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Abstract An examination of repeating earthquakes in eastern Taiwan revealed previously unrecognized
quasiperiodic repetition of aseismic creep along two reverse faults in an active suture zone. Using 202 ML 2.0
to 4.6 repeating earthquake sequences (RES) during the period from 2000 to 2011, we studied where and
how certain faults creep. The RES were found to be highly concentrated in the southern segment of the
Longitudinal Valley fault (LVF) and in the northern segment of the Central Range fault (CRF). They are
mainly located at a depth of 10–25 km and show strong regional differences in creep behavior. Using the
moment release rate of RES and geodetically derived long‐term slip rate, we re‐estimate the empirical
relationship between deep creep and seismic moment for creeping sections in eastern Taiwan. For the
30‐km‐long LVF, the creep rate increased dramatically from 1.5 to 12.3 cm/year under the influence of the
ML 6.4 Chengkung earthquake of 2003. For the 80‐km‐long CRF, the high creep rate of 4.3 cm/year
appears to have been stable over time and is descriptive of a previously unrecognized deep structure
underneath the eastern flank of the Central Range. The quasiperiodic pulsing of the deep slip rate has a
predominant interval of 1 year for both segments. After the ML 6.4 event, the predominant interval for the
creeping LVF halved in duration. The time‐dependent aseismic slip showed a strong correlation with the
creepmeter data, suggesting that the positing of a common mechanism is needed to connect the surface and
deep creep variation.

1. Introduction

Fault creep on strike‐slip faults has been fairly well documented in tectonically active continental regions,
but there are few studies on creeping thrust and normal faults (Harris, 2017). The lack of attention paid to
creep on dip‐slip faults has meant that the nature of fault creep and its role in large earthquake generation
remain unknown. The creeping sections of the Longitudinal Valley fault (LVF) in Taiwan serve as one of the
best examples of faults that rapidly creep at the surface, and it is also known to have produced several major
earthquakes (ML ≥ 6) over the past 100 years.

The Central Range of Taiwan developed around 6–5 Ma due to the ongoing arc‐continental collision
between the Philippine Sea and Eurasian plates and behaves as an active orogenic belt (Liu et al., 2000).
The N‐S trending Longitudinal Valley in eastern Taiwan is the suture between the colliding volcanic arc
(Coastal Range) and the mountainous backbone of Taiwan (Central Range). To the east, the valley is
bounded by the Coastal Range along the LVF, and to the west, the valley is bounded by the Central
Range along the Central Range fault (CRF). The east‐dipping, oblique‐slip LVF that is responsible for a hor-
izontal velocity of 3–4 cm/year (Angelier et al., 1997; Hsu & Bürgmann, 2006; Lee et al., 2001; Yu &
Kuo, 2001; Yu & Liu, 1989; Yu et al., 1990) is where the most destructive seismic episode ever known in east-
ern Taiwan occurred in 1951. This 1951 ML 7.3 Hualien‐Taitung sequence is composed of three ML 7 events
and 12 ML 6 events that shocked eastern Taiwan. From 21 October to 5 December, the sequence caused
sequential ruptures along four distinct segments (Cheng et al., 1996; Hsu, 1962), suggesting that the hetero-
geneous fault properties may influence the generation of large earthquakes.

The LVF can be subdivided into four segments from north to south based on their structural,
stratigraphic, and seismic characteristics. These segments are the Linding, Ruisui, Chihshang, and Lichi
faults (Chen, Yen, et al., 2007), as represented by the pink lines in Figure 1. The CRF that is responsible
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Figure 1. (a) Map of Taiwan and the study area. Location of background seismicity and the ML ≥ 2 repeating earthquake
sequences (RES) during the study period of 2000 to 2011 are denoted by gray dots and blue circles, respectively. (b)
Close‐up view of the RES in the Longitudinal Valley area (blue circles), background seismicity (gray circles), and ML ≥ 6
earthquakes (yellow stars). Blue and pink lines indicate the Central Range fault (CRF) and Longitudinal Valley fault
(LVF) separately. Segmentation of the LVF and CRF is from Chen, Nadeau, and Rau (2007), Chen, Yen, et al. (2007), and
Chen et al. (2018), respectively, where the dashed lines indicate the blind faults or no clear surface rupture.
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for the 1‐ to 2‐cm/year uplift rate of the mountain (Ching et al., 2011; Ching, Rau, & Zeng, 2007; Ching, Rau,
Lee, & Hu, 2007; Rau et al., 2008; Yu et al., 1997) was the site of the 2013 ML 6.4 Ruisui and the 2014 ML 5.9
Fenglin earthquakes and has been inferred to be a west‐dipping blind fault (Biq, 1965; Canitano et al., 2015;
Chuang et al., 2014; Lee et al., 2014; Shyu et al., 2006; Wen et al., 2016; Wu et al., 2006). The western digging
fault was also inferred to correspond to the 2018 Hualien events (Tung et al., 2019; Yen et al., 2019). Based on
the findings of past geological and seismological investigations, the CRF can be subdivided into five seg-
ments from north to south: Hoping, Fenglin, Yuli, Chulu, and Binlang segments (Chen et al., 2018), as indi-
cated by the blue lines in Figure 1. Note that the southernmost part of CRF (Binlang) is located outside the
mapped area. All segments along the CRF are believed to be blind faults except for those within the Hoping
segment. These two opposite reverse dominated dip‐slip faults intersect near the surface as a result of the
ongoing suturing process and rapid exhumation of the Central Range. An understanding of how active
the faults are at greater depths is crucial for understanding the tectonic kinematics and future evolution
of Taiwan.

The Chihshang segment along the LVF has been documented to be continuously creeping at the ground sur-
face (e.g., Angelier et al., 2000; Lee et al., 2003). The interseismic fault coupling model using Persistent
Scatterer SAR Interferometry (PS‐InSAR), GPS, leveling, and creepmeter data illustrates that the 2003 ML

6.4 Chengkung earthquake (e.g., Chang et al., 2009; Hsu et al., 2009) occurred in a zone on the Chihshang
fault with a high coupling ratio (Thomas et al., 2014). Due to the poor resolution obtainable for depths
greater than 10 km (reaching offshore), a definitive analysis of how and where fault creep at depth remains
needed. The CRF on the other side of the valley has produced many uplifted lateritic fluvial terraces and is
believed to be active to the south and inactive to the north (e.g., Shyu et al., 2006). The activity at greater
depths, however, is unclear due to the scarcity of surface rupture evidence and the unavailability of geodetic
data across it.

Seismological observations such as repeating earthquakes serve as powerful tools for studying the spatiotem-
poral distribution of aseismic slip behavior at depth. Repeating earthquake sequences (RES) are groups of
earthquakes that have nearly identical waveforms, sizes, and locations. Given that magnitude and recur-
rence interval are sensitive to the loading conditions of a fault, RES can provide an independent measure
of slip rate at depth (Beeler et al., 2001; Chen & Lapusta, 2009; Chen, Nadeau, & Rau, 2007; Chen, Yen,
et al., 2007; Igarashi et al., 2003; Nadeau & Johnson, 1998; Sammis & Rice, 2001). Rau et al. (2007) and
Chen et al. (2008, 2009) analyzed 55 RES (containing 215 events in total) from two separate segments along
the LVF and CRF in eastern Taiwan. From 1991 to 2004, they established the variability of the deep slip rate
and the different spatiotemporal behavior of repeating events in the Chihshang and Hualien regions. The
number of RES within the period from 2000 to 2011 is 202 (containing 1,161 repeating events). This updated
RES catalog allows us to further study the space and time‐dependent fault behavior of the LVF and CRF at
depth. In this study, we re‐examine themethods of slip rate estimation for regional differences in creep beha-
vior and explore how the RES responded to large earthquakes in their vicinity.

2. Repeating Earthquake Identification

RES have been used to detect fault creep and the locations where the creep and the locked areas of the faults
meet (Bürgmann et al., 2000; Chen & Lapusta, 2009; Malservisi et al., 2005; McLaskey & Kilgore, 2013;
Sammis & Rice, 2001). They are regarded as fault slip rate indicators (Nadeau & McEvilly, 1999; Nadeau
& McEvitty, 2004; Uchida et al., 2003). The minimum threshold of the cross‐correlation coefficient (CCC)
has been widely used to identify RES (Igarashi et al., 2003; Nadeau & Johnson, 1998; Templeton et al.,
2008; Uchida et al., 2003). In eastern Taiwan, the one‐sided distribution of seismic stations with low
signal‐to‐noise ratios (SNRs) makes CCC‐based identification challenging, and so, in this study, we adopted
the composite selection approach proposed by Chen et al. (2008), which considers both waveform similarity
and differential S‐P time (dSmP) information. The thresholds in CCC and dSmP however are refined by the
consideration of frequency‐dependent behavior for different magnitude.

This study examined data from 72,761 earthquakes of ML ≥ 2 from the Central Weather Bureau Seismic
Network catalog during the study period of 1 January 2000 to the end of 2011 with a quality rating of C
or better (data quality ratings range from A to D, where A is the best rating). The vertical component of
the short‐period seismograms with a 100‐Hz sampling rate was first band‐pass filtered to 2–8 Hz for
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cross‐correlation computation. Each seismogram was cut from 3 s before P arrival to 27 s afterward.
Those events having seismogram pairs with CCC greater than 0.9 at more than three stations were
selected. The data set was then generated for the final manual check by requiring a small dSmP between
events (≤0.02 s) in CCC ≥0.9 event pairs of each similar cluster. To ensure at least 50% overlap of
source area for the repeating events, the normalized distance (i.e., the interevent distance divided by
the sum of the rupture radii of two events) should be smaller than 0.4. The interevent distance (dL)

is a function of dSmP and wave velocity Vp and Vs as dL ¼ dSmP × VpVs
Vp − Vs. The rupture radius (r) on

the other hand is determined using σ ¼ 7M0
16r3, where the M0 and σ represent seismic moment and static

stress drop, respectively. By assuming 3‐MPa stress drop, Vp = 4.0 km/s, and Vp/Vs = 1.78, we found
that the dSmP ≤ 0.02 s serves as a reasonable threshold for ML ≥ 2.5 events but not for smaller events.
For smaller events of ML < 2.5, a stricter dSmP threshold of 0.01 s is applied. Magnitude‐dependent
dSmP constrained by 50% source overlap can be illustrated by Figure S1 in the supporting information.
Using the above criteria, we identified 202 RES in eastern Taiwan that contain 1,161 repeating events
with magnitudes ranging from 2.0 to 4.6. The RES denoted by the blue circles in Figure 1 are mainly
located within the two boxes representing the Chihshang and Hualien areas.

Based on the lifetime (time span between the first and last event in a sequence), the RES can be classified
into burst‐type (lifetime < 3 years) and continuous type (lifetime≥3 years). Burst‐type sequences are primar-
ily characterized by their very short recurrence interval, are likely to be associated with triggering or
fluid‐related processes (Duverger et al., 2018; Igarashi et al., 2003; Vidale & Shearer, 2006), and are excluded
from the following calculation of the deep slip rate. By calculating the coefficient of variance (COV) of the
recurrence interval (Tr), we further classified the continuous type of RES into quasiperiodic types (Q type:
COV ≤ 0.3) and aperiodic types (A type: COV > 0.3) (Chen et al., 2008, 2009). Here the COV in Tr for each
sequence is determined by

COV in Tr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑N

i¼2 Tr−Travg
� �2

= N − 1ð Þ × Travg2
q

; (1)

where Tr and Travg represent the individual and averaged recurrence intervals in a sequence, respectively,
and N represents the total number of events in a sequence. The COV in seismic moment (Mo) can be also
calculated similarly by

COV in Mo ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑N

i¼2 Mo−Moavg
� �2

= N − 1ð Þ*Moavg2
q

; (2)

where Mo and Moavg represent the individual and averaged seismic moment in a sequence, respectively,
and N represents the total number of events in a sequence. Figure 2 shows an example of the identical
waveforms from the Q‐type and A‐type sequences. The A‐type RES in both the Chihshang and Hualien
areas have a similar magnitude range of 2.0 to 4.1 (Figure 3b), whereas the Q‐type RES in the Hualien
area have a greater magnitude (ML 2.1–4.6) than those in the Chihshang area (ML 2.1–3.3) (Figure 3a).
For A‐type RES, the COV in Tr and Mo tends to be slightly higher in the Hualien area than the
Chihshang area (Figures 3d and 3f). The Q‐type RES also have slightly higher moment variation in
the Hualien area (Figure 3e). In summary, the RES in the Hualien area have a higher magnitude range
and greater variation in both the recurrence interval and seismic moment. There is no clear spatial dis-
tinction for the Q‐type and A‐type sequences in the two areas (represented, respectively, by red and
dark red circles in Figure 4). Among the A‐type RES, there are sequences that show a clear relationship
with a mainshock. They are further identified as (1) new type (N type)—the onset of the sequence
occurred after the mainshock and (2) influenced type (I type)—at least one event occurred before the
mainshock, and the recurrence interval was significantly shortened after the mainshock. The I‐type
and N‐type RES are only found in the Chihshang area (on the creeping Chihshang fault), which were
strongly influenced by the 2003 ML 6.4 Chengkung mainshock.

3. Distribution of Repeating Earthquakes

As mention earlier, the RES are highly concentrated in eastern Taiwan, separated into the two areas of
Chihshang and Hualien (represented by boxes in Figure 1b). In the Chihshang area, a total number of 73
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RES composed of 378 repeating events (ML 2.1–4.1) occurred within the area between 121.1°E to 121.5°E
and 22.8°N to 23.3°N. Their magnitude, location, and averaged recurrence interval information are listed
in the supporting information as initial of CH. They coincide with the east‐dipping Chihshang segment of
the LVF (cross sections 2–4 in Figure 4). The focal depths of the RES mainly range from 7 to 25 km. Note
that a small group of RES in cross section 1 is located underneath the valley and eastern flank of the
Central Range. They likely belong to a separate structure and are not considered in the further calculation
of the regional slip rate for the Chihshang fault.

To the north of 23.5°N, the RES occurred along a west‐dipping CRF and are mostly concentrated at depths
greater than 8 km (cross sections 5–9). This area spans most of Hualien county and is therefore referred to as
the Hualien area. The RES in this area form two separate groups. One group is located underneath the
Central Range (cross sections 5–7), and the other group is located inside the seismicity cluster that appears
in cross section 8 and expands toward the north. This cloud‐like seismic cluster denoted by a dashed circle in
Figure 4 (cross sections 8–10) represents the contact of the Eurasian plate and Philippine Sea plate where the
Eurasian plate straddles the colliding/subducting Philippine Sea plate (Wu et al., 2009). This is a complex
transition zone from NW collision to northward subduction, corresponding to a west‐dipping and
north‐dipping structure, respectively. In the map view, the two groups are separated by a valley, forming
the eastern and western Hualien areas, hereafter referred to as HE and HW, respectively. The majority of
the RES in the Hualien area are located in HW, and their depths are likely greater to the north (minimum
depth of 8 km at cross section 5 and 15 km at cross section 8). The 114 RES found in the Hualien area are
composed of 719 repeating events with magnitudes ranging from 2.0 to 4.6. Among them, there are only
27 RES found in HE, which consist of 137 repeating events withmagnitudes ranging from 2.1 to 4.3, and they
are mainly concentrated at depths of 7–15 km (RES in the dashed circles at cross sections 8–10 in Figure 4).

