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generate a large number of microearthquakes, and less commonly, they may also
produce major earthquakes that rupture the brittle crust. The Chihshang fault in eastern Taiwan is
characterized by such behavior and has been known to undergo 2–3 cm/yr surface creep, making it one of the
most active creeping thrust faults known in the world. It gives an excellent opportunity to study how a
creeping fault can generate large earthquakes. However, the understanding of fault behavior at depth in this
area has been limited due to sparse sampling from seismic and geodetic stations. In this study we determine
and evaluate a population of repeating earthquakes to improve the understanding of deep fault deformation.
We propose a repeating sequence identification scheme in the region where the station coverage is sparse
and one-sided. Using this identification method, we found 30 M 2–3 characteristic repeating sequences
under the northern half of the Chihshang fault at 7–23 km depth. Slip estimates from these sequences
indicate an average slip rate of ∼3 cm/yr, which is consistent with the rate inferred from surface geodetic
measurements. We infer that the 30-km-long Chihshang fault is creeping along its northern half and locked
in the south, consistent with the occurrence of the 2003 ML 6.4 earthquake on the southern fault section.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction
The Chihshang fault is located in the middle section of the
Longitudinal Valley fault (LVF) system in eastern Taiwan. The 150-km-
long, NNE trending LVF is a plate-suture boundary fault between the
Eurasian continental margin and the Philippine Sea Plate (bold line in
inset of Fig. 1), which accommodates 25–30% of the relative motion
between the two plates (Barrier and Chu, 1984; Angelier et al., 2000;
Yu and Kuo, 2001; Lee et al., 2001). During the past decades, the
Chihshang fault has been documented as actively creeping based on
progressive displacement of concrete retaining walls fractures in
roads and buildings (e.g., Barrier and Chu, 1984; Chu et al., 1994; Lee,
1994; Angelier et al., 1997; Lee et al., 2001), and on rapid surface slip of
about 2–3 cm/yr in the horizontal direction from GPS data (Yu and
Kuo, 2001), which projects to ∼4 cm/yr creep rate along the dip-slip
direction. Continuously monitored creepmeters installed along the
rture Radar; LVF, Longitudinal
etwork; ccc, cross-correlation
se ratio; dSmP, differential S-P
; ttp, tts, P- and S- travel times;
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Chihshang fault from 1998 to 2001 indicate an annual shortening rate
of 1.5–1.6 cm/yr, with higher shortening rates during the wet seasons
and lower creep rates during dry seasons (Lee et al., 2003).

The most significant earthquakes that occurred on the Chihshang
fault in historic times were a ML 6.0 event in 1951 (Hsu, 1962; Cheng
et al., 1996) and more recently a ML 6.4 (Mw 6.5) earthquake on 10
December 2003. Because of these large earthquakes, this fault is
considered to exhibit interseismic creep at the surface while also
being capable of producing large earthquakes at depth. Aftershocks of
the 2003 ML 6.4 event were concentrated on the southern portion of
the Chihshang fault and showed southward extension (Wu et al.,
2006), suggesting that stress accumulation and release on the
Chihshang fault may be strongly governed by spatial variations in
fault zone properties at depth.

Earthquake relocation indicates that the Chihshang fault is a
narrow SE-dipping inclined fault zone extending from the near
surface to a depth of 25 km. Most of the earthquake activity on this
fault occurs at depths between 12 and 23 km and is dominated by
reverse-type focal mechanisms (Kuochen et al., 2004). Fault plane
solutions for 1991–2003 MN3 earthquakes determined by P-wave
polarities and SH/P amplitude ratios showed a dip angle of 40–50°
between 10 and 20 km depth; the dip of the fault plane steepens
upward (∼70°) and flattens downward (∼20°) (Chen and Rau, 2002).
Geomorphic, geodetic, and structural data indicate that at the near
surface, the Chihshang fault segment generally follows a major
geological contact between the Pliocene Lichi Mélange to the east
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Fig.1. (a) Geodynamic framework of Taiwan. Open arrow indicates relativemotion between Philippine Sea plate and Eurasian plate in the Taiwan Region (Lee,1994). The Longitudinal
Valley fault (LVF) is considered to be the suture between these two plates. (b) The Chihshang fault segment and the Chihshang study area (box). HypoDD relocation ofM≧3 seismicity
during the study period are shown as gray dots. The 7 seismic stations used in this study are shown as black triangles, others with relatively lower SNR are shown as open triangles.
Locations of the 30 repeating sequences that we found are shown as black solid circles. Stars are the MN6 historical earthquakes that occurred on the Chihshang fault.
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(the Coastal Range) and the Pleistocene–Holocene deposits to the
west (the Longitudinal Valley) (e.g., Lee et al., 2006). The weak recent
deposits and the Mélange mudstones in the hanging wall of the
Chihshang fault are likely to facilitate high rates of fault creep (Yu and
Liu, 1989; Yu et al., 1997; Angelier et al., 2000; Yu and Kuo, 2001; Lee
et al., 2001; Lee et al., 2003).

Faults that produce both large earthquakes and near surface creep
have been studied on strike-slip faults (for example, the Hayward fault
in central California) and are believed to consist of a combination of
locked and creeping fault zones at depth (Savage and Lisowski, 1993;
Bürgmann et al., 2000; Simpson, 2000). It is important to understand
the distribution of locked and creeping fault zones at depth for
earthquake potential assessment. However, due to limited geodetic
coverage in this area, we lack well-resolved picture of fault slip rates at
depth on the Chihshang fault. Interferometric Synthetic Aperture
Radar (InSAR) data provides improved spatial sampling of the
deformation field (e.g., Massonnet et al., 1993), but the nature of the
landcover and atmospheric conditions in this area complicate the task
of obtaining more detailed deformation information (Hsu and
Bürgmann, 2006).

A new technique for inferring fault slip rate at depth using
repeating microearthquakes was recently developed and has been
applied in diverse tectonic settings (Nadeau and McEvilly, 1999;
Bürgmann et al., 2000; Matsubara et al., 2005). Repeating earthquakes
are defined as groups of events with nearly identical waveforms,
locations, and magnitudes and thus represent a repeated rupture on
the same fault patch (e.g., Poupinet et al., 1984; Ellsworth and Dietz,
1990; Vidale et al., 1994; Nadeau et al., 1995; Beroza et al., 1995). Given
an assumption that the frequency of seismic slips on a fault patch is
proportional to the tectonic loading rate due to relative plate motion,
one can determine the deep fault slip rate at each repeating sequence
site using the recurrence intervals and seismic moments of the
repeating sequence (e.g., Nadeau and Johnson, 1998). A remarkably
large number of small repeating earthquakes have been found in the
creeping sections along the San Andreas fault due to a lower
magnitude of completeness in the earthquake catalog with dense
station coverage and high resolution data (e.g., Nadeau and McEvilly,
1999, 2004). In the creeping Chihshang area where spatial coverage of
stations is sparse and asymmetric around the fault, however,
repeating earthquake identification is problematic and challenging.

With a major limitation in searching for repeating earthquakes
that could help resolve the distribution of fault creep at depth, we
propose a relatively objective method called composite selection
criteria to identify repeating events in this particular region.



Fig. 2. Typical signal to noise characteristics of the CWBSN stations. Shown are
unfiltered vertical velocity seismograms from the 3 events of repeating sequence CH16
(Table 1) recorded at 3 of the 7 stations used in the study. Dates and maximum cross-
correlation coefficients (ccc) for 10.5 s data windows starting 0.5 s before P and relative
to the reference event (ccc=1.0) are shown on the right. Signal to noise is good and
background noise relatively stable at station CHK (closest to the Chihshang fault). At
other stations, however, signal to noise is significantly lower and temporally variable for
the events we examined.
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Furthermore, we use these results to characterize repeating earth-
quake behavior on the Chihshang fault. In this study, we aim to answer
the following questions: 1) What are the spatial and temporal
distributions of repeating earthquakes and what are their relation-
ships to the distribution of seismicity and large earthquakes on the
fault? 2) What is the distribution of deep creep rates that can be
inferred from Chihshang fault repeating quakes, if they exist? 3) How
does deep fault creep inferred from repeating earthquakes compare
with deep creep determined geodetically? And 4), how can the
repeating earthquake locations, inferred rates, overall seismicity
patterns, and distribution of large earthquakes be used to improve
our understanding of the earthquake potential in this unique tectonic
environment?

2. Data and methodology

2.1. Original catalog

We used 3387 earthquakes from the Central Weather Bureau
Seismic Network (CWBSN) catalog. These events occurred in the
Chihshang fault region (box, Fig. 1) between 01 January 1991 and the
day before the 10 December 2003 ML 6.4 earthquake. We exclude the
2003 ML 6.4 aftershocks and subsequent data from this study because
the temporal variation in properties of the medium related to large
earthquakes may impact the repeating earthquake identification
scheme used in this study (time-invariant velocity model). The
magnitudes of these catalog events range from ML 0.78 to 5.42.
Magnitude statistics indicate that the CWBSN catalog is complete
down to ML 1.9. Seismograms for these events were recorded by the
short-period stations of the CWBSN at sampling rates of 50, 100, and
200 Hz, with rate dependent on the time period of data acquisition.
For this study, we used vertical component seismograms from 7
CWBSN stations having relatively low noise level (solid triangles in
Fig. 1). Among these stations, only TWF1 and CHK are local to the
Chihshang fault, with CHK being closest. A significant fraction of the
seismicity occurs offshore. Consequently the station coverage is
relatively one-sided. In general, the standard error of the CWBSN
epicenters is ∼1 km in both horizontal and vertical directions.

2.2. Similar event search

Our first step in searching for repeating events in the Chihshang
area involved a comprehensive characterization of event similarity
using waveform cross-correlation (Aster and Scott, 1993) and CