of Asperity IlI.
The entire duration time of Hualien earthquake is about 17 seconds, with three peaks
during the 1%, 7" and 11" seconds. The total seismic moment is about 9.4x10'® Nm,
which is equivalent to a Mw 6.58 earthquake.

4. Discussion

For the local ground motion data, we found the synthetic waveforms for the stations
near the Milun Tableland and the estuary of the Hualien River poorly fit the observed
horizontal components, such as HWAO058, HWAOQ60 (Figure S3). The phases and arrival
times are comparable, but the maximum amplitudes are underestimated. This could be
due to a strong site effect or a non-linear effect caused by thick sedimentary deposits. To
confirm the reliability of the source model, we calculated the permanent surface
displacement based on SEM and compared it with the INSAR coseismic deformation
data (Figure 5). In general, the synthetic permanent displacement is comparable with the
INSAR surface deformation. The Milun Tableland was characterized by obvious uplift
and moved to the east. Conversely, the western side of Milun Fault mainly moved
toward the west. The INSAR deformation pattern shows different characteristics at the
two sides of the northern Lingding Fault. This phenomenon can also be reconstructed by
the synthetic surface deformation. Both the observed and synthetic vertical components
showed uplift across most of the northernmost LV. However, some subsidence can be
found in the INSAR data near Hualien City. This second-order characteristic was not
able to completely describe by the synthetic surface deformation.

We analyzed the contribution from each fault in the local ground motion and GPS data.
For the local ground motion data, three stations near Fault 1, Fault 2 and Fault 3 were
selected (Figure S4, available in the electronic supplement to this article). Results
indicated that the characteristic of local waveforms was controlled by the vicinity fault.
The contribution of Fault 1 was mainly at the beginning of ground shaking recorded by
NACB station. The slip of Fault 2 and Fault 3 dominated the characteristic of largest
phase in HWAO023 and WO0OD, respectively. The surface coseismic movement also
shows a similar result in which the GPS data was very sensitive to the inverted source
model. Due to poor data quality in the vertical component, we only analyzed the result
in horizontal. The data fit poorly when considered individual slip on Fault 1, Fault 2 or
Fault 3 (Figure S5, available in the electronic supplement to this article). Only the
complete slip pattern of all three faults showed a better fit to the observed GPS data.

The rupture of the 2018 Hualien earthquake occurred on at least three fault systems, the
9



Milun Fault, Lingding Fault, and the N-S strike west-dipping fault. The first two faults
are known active faults reported by the Central Geological Survey (Chang et al., 1998).
The third one, however, had never been identified in previous studies. Shyu et al. (2016)
proposed a structural development model for the northernmost LV. In their model, the
Coastal Range subducted northward beneath the Eurasian Plate together with the
Philippine Sea Plate. Since the N-S striking fault was dipping to the west and down to
about a 15-20 km depth, it is very possible for it to be formed between the Coastal
Range and Central Range bedrocks. The other possibility is that the fault is the
boundary fault between Coastal Range bedrock and shallow LV sediments because the
main slip area on Fault 1 was at a depth of approximately 10 km.

Shyu et al.,, (2016) relocated seismicity in eastern Taiwan and indicated that no
earthquakes are present directly below the Milun Tableland, suggesting that the Milun
Fault has not been seismically active during the past 20 years. This inference is
consistent with the source model of this event. The rupture started from the middle
depths of the N-S strike, west-dipping fault, then jumped to the Milun Fault, which
caused the surface rupture. This implied that the movement on the Milun Fault was
passive, and it was just part of a secondary branch of the major structural system. Figure
6 provides this conceptual tectonic model for the northernmost LV inferred from the
2018 Hualien earthquake. The Coastal Range bedrock is subducting northward beneath
the Eurasian plate together with the Philippine Sea plate. The N-S striking, west-dipping
fault is the boundary fault between the Coastal Range and Central Range and/or the
boundary between the Coastal Range bedrock and shallow LV sediments. This western
dipping fault could be the northern extension of the Central Range fault. The Milun
Fault, which is located at shallower depths and dipping toward the east, is just part of a
secondary branch of this major structural system, i.e. the deeper N-S strike,
west-dipping fault in northernmost LV. According to the TEM seismogenic structure
model, the geometry of Fault 3 is defined as an east-dipping thrust fault with some left
lateral movement. However, in this conceptual tectonic model (Figure 6), the southern
extension of Fault 1 could be connected to the surface trace of Fault 3. If Fault 1 and
Fault 3 belong to the same fault system, which is the boundary fault between Coastal
Range bedrock and shallow LV sediments, both of these two faults might be dipping to
the west.

Finally, we calculated the static Coulomb failure stress change (ACFS) along LV using
the source model determined from the joint source inversion. Two different receiver
fault plane mechanisms at depths 15 km were considered. One is the N-S striking,
east-dipping fault (strike 215°, dip 56°, rake 25°) that is close to the geometry of the
Central Range Fault discussed above. The other is the Lingding Fault (strike 25°, dip
60°, rake 45°), which is close to the mechanism of the east-dipping Longitudinal Valley
Fault. Results show that the ACFS caused by the Hualien earthquake was complex in
the source area. The aftershocks occurred in both regions, where ACFS increased and
decreased (Figure 7). These results again point out that the Hualien earthquake
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mainshock and its aftershocks occurred on a complex tectonic region where several
active seismogenic structures are involved. In addition, because the background
seismicity rate is fairly high in this region, the aftershocks could occur in all areas of the
stress field (Kanamori and Brodsky, 2004). Note that the ACFS appeared to increase
along the LV due to mechanisms from either the Longitudinal Valley Fault or the
Central Range Fault.

5. Conclusion

Joint inversion results show that the source of the Hualien earthquake was complex and
contains three asperities on different fault systems. The slip started from an N-S striking,
west-dipping fault at about 6-10 km depth with a high rupture speed of approximately
3.0 km/s. Then, the rupture jumped to the Milun Fault and Lingding Fault. This
fault-to-fault rupture process implied that the slip on the Milun Fault and Lingding Fault
could be triggered by the N-S strike, west-dipping fault where the initial rupture
originated. In other words, the movement on the Milun Fault was passive; it is just part
of a secondary branch of the major structural system in northernmost LV. The 1951
M_7.3 Hualien event could also have occurred in the same way in which the initial slip
started on an offshore seismogenic structure and then triggered the rupture along the
Milun Fault.

Results also point out that the static Coulomb failure stress change has apparently
increased along the LV. Previous studies indicate that the static Coulomb stress change
alone cannot explain the time lag between the main event and triggered events (Chen et
al., 2008). However, it is not possible to conclude that eastern Taiwan is free from large
earthquakes after the 2018 Hualien earthquake.

Data and Resources

P-alert waveform data are available at http://palert.earth.sinica.edu.tw/db/ (last accessed
June 2018). The CWB 24-bit data was taken from the Taiwan rapid earthquake
information release system implemented by the Central Weather Bureau at
http://gdms.cwb.gov.tw (last accessed June 2018).
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Figure 1. The 2018 Mw 6.4 Hualien earthquake in eastern Taiwan. The CWB epicenter
is indicated with a red star and the RMT centroid location is shown as an open star. The
white stars are two My > 7 events of the 1951 Hualien-Taitung earthquake sequence.
Beach balls show the focal mechanisms determined by the CWB CMT and RMT. Gray
color circles are the aftershocks occurred within two week. The three fault planes
considered in this study are projected to the surface and shown by blue, red and purple
colors, respectively. Right photos show the damaged buildings caused by Hualien
earthquake: (A) Malongayangay Bridge, (B) Yun Men Tsui Ti building, (C) Marshal
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Figure 3. Rupture snapshots of cumulative slip. The star shows the epicenter reported
by CWB. Vectors are the slip direction and the amount of cumulative slip on each
subfault. The light-color curved lines indicate three reference rupture fronts with Vr =
2.0 km/s, Vr = 3.0 km/s and Vr = 4.0 km/s, respectively.
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Figure 6. Conceptual tectonic model for the northernmost LV inferred from the 2018
Hualien earthquake. Blue dotted line shows the N-S striking, west-dipping fault which
is the boundary fault between the Coastal Range and Central Range and/or the boundary
between the Coastal Range bedrock and shallow LV sediments. This western dipping
fault could be the northern extension of the Central Range fault. The red line indicates
the Meilun Fault, which is located at shallower depths and dipping toward the east. It is
part of a secondary branch of this major structural system, i.e. the deeper N-S strike,
west-dipping fault in northernmost LV.
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shown with blue, red and purple colors, respectively. The CWB epicenter is indicated
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Electronic Supplement to

Fault-to-fault jJumping rupture of the 2018 Mw 6.4 Hualien earthquake in eastern
Taiwan

by Shiann-Jong Lee, Tzu-Chi Lin, Ting-Yu Liu and Tong-Pong Wong

This electronic supplement includes five figures that show the data fittings of the
inversion result.
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Figure S1. Comparisons between observed teleseismic P waves and synthetic
waveforms. Black and red lines are the observed and synthetic waveforms, respectively.
The pink star shows the epicenter of 2018 Hualien earthquake and the beach ball
indicates the focal mechanism determined by the CWB. All the waveforms are
displacement-type and a band-pass filter of 0.02 to 0.5 Hz is employed. The maximum
observed displacement and waveform misfit are shown at each station. The waveform
misfit of teleseismic data was 0.38.
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Figure S2. Comparison between observed GPS coseismic displacements and synthetic
surface deformation. The left panel shows the coseismic displacements in horizontal
component and right panel is the vertical component. Black and red arrows are the
observed and synthetic displacements, respectively. The open star indicates the epicenter.
The three fault planes considered in this study are projected to the surface and shown by

blue, red and purple colors, respectively. Misfit of GPS data was 0.22.
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Figure S3. Comparisons between observed and synthetic local ground motion
waveforms. From left to right are (a) east-west component, (b) north-south component,
and (c) vertical component. Black and red lines are the observed and synthetic
waveforms, respectively. The pink star shows the epicenter. All the waveforms are
velocity-type and a band-pass filter of 0.05 to 0.5 Hz is employed. The maximum
observed ground velocity and waveform misfit are shown at each station. The misfit of
local ground motion waveform was 0.43.
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Figure S4. Contribution from each fault in the local ground motion data. Three local
stations near Fault 1, Fault 2 and Fault 3 are analyzed. From up to down are (a) Fault 1,
NACB in E-W component, (b) Fault 2, HWA023 in N-S component and (c) Fault 3,
WO0O0D in vertical component. Black, blue and red lines are observed data, synthetic
waveform determined from all three faults and synthetic waveform without the target
fault, respectively. All the waveforms are velocity-type and a band-pass filter of 0.05 to
0.5 Hz is employed. The gray color background marks the main contribution of the
target fault in the seismogram. The waveform misfit is shown at the lower right.
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