Themagnitude, location, and averaged recurrence interval information for the sequences in the Hualien and
Chihshang areas are listed in the supporting information (Table S1) as initial of HU and CH, respectively.
The information for individual events is shown in Table S2.

4. Slip Estimate of Individual Repeating Sequences

Assuming repeating events in a RES rupture the same fault patch and have the same long‐term slip rate
on the whole fault plane, the deep slip rate can be obtained from the recurrence interval and the
average of the seismic moment (Nadeau & McEvilly, 1999). Using ML obtained from the Central

Figure 2. Vertical component of the waveform examples for (a) quasiperiodic (Q‐type) RES with an average magnitude
of ML 3.2 and (b) aperiodic sequence (A‐type) RES with an average magnitude of ML 2.9. The waveforms were recorded
at station SML and TWG for (a) and (b), respectively.
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Weather Bureau earthquake catalog, we used the relationship below to determine Mw (Huang
et al., 2000):

MW ¼ 0:91 ± 0:03ð ÞML þ −0:07 ± 0:15ð Þ: (3)

Here MW is further converted to the seismic moment (in dyne‐cm) using the equation below from Hanks
and Kanamori (1979):

Figure 3. Number of RES for (a and b) event magnitude, (c and d) COV in recurrence interval (Tr), and (e and f) COV in
seismic moment (Mo) for quasiperiodic (Q‐type) and aperiodic (A‐type) sequences in both the Chihshang and Hualien
areas. The RES for the Chihshang and Hualien areas are indicated by blue and orange, respectively. The rightward
vertical axes denote the number for the Hualien area, whereas the leftward vertical axes denote the number for the
Chihshang area.
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logMo ¼ 1:5 MW þ 10:73ð Þ: (4)

The sum of the moment release from the repeating events in a sequence leads to∑M0 = μA∑D (Aki, 1966),
whereA and∑D represent the averaged rupture area and cumulative slip, respectively. Assuming the cumu-
lative slip is a result of tectonic loading from the surroundings over one seismic cycle and can be represented

Figure 4. Cross sections of background seismicity (gray dots) and RES (red circles). The two RES strands in the Hualien area are associated with the Chihshang
fault and the Central Range fault, as indicated by thick dashed lines. The seismic events encircled by thin dashed lines in cross sections 8 to 10 denote a
cloud‐like structure extending offshore. Yellow stars represent ML > 6 earthquakes. Q‐type and A‐type sequences are denoted by red and dark red circles,
respectively. CR stands for Central Range, and CoR stands for Coastal Range.
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by the GPS‐derived interseismic slip rate _ed , the cumulative moment release smoothed over the duration Ti
can then be described as follows:

_fM0 ¼ ∑M0

Ti
¼ μA _ed ; (5)

where A represents the averaged rupture area, which can be obtained using known _ed and _fM0 . This then
allows us to determine the slip for individual repeating events using the equation

d ¼ M0

μA
: (6)

The inferred d represents aseismic slip in the immediate surroundings of the RES.

In this study, the rupture area A and seismic moment release rate _fM0 for each repeating sequence are first
computed using equation 5, and slip for each event in the same sequence is inferred using equation 6. For
individual sequence, the time history of slip reflects the slip rate in the surrounding creeping area, which
is controlled by the recurrence interval (Tr) and magnitude of the events in a sequence. When the variation
in recurrence interval and seismic moment grows, the stronger time dependency appears. In this case, a
missing event in individual sequence could lead to considerable uncertainty in creep rate. As shown in
Figure 5a, during the study period of 12 years, the averaged Tr for each sequence ranges from 0.318 to
5.527 years. Most of sequences reveal the averaged Tr of 1–3 years, while few sequences are characterized
by Tr ≥ 4 (7% of total repeating sequences). The longer Tr is not necessarily corresponding to greater mag-
nitude (Figure 5b). Smaller magnitude sequences could end up showing longer Tr, which is likely a result of
missing events in a sequence. The sequences with abnormal Tr, although exist, only play a minor role in our
regional slip rate measurement (will be elaborated in the next session) due to its small population comparing
with the total number of sequences (i.e., 13 out of 187 for Tr ≥ 4 and 33 out of 187 for Tr ≥ 3).

The recurrence interval is believed to be strongly controlled by the size of earthquake. The study of repeating
earthquakes in Parkfield reveals a scaling relation between Tr andMo that requires higher stress drop or the
involvement of aseismic slip (Nadeau & Johnson, 1998). Later, this scaling is found to be remarkably consis-
tent among different regions after accounting for differences in the geodetically derived slip rate (Chen,
Nadeau, & Rau, 2007; Chen, Yen, et al., 2007; Dominguez et al., 2016; Yu, 2013). Therefore, the Tr‐Mo scal-
ing is regarded as a useful tool to constrain the averaged slip rate, which may provide the first hand differ-
ence of creep rate between the Chihshang and Hualien areas.

To check if the close‐by RES reveal similar creep rate _edRES (cumulative slip over time,∑d/Ti), we performed
a slip rate ratio for the close‐by RES pairs. Each of the 202 repeating sequences in both the Chihshang and
Hualien areas is paired with the closest sequence, to obtain the intersequence distance and the ratio of creep
rate between two sequences. As shown in Figure S2, the median value for data in each 0.1‐km bin is confined

Figure 5. (a) Histogram of averaged recurrence intervals for each repeating earthquake sequence in the study area. (b)
Plot of averaged magnitude versus recurrence interval.
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near 1 within a distance of 2 km. This suggests that the creep rate for
neighboring sequences is highly similar, consistent with the hypothesis
of RES, which are driven by the creep in the surrounding.

5. Sensitivity of Long‐Term Slip Rate to Slip Estimates
of RES

The GPS‐derived interseismic slip rate _ed in equation 5 may play an impor-

tant role in creep rate estimate _edRES . To understand how much the

assumed _ed controls _edRES, we next conduct a sensitivity test and compare
with the previously proposed di − Mo empirical relationships. In the
hanging wall of the Chihshang fault, the age data for river terraces reveal
a long‐term uplift rate of 2.2–2.4 cm/year, which is generally consistent
with the short‐term leveling measurements (Mu et al., 2011). Slip rate
inversion using the 1999–2004 creepmeter data (Lee et al., 2006) reveals
an interseismic slip rate of 2.6 and 3.8 cm/year above and below the depth
of 87 m, respectively (Chang et al., 2009). A joint inversion using widely
distributed InSAR, GPS, leveling, and creepmeter data from 1992 to
2010 inferred the pre‐2004 interseismic slip rate as 4.4 cm/year at the
depth of 0–15 km, whereas the result is less reliable at greater depth
(below 15 km) due to the poor resolution of inversions (Thomas
et al., 2014, 2017). The interseismic slip model by Thomas et al. (2014)

reveals strong spatial variation of interseismic slip rate along‐strike and along‐dip directions due to a com-
bination of heterogeneous frictional properties and stresses. Given that the majority of repeating earth-
quakes are located deeper than 7 km, the 4.4‐cm/year rate of Thomas et al. (2014, 2017) at the depth
above 15 kmwas adopted. Using the geodetically inferred slip rate of 4.4 cm/year, we obtained a scaling rela-
tionship between the slip estimate and seismic moment (d‐Mo):

logdi ¼ αþ β logM0; (7)

where α and β have been determined to be −1.21 and 0.11, respectively. Using the 25 ML 2.1–4.6 RES and 12
GPS stations near the CRF, Rau et al. (2007) obtained an interseismic fault slip rate of 4.7 cm/year at depths
greater than 10 km. For CRF, we thus adopted the 4.7 cm/year to infer the α and β as −1.96 and 0.14,
respectively.

We performed a sensitivity test of α and β for long‐term slip rates ranging from 0.5 to 5.0 cm/year. In
Figure 6, slip estimates from different assumption of long‐term slip rates are shown by colorful dots. The lin-
ear trend formed here is a proxy of previously mentioned Tr‐Mo relationship, where the slip for a RES should
be proportional to Mo due to the ideally, constant rupture radius. In the observation, the small variation in
rupture radius exists, leading to the scattering in Figure 6. Various assumption of long‐term slip rates results
in a constant β (0.11) but a variable α ranging from −2.82 to −1.14.

Note that the same scaling relationship was previously investigated from the RES along San Andreas fault
(SAF). Nadeau and Johnson (1998) used 55 sequences in Parkfield to obtain an α and β of −2.36 ± 0.16
and 0.17 ± 0.009, respectively. This was later confirmed by repeating earthquake data from Japan and
Taiwan (Chen et al., 2008; Chen, Nadeau, & Rau, 2007; Chen, Yen, et al., 2007; Uchida et al., 2003). Using
an InSAR‐derived interseismic slip model, Khoshmanesh et al. (2015) further modified these variables to
α=−1.53 ± 0.37 and β= 0.10 ± 0.02, which provides a better fit with the time‐dependent creep model across
the central SAF. The d‐Mo relation established for the central SAF is superimposed onto Figure 6 (the solid
lines), in order to compare with the slip estimates from the repeating events on the Chihshang fault (colorful
dots). Note that the data from the Chihshang fault are obtained using the original forms of equations 5 and 6.
The empirical function from Nadeau and Johnson (1998) appears to serve as the upper bound (the red solid
line in Figure 6). The regression lines located within the two scaling lines determined by Khoshmanesh
et al. (2015) and Nadeau and Johnson (1998) correspond to the long‐term slip rate of 1.5–5.0 cm/year. The
same practice for the Hualien area yields a similar result, as shown in Figure 7. Varying the long‐term slip

Figure 6. The slip inferred from the quasiperiodic RES' recurrence interval,
seismic moment rate, and the assumed long‐term slip rate of the Chihshang
area (colored circles and dashed lines) and the comparison with the
empirical relationship inferred from repeating events in Parkfield,
California (solid red and black lines). Note that in this sensitivity test, only
the quasiperiodic sequences (COV ≤ 0.3) are considered.
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rate changes α (−2.62 to−0.92) but not β (0.14). The general population of
slip estimates with various long‐term slip rates is similar to the one for the
Chihshang area. The regression lines (dashed lines in Figure 7) located
within the two solid lines determined by Khoshmanesh et al. (2015) and
Nadeau and Johnson (1998) correspond to the long‐term slip rates of
1.5–5.0 cm/year. This comparison is an evidence of the regional depen-
dency of the scaling law between slip and magnitude. Figures 6 and 7 also
imply that the determination of slip for individual repeating event is sen-
sitive to long‐term slip rate assumed on the fault. In the next session, we
will further examine how the regional slip rate changes with different
scaling laws.

6. Determination of Regional Slip Rates

The creepmeter data provide a constraint for slip rates calculated from
RES. Note that the east‐dipping main fault is found to develop into a dif-
fused zone composed of several small faults near the surface (Lee
et al., 2003, 2006; Mu et al., 2011). The creepmeters were deployed to
record the horizontal shortening across a 120‐m‐wide deformation zone
that represents most of slip on the primary fault plane at the surface level.
In this study, we used the data from three rod‐type creepmeters installed
on three branches of the Chihshang fault that accommodate most of the
deformation in a narrow zone (Lee et al., 2003). To be comparable with

RES data, we updated the study period from 1998 to 2009 (Lee et al., 2003; Mu et al., 2011) to 2000–2011 with
a sampling interval of 1 day. We combined time series from three creepmeters to present the shortening rate
across a wide deformation zone.

To obtain the average slip rate history from RES, we used different slip versus moment scaling laws deter-
mined from (1) the RES data in the Chihshang area assuming 4.4‐cm/year long‐term slip rate, (2) the RES
data in Parkfield and Stone Canyon by Nadeau and Johnson (1998), assuming 2.3‐cm/year long‐term slip
rate, and (3) the same RES data in Nadeau and Johnson (1998) but with the spatially heterogeneous slip rate
by Khoshmanesh et al. (2015). In Figure 8, the resulting slip rates from the different scaling laws (listed
above) are compared with the slip history from the creepmeter data. The creepmeter provides a direct mea-
surement for the temporal evolution of fault creep on the surface. Given that the shortening rate from creep-
meters is likely equal to or less than the slip along the fault at greater depths, it can thus serve as the lower
bound of interseismic slip rate in the creeping segment. Note that for Figure 8, the cumulative slip was
divided by the total number of sequences in the area to obtain the normalized cumulative slip. The absolute
value of the regional slip rate was found to be sensitive to the choice of d‐Mo scaling law. Among the

Figure 7. The slip inferred from the RES' recurrence interval, seismic
moment rate, and the assumed long‐term slip rate of the Hualien area
(colored circles and dashed lines) and the comparison with the empirical
relationship inferred from repeating events in Parkfield, California (solid
red and black lines). Note that in this sensitivity test, only the quasiperiodic
sequences (COV ≤ 0.3) are considered.

Figure 8. Cumulative slip as a function of time for the Chihshang area. The result of this study represents the slip
obtained by equation 7, with α and β determined to be −1.21 and 0.11, respectively. The slip determined from the
Mo‐slip scaling relation by Nadeau and Johnson (1998) requires an α and β of −2.36 and 0.17, while that of Khoshmanesh
et al. (2015) requires α and β to be −1.53 and 0.10, respectively. Note that in this regional slip rate estimate, all sequences
(both quasiperiodic and aperiodic) are considered.
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different measurements, the result from the d‐Mo scaling law by Nadeau
and Johnson (1998) serves as an upper bound for the regional slip rate
(green dashed lines in Figure 8), whereas the result by Khoshmanesh
et al. (2015) exhibits much lower slip rate (orange dashed line). Before
the 2003 ML 6.4 earthquake, the magnitude of slip rate derived from this
study (1.5 cm/year) is similar to those inferred from creepmeter (1.6 cm/
year) and from the d‐Mo relationship by Nadeau and Johnson (1998)
(1.8 cm/year). Around 6 months following the ML 6.4 Chengkung earth-
quake, the slip rates from the above measurements are increased to
12.3, 14.4, and 14.2 cm/year, respectively, about 8–10 times greater than
the preseismic level. After the year of 2004.5, the slip rate inferred by this
study drops to 4.1 cm/year and remains stable until the end of 2011. The
creepmeter reveals lower slip rate (2.4 cm/year) comparing with the value
inferred from this study (4.1 cm/year), while the result from d‐Mo scaling
law by Nadeau and Johnson (1998) shows higher value of 4.8 cm/year.
This trend (slopes of green dashed line > blue dashed line > red line) after
2003.5 is the same with that observed during the preseismic period (2000
to December 2003), indicating that the interseismic creep rate at depth
inferred from RES is generally higher than the surface creep. We also
found that the location of the repeating events coincides with the low cou-
pling ratio inferred by Thomas et al. (2014) (Figure 9). More than 64%

repeating events are located in the areas showing coupling rate lower than 0.1. This may explain why deep
creep rate tends to be bigger than surface creep rate. The d‐Mo scaling relation derived in this way (assuming
4.4‐cm/year long‐term slip rate) is thus considered a valid measure for the regional slip rate.

For the Hualien area where surface creep data were not available across the fault, we used the recurrence
behavior as a constraint. As established by Chen, Nadeau, and Rau (2007) and Chen, Yen, et al. (2007),
Tr‐Mo scaling is mainly controlled by the difference in regional tectonic loading rates. When the logarithm
of the averaged recurrence interval is plotted against the logarithm of the average seismic moment from
Figure 10a, the majority of the RES from the Chihshang and Hualien areas overlap (open symbols). Their
recurrence intervals are 2–3 times shorter than those expected from the RES in Parkfield of the SAF (red dia-
mond). When we normalized the recurrence intervals of these two areas by the ratio of the loading rate
(4.4 cm/year for Chihshang and 4.7 cm/year for Hualien) to the rate used for the Parkfield repeating earth-
quake data (2.3 cm/year), they fit the same regression line (Figure 10b). This indicates that the long‐term slip
rate of the Hualien area is similar to or slightly higher than the one assumed for the Chihshang area. This
Mo‐Tr scaling provides another constraint for the difference in tectonic loading, which is not conflict with
consistent with the loading rates of 4.7 cm/year for the Hualien area from Rau et al. (2007) and 4.4 cm/year
for the Chihshang area (Thomas et al., 2014).

7. Temporal Distribution of the Regional Slip Rates
7.1. Cumulative Deep Slip Rate: Regional Difference

The resulting regional creep rates in the Chihshang andHualien areas are shown in Figure 11. The black line
in Figure 11 is the same with the blue dashed line in Figure 8. Prior to the mainshocks (from 2000 to
December of 2003), the deep creep rate is inferred as 1.5 cm/year. A sudden acceleration in deep slip rate
occurred at the end of 2003 as a result of the 2003 ML 6.4 Chengkung earthquake. From December 2003
to March 2004, the deep creep rate increased to an average value of 12.3 cm/year and then dropped to
4.1 cm/year until the end of 2011. There exists a significant increase in the postseismic deep slip rate compar-
ing with the preseismic level. The surface deformation from the creepmeter, however, shows only a minor
increase in the creep rate from 1.5–1.8 cm/year up to 2.0 cm/year since March 2004 (Mu et al., 2011). This
suggests that sincemid‐2004, the postseismic effect has lasted for amuch longer time at greater depths where
the RES occurred (deeper than 7 km), while a slip rate deficit existed at depths less than 7 km. In space, the
RES in the Chihshang area can be separated into two segments by visual inspection. As shown in Figure 11a,
the repeating events tend to cluster more closely in the northern segment (blue circles), which has been pre-
viously recognized as creep by the occupation of all repeaters in the 1991–2003 RES catalog (Chen

Figure 9. Coupling ratio on the Chihshang fault by Thomas et al. (2014)
and the distribution of RES found in this study. Blue circles represent
RES on the same fault. Background color on the fault indicates a different
coupling ratio.
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et al., 2008). To the south where the fault trace is not mapped (absence of black line in Figure 11a), the RES
tend to be more widely distributed (the red circles in Figure 11a). In temporal behavior, the two separate
groups have a similar pattern (the red and blue lines in Figure 11b), especially with regard to the
acceleration effect from the ML 6.4 Chengkung event. The southern group, however, experienced another
elevated slip at the time of the two 2006 ML 6.0 earthquakes in their vicinity. The different responses to
the 2006 events may indicate distinct fault behavior for the north and south segments of the Chihshang fault.

The resulting creep rate in the Hualien area is shown in Figures 11c and 11d. As suggested in the cross sec-
tions in Figure 4, the repeating events can be grouped into two segments: The western group is located below
the eastern flank of the Central Range at depths greater than 15 km, and the eastern group is distributed at
shallower depths, likely corresponding to an offshore extension of the LVF. There exists a strong difference
in the temporal distribution of creep between these two groups. As shown in Figure 11d, the western group
(blue line) has a high slip rate of 4.3 cm/year that remains stable with time, whereas a much slower slip rate
of 3.5 cm/year was found for the eastern group (red line). The distinct slip behavior is consistent with the
separated clusters in cross sections 7–9 of Figure 4. Separated only by a distance of 3–6 km, the CRF to
the west is characterized by a much faster creep rate than the LVF to the east. In the eastern Hualien area,
the sudden acceleration of the creep rate was found to occur in mid‐2005, which is a result of a swarm‐like
sequence of nine events that all occurred on 30 April 2005.

Figure 10. Recurrence interval as a function of seismic moment for the quasiperiodic RES from Parkfield, Japan, and
Taiwan. Each symbol represents the average value for each sequence. The 10 and 21 RES from the Chihshang and
Hualien areas are shown by blue and red open circles, respectively. Data for Parkfield, Japan, and Taiwan as indicated by
diamonds, triangles, and open squares, respectively, are from Chen, Nadeau, and Rau (2007) and Chen, Yen, et al. (2007).
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7.2. Short‐Term Slip Rates: Periodic Pulsing

A short‐term slip rate can then be obtained by dividing the regional cumulative slip rate (in Figure 11) by a
short time window. This is done by obtaining a median value using six different calculation windows (10, 30,
50, 100, 180, and 360 days) for 1‐day time increment. That means that in each day, we determine the change
of slip from 1 day before and 1 day after. The calculation window is used to average out the daily variation.
Taking 10‐day window, for example, we obtained the average from 10‐day estimates prior to the target day.
The median value (the red line in Figure 12a) reveals that the peaks with smaller slip rates (<1 cm/day) tend
to be spiky with ~3 cycles per year, whereas the main peaks (≥1.5 cm/day) occurred in early 2004, early 2005,
mid‐2006, early 2008, late 2009, mid‐2010, and late 2011 showing a semiannual recurrence. To ensure the
determination of short‐term rate is meaningful, the selection of calculation window should be longer than
the length of data gap, which is the maximum interevent times of 115 days. We therefore selected a moving
window of 180 days that is shorter than the interval between the main peaks (~1 year) and longer than the
interval between the minor peaks (~108 days) and longest interevent time (115 days). The magnitude of slip
rate is highly controlled by the number of events, as shown in Figure 12b. In a given calculation window, the
near‐zero slip rate can be produced because of no data. The longer calculation window produces bigger time
shift of an actual signal. Applying cross‐correlation function to check themaximum time lag produced by the
180 days window, we found that the time lag is less than 100 days. This implies that temporal resolution of
our short‐term slip rate variation is ~100 days. To ensure the comparability, in the following analysis we
applied the same moving window scheme on different observations.

Using the 180‐day moving window, the resulting short‐term slip rate histories for the Chihshang and
Hualien areas are shown in Figure 13. Both areas reveal regularly recurring slip rate pulses on a semiannual
cycle. In the Chihshang area, the slip rate history shows a quasiperiodic pattern with a clear acceleration fol-
lowing the ML 6.4 Chengkung earthquake on 10 December 2003. When the fast Fourier transform was
applied to the time series of Figure 13a, the dominant frequency was found to decrease after the mainshock
from ~1.1 years (the blue line in Figures 13b and 13c) to ~0.5 year (the red line in Figure 13b). The large

Figure 11. (a and c) The distribution of all repeating events in the Chihshang and Hualien area. Blue and red circles
represent two different groups of repeating events that are spatially separated. The yellow stars indicate ML≥6
earthquakes. (b and d) The cumulative slip as a function of time as inferred from the repeating events in the Chihshang
and Hualien areas. Measurements from RES located in different subareas are indicated by blue and red lines,
corresponding to the blue and red circles in (a) and (c). The black curve is derived from the repeating events in the whole
area. The stars indicate the time and magnitude of ML ≥ 6 earthquakes.
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variation in the peak amplitude of the spectrum is associated with the
number of repeating earthquakes, evidenced by the fact that the 49 and
329 repeating events occurred during the premainshock and postmain-
shock periods, respectively.

The pattern of the short‐term slip rate in the Hualien area, on the other
hand, shows a regular pulsing of creep rate with an ~1‐year interval over
the study period (see the two peaks near 1 year in Figure 13e). The highest
peak in the temporal variation of the creep rate in Figure 13d corresponds
to the same acceleration shown in Figure 11d, which is a result of the
swarm‐like sequence that intensely occurred in 2005. This periodic pul-
sing pattern is similar to that seen in the Chihshang area during the pre-
mainshock period. The possible mechanism for this semiannual variation
in deep creep rate will be addressed in section 9.

8. Spatiotemporal Distribution of the Regional
Slip Rates

The spatial variation in the short‐term slip behavior is well illustrated in
Figure 14, where the slip rates are plotted at 0.01° increments along the
latitude and 1‐day time increments. An examination of the Chihshang
area reveals relatively complex behavior, as the timing of the higher creep
rate pulses (vertical warm color bars in Figure 14a) not entirely consistent
across the area from north to south. The discontinuity of higher creep rate
pulses in Figure 14a indicates a possible boundary at 23.0°N that demar-
cates distinct slip behavior. This boundary coincides with the beginning
of the eastern‐dipping fault zone in cross section 2 of Figure 4 (the
Chihshang fault). The slip rates in the northern segment (north of
23.0°N) show a regular acceleration every 1–2 years, whereas the southern
segment (south of 23.0°N) shows a slightly longer acceleration interval.
The cumulative effect of the creep pulsing from the two different segments

leads to a semiannual variation (the black line at the bottom of Figure 14a). The northern segment is strongly
influenced by the 2003 ML 6.4 Chengkung earthquake, whereas the southern segment is more influenced by
the 2006 ML 6.0 Taitung earthquake located offshore.

Unlike the complex creep rate pulses seen in the Chihshang area, the slip rates in the Hualien area appear to
be quasiperiodic over the 12‐year observation period. Such periodicity is concentrated between 23.85°N and
24.15°N showing no direct relationship with the occurrence of nearby large earthquakes (the white stars in
Figure 14b). The periodic pulses represented by the warm color areas in Figure 14b coincide with the varia-
tion in the slip rate history (the black line at the bottom, the same as in Figure 13b), indicating that the
repeating events located in the middle of the area are responsible for the dominant periodic features.
Comparing the timing of the creep rate pulses in the Chihshang and Hualien areas, the semiannual pulses
do not appear to be temporally linked. This suggests that the factor controlling the periodicity of the exten-
sive aseismic slip may not be common for both faults.

9. Discussion
9.1. The Stress Drop Obtained From RES

Assuming a circular rupture, the static stress drop can be inferred using the equation below (Kanamori &
Anderson, 1975):

Δσ ¼ 7π
16

μ
d
r
; (8)

where μ is the shear modulus, d is the slip estimate, and r is the rupture radius. Here we use the d‐Mo rela-
tionship inferred using the RES data in the Chihshang area (logdi = − 1.21+0.11 log M0) to infer d. The

Figure 12. (a) Short‐term slip rate versus time using different moving
windows lengths of 10, 30, 50, 100, 180, and 360 days (gray lines) with
1‐day time increments for the Chihshang area. The median value of the
calculations from different window lengths is denoted by the red line. (b)
Short‐term slip rate and events rate versus time using 180‐day window for
moving window calculation. The red and black lines indicate slip and event
rate separately.
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rupture radii (R _ed ) are derived from seismic moment rate and assumed geodetical long‐term slip rate in

equation 5. The stress drop for all repeating sequences (ML 2.0–4.6) against seismic moment is shown in
Figure 15, resulting in an empirical relationship of log(Δσ) = 14.2 − 0.56 log(Mo). The magnitude range
of repeating sequences here compensates the data gap in Nadeau and Johnson (1998). There exists a clear
dependency of stress drop on seismic moment, similar to what observed in central SAF. Chen et al. (2016)
inverted the stress drop based on empirical Green's function for two M4 repeating sequences in eastern
Taiwan. They obtained peak stress drop of 52.9–155.1 MPa (light gray box in Figure 15) with an averaged
stress drop of 6.7–19.1 MPa (dark gray box in Figure 15). The peak stress drop is close to the regression line
from RES data, while the averaged stress drop is located below. This indicates that the peak stress drop
inferred using equation 5 is close to the finite source result. Such observation was also seen in M2 RES at
Parkfield, indicating that the strong stress heterogeneity may be generally true over a range of magnitude
from M2 in Dreger et al. (2007) to M4 in Chen et al. (2016).

The rupture radius used to constrain the colocation of earthquakes in this study is inferred by the
equation below:

RΔσ ¼ 7π
16

M0

Δσ
: (9)

If comparing radius determined using equations 8 and 9 by showing the ratio (RΔσ=R _ed ), RΔσ is found to be 1–

10 times larger than R _ed . It suggests that the real rupture dimension allowing seismic slip is smaller than

expected. To ensure the at least 50% overlap of source area, a more severe threshold in dSmP is needed.
The refined dSmP ≤ 0.01‐s threshold in this study however may fail to act as constraint for the colocation
of ML < 2.5 events. The dSmP threshold is sensitive to (1) the magnitude of target events and (2) the
measurement/assumption of stress drop. Given the limitation in timing accuracy of the seismic data
(Chen et al., 2008), we applied dSmP thresholds with the assumption of 3‐MPa stress drop. The better

Figure 13. (a) Temporal variation of the short‐term slip rate in the Chihshang area. (b) Short‐term slip rate spectra for
the premainshock (blue line) and postmainshock (blue and red lines) periods. (c) Detail view of (b) showing the
main frequency of the pre–Chengkung period. (d and e) Temporal variation of the short‐term slip rate and the
corresponding spectra in the Hualien area. C. K. denotes the ML 6.4 Chengkung event in 2003.
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threshold by considering higher stress drop can be obtained using other
seismic network with higher SNR, less timing inconsistencies, and higher
rate of sampling in the future.

9.2. Toward the Better Understanding of the Creeping Faults in
Eastern Taiwan

The Chihshang segment on the LVF is an exceptional reverse fault on the
world stage of continental creeping faults (Chen & Bürgmann, 2017;
Harris, 2017). Recognized as a listric, thrust fault that has a geometrical
steepening at shallower depth (<15 km) (Hu et al., 2007; Lee et al., 2006),
the Chihshang fault is characterized by a velocity discontinuity of ~3 cm/
year across the fault on the surface, causing obvious offsets in houses,
roads, retaining walls, and pipes due to the cumulative slip over the dec-
ades (Angelier et al., 1997; Lee et al., 2000, 2001). At greater depths, con-
trasting fault slip behavior from north to south along the Chihshang fault
was first deduced from the repeating earthquakes from 1991 to 2003 that
occurred at a depth range of 7 to 23 km (Chen et al., 2008, 2009). The
northern half of the Chihshang fault is creeping, and the southern half
is partially locked, having a higher earthquake potential. Using four times
as many repeating sequences as the catalog from Chen et al. (2008), the
boundary for distinct creep behavior in the Chihshang segment was
located at 23.0°N (Figure 14). North of the 23.0°N, the Chihshang fault
is mainly creeping, with RES concentrated in a 20 × 20‐km area having
an averaged creep rate of 1.5 cm/year before the ML 6.4 mainshock in
December of 2003. This is also the area where the most quasiperiodic
RES are located. South of the 23.0°N where Chen et al. (2008) inferred
was a locked zone of the Chihshang fault, is corresponding to the coseis-
mic slip zone of the 2003 ML 6.4 event, and was found to be surrounded
by sparsely distributed RES with a creep rate of ~2 cm/year before the
mainshock (red line in Figure 11b). The higher slip rates found in the
southern segment, therefore, could be simply a result of the spatially dis-
tributed creep rate from aperiodic RES. After the 2003 ML 6.4 event, the
afterslip dominated the regional creep behavior. The high slip rate was
found to penetrate into the southern segment (to 22.85°N in
Figure 14a), leading to similar range of creep rates (4.5–4.6 cm/year) from
2004 to 2006. The 2006 M6 event altered the slip history in the southern
segment, leading to the return of the distinct slip behavior across 23.0°N.

Unlike the LVF, the activity of the CRF is less known. From 23.5°N to 23.9°N, there exists the different
degree of subsidence between both sides of the Longitudinal Valley (Ching et al., 2011; Huang et al., 2010;
Johnson et al., 2005), indicating the influence of subduction. However, no surface rupture of the CRF has
been mapped (Biq, 1965). The geomorphic evidence of rising fluvial terraces indicates a maximum slip rate
of 1.3 cm/year in the central CRF (Shyu et al., 2006). This plate Quaternate slip rate calculated at the Wuhe
Tableland is near the epicenter of the 2013 ML 6.4 Ruisui earthquake. The aftershocks and coseismic slip of
this 2013 event were found to terminate at 23.7°N (Chuang et al., 2014), coinciding with the initiation of the
RES cluster in the Hualien area. During the 2013 Ruisui earthquake, the coseismic slip mainly occurred at
depths between 5 and 15 km, and the aftershocks were widely distributed from near surface to a depth of
25 km. To the north of the 2013 source area, the CRF is likely to change from a locked segment to an area
of free creep at depths greater than 15–25 km (cross sections 6–9 in Figure 4). From 23.7°N to 24.4°N, the
linear strand of RES is found to extendmore than 80 km long. This deep creeping segment follows a different
path from the northmost segment of the CRF (Hoping segment) defined by Chen et al. (2018) (Figure 1).
Given that the CRF represents the geomorphological signature of the rapid growth and exhumation of the
Central Range, the current study provides a seismological constraint on the nature of the northmost CRF:

Figure 14. S‐N profile of creep rate as a function of time for (a) the Hualien
area and (b) the Chihshang area. The slip rate was determined using a
0.2 year by 0.2° window with 1‐day and 0.01° increments. The repeating
events used for the slip rate calculation are indicated by the blue and red
circles in Figure 11. White stars indicate earthquakes with a magnitude
greater than 6. The thick black line corresponds to the regional slip rate
histories in Figures 13a and 13d.
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(1) This segment has been creeping with a stable slip rate of 4.3 cm/year at
a depth of 15–25 km, and (2) the deep, creeping fault may extend further
north along the NE‐SW direction.

9.3. Magnitude and Spatial Distribution of Deep Slip on the LVF

Different geodetic measurements have been performed for the under-
standing of where and how the LVF creeps. The annual surveys of GPS,
trilateration, and leveling data reveal a velocity discontinuity of 2–
3 cm/year across the LVF, which is attributed to shallow aseismic creep
(e.g., Lee & Angelier, 1993; Lee et al., 2005; Yu & Kuo, 2001; Yu &
Liu, 1989). A rather shallow locked depth of 1.5 km was inferred for the
Chihshang segment of LVF (Yu et al., 1990). Given that the no surface
rupture was mapped during the 2003 ML 6.4 event, the surface creeping
zone is likely separated by a locked region from the aseismic slip at depth.
Considering a shallowly dipping decollement, Hsu et al. (2003) inferred a
creep rate of 2.8–3.3 cm/year at shallow depth (<8 km) of LVF and
4.8–6.2 cm/year at greater depth along the subhorizontal decollement.

By adding the CRF into themodeling, Johnson et al. (2005) adopted viscoelastic rheology to infer a creep rate
of 3.7–4.2 cm/year from surface to the depth of 20 km. Considering LVF, CRF, and west‐dipping offshore
fault, Huang et al. (2010) obtained 0.5‐ to 2.8‐cm/year creep rate for the LVF, with the maximum fault slip
occurring on the Chihshang segment at the depth of 15–20 km. The above creep rates inferred from different
studies reveal a strong variation, which is mainly due to insufficient station coverage across the LVF.

Using PS‐InSAR, the density of measurement can reach ~50 points per km2 for higher spatial resolution of
interseismic slip rate (Champenois et al., 2012). The velocity offsets across the LVF range from 1 to 3 cm/year
along the radar line of sight. The deformation on the creeping segment of the LVF, Chihshang fault, is found
to be localized in a wide zone of 1–2 km. It was not until Thomas et al. (2014) inverted the GPS and PS‐InSAR
data that an along‐LVF fault coupling model was ready. They found that the majority of southern LVF is
experiencing deep creep especially in the Chihshang segment, whereas northern LVF in the Linding and
Ruisui segments is fully locked (Figure 1). The aseismic slip appears to be steady over time in the northmost
Chihshang fault, where the slip rate is averaged as ~4 cm/year. In the middle of the Chihshang fault, the
2003 ML 6.4 Chengkung earthquake is found to rupture a locked zone without propagating into the sur-
rounding creeping area especially shallower than 7 km. The uppermost part of the fault, although well docu-
mented as a creeping zone, is found to respond differently to a large event (see figure 9 in Thomas
et al., 2014), suggesting a strong along‐strike variation of shallow creeping behavior and that the surface
creep rate is a result of change in both seismic and aseismic slip at depth. However, at greater depth below
the coseismic rupture of the Chengkung event, the preseismic, coseismic, and postseismic behavior is less
certain due to poor resolution of inversions. This indicates that the understanding of along‐dip variation
of aseismic creep is still limited. The repeating earthquakes, although provide additional constraint on deep
slip rate, are spatially limited to the depth of deeper than 7 km (minimum depth of RES on the Chihshang
fault). The kinematic model combining geodetically derived surface deformation and observations of fault
creep obtain from RES can be expected in the future.

9.4. Episodic Deep Slip on LVF

Episodic creep events have been studied under different tectonic settings. Using repeating earthquakes, the
quasiperiodic creep pulsing was found to have a 2‐ to 3‐year recurrence interval (Nadeau & McEvilly, 2004;
Turner et al., 2015; Uchida et al., 2016). Such repetition is seen in different segments along the 175‐km‐long
SAF, indicating an episodic change of creep rate from greater depth where the fault deformed more ductily
(Nadeau & McEvilly, 2004). This repetition of extensive creep is also found in the northeastern Japan sub-
duction zone. The dominant intervals of creep rate range from 1 to 6 years, coinciding with the timing of
the clustered ML ≥ 5 earthquakes (Uchida et al., 2016). Given that the extensive creep events occurred
few days before the ML ≥ 5 earthquakes, the accelerated creep is believed to have acted as a “trigger” for
the mainshocks rather than having been triggered by the afterslip of the ML ≥ 5 events. Such quasiperiodic
pulsing of the fault slip may be related to the slow slip events (SSE) rooted deeper below the seismogenic
zone that undergo long‐period aseismic loading processes (Marsan et al., 2013). The recurrence behavior

Figure 15. The stress drop versus seismic moment using the RES in eastern
Taiwan. The open triangles denote the repeating events in the Chihshang
area. The dashed line indicates the regression line from central SAF
data by Nadeau and Johnson (1998). The box indicates a range of peak and
averaged stress drop for two repeating events (ML 4.3 and ML 4.8) by Chen
et al. (2016).
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of the SSE is likely controlled by fault zone rheology and its elastic proper-
ties (Baumberger et al., 1994; Kaproth & Marone, 2013; Leeman
et al., 2016, 2018).

The compaction‐driven elevated pore fluid pressure and the following
frictional dilation could be responsible for the episodic creep events along
the SAF (Segall et al., 2010; Sleep & Blanpied, 1992). Such an effect pro-
duces heterogeneous distribution of creep, given that the rate of porosity
reduction, the permeability, the rockmaterial, and the geometrical irregu-
larity of the fault surface are not the same across the entire fault. The ele-
vated pore pressure and decreased permeability play an important role in
SSE generation (Khoshmanesh & Shirzaei, 2018; Leclère et al., 2016) and
can be detected by geodetic measurements. As addressed in Nadeau and
McEvilly (2004), the variation of the deep creep rate correlates well with
the geodetic measurements, and Turner et al. (2015) documented an
approximately 2‐year dominant periodic for both repeating earthquakes
and InSAR data. Increase of the surface creep rate corresponds to eleva-

tion of the pore pressure and the reduction of effective normal stress, which may facilitate episodic aseismic
creep at depth (Khoshmanesh & Shirzaei, 2018).

In Taiwan, the deep slip pulses have shorter recurrence intervals (~1 year) that can be compared with the
surface creep histories. The on‐site measurement of creepmeters straddling the surface traces of the
Chihshang fault (Lee et al., 2001) provides the detailed evolution of surface creep to compare with. From
creepmeters, the steady creep of 2.2–2.5 cm/year during the period of 1988–1998 was decreased to 1.5–
1.8 cm/year in 2000–2003 (before the ML 6.4 Chengkung event) and returned to 2.0 cm/year since 2007
(Mu et al., 2011). Before the 2003 ML 6.4 mainshock, the surface creep measured by creepmeters shows
strong seasonal fluctuations that is correlated with groundwater pressure variations measured at nearby
wells (Chang et al., 2009; Lee et al., 2003, 2006). After the 2003 ML 6.4 event, the surface creep increased
several times greater than the preseismic level. These suggests that the surface creep on the Chihshang fault
is characterized by (1) continuous creep with an averaged rate of ~2 cm/year, (2) small difference in creep
rate between wet and dry seasons, and (3) preseismic, coseismic, and postseismic effect from the large
earthquake (e.g., Chang et al., 2009; Lee et al., 2001, 2003, 2006; Mu et al., 2011; Thomas et al., 2014).
The seasonal variation of the creepmeter data is explained by the ground water pressure variation at the
wells close to the fault (Chang et al., 2009). However, the comparison between deep and surface creep var-
iation in time (Figure 16) reveals a significant seasonal rhythm, where the creepmeter data seems to corre-
late well with the deep slip histories of the repeating events. This may suggest a common mechanism for
surface and deep creep variation in time, either the stress applied to deep fault is from external sources from
precipitation, or the episodic creep events from greater depth contribute to the surface creep.

Such annual variation is also seen in the tremor activity located west of the Chihshang fault, underneath the
southern Central Range. Chen et al. (2018) found that tremor rhythm coincides with the rising of ocean
tides, decreasing air pressure, low ground water levels, and minimal precipitation. By computing stresses
from tidal and water storage changes, the greater than 4–5 kPa of pressure induced by annual water loading
potentially has a greater influence on tremor activity, which is only a few kPa. As the tremors act as a proxy
of SSE below the seismogenic zone, the deep creep events could be driven by the stress and pore pressure
changes induced by the annual hydrologic load. We argued that the periodic stress perturbation from the
hydrologic system may be the common mechanism that drives coherent slip pulses on the surface and at
greater depths. The spatiotemporal distribution of repeating earthquakes in Figure S3 reveals several streaks
that may indicate an upward migration, which is worth further investigation using clustering analysis and
hypoDD relocation.

10. Conclusion

We documented 202 RES in eastern Taiwan from 2000 to 2011 with magnitudes ranging from 2.0 to 4.6. Of
these 202 sequences, 187 were highly concentrated on the two opposite reverse faults: one being the
east‐dipping LVF and the other the west‐dipping CRF. In this study, we explored the space and

Figure 16. Time series of short‐term slip rates from repeating earthquake
and creepmeter results in the Chihshang area.
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time‐dependent fault behavior of the LVF and CRF at depth and examined the methods of slip rate estima-
tion for regional differences in deep creep rate.

Using the cumulative release smoothed over the summation of recurrence intervals for each individual qua-
siperiodic sequence and a geodetic data‐derived interseismic slip rate, we obtained the averaged rupture area
and determined the slip for individual repeating events. We refined the scaling relationship between the slip
estimate and seismic moment as logdi= − 1.21+0.11 logM0 and logdi= − 1.96+0.14 logM0 for the creeping
segments of the LVF and CRF, respectively.

Regional slip rates calculated from two groups of RES revealed strongly distinct behavior. Over 2004, the slip
rate of the Chihshang segment of the LVF increased dramatically from 1.5 to 12.3 cm/year, showing a strong
influence from the ML 6.4 Chengkung earthquake that occurred on 10 December 2003. The acceleration
decreased to 4.3 cm/year over 5 months after the mainshock and remained stable until the end of 2011.
The surface deformation from the creepmeter, however, shows only a minor increase in the creep rate from
1.5–1.8 to 2.0 cm/year after the ML 6.4 event, indicating a slip rate deficit of 2.3 cm/year accumulated above
7 km (i.e., the minimum depth of the RES). The RES in the Hualien area were separated into two groups: one
corresponding to the CRF and the other corresponding to the extension of the LVF toward offshore. The slip
rates on the creeping CRF were surprisingly high at 4.3 cm/year, showing no influence from nearby large
earthquakes. This deep, long creep zone appears to extend in a northeasterly direction from 23.7°N to
24.4°N underneath the eastern flank of the Central Range. The other RES group associated with the LVF
has a much slower slip rate of 3.5 cm/year.

A relatively high creep rate was found north of the Chihshang fault. Such quasiperiodic repetition of aseis-
mic events exhibited an approximately 1‐year interval, with the amplified creep rate occurring at the time of
the 2003 ML 6.4 earthquake. The aseismic slip pulsing in the southern segment, however, has a slightly
longer interval of 2 years and was amplified by the 2006 ML 6.0 earthquakes. The different arrival and per-
iodicity of creep pulsing indicate that the demarcation of fault behavior may occur at a latitude of 23.0°N. On
the other hand, the faster creep rate on the creeping CRF was found to be localized to the central segment
(from 23.9°N to 24.2°N).

The short‐term slip history from both areas reveals regularly recurring slip rate pulses. The semiannual cycle
was found to coincide with the seasonable variation in the creepmeter data in the Chihshang area. Given
that periodic stress perturbation from hydrological loads is able to produce stress change on a reverse fault
of up to several kPa (Chen et al., 2018), this could be the common mechanism that drives coordinated slip
pulses on the surface and at greater depths.
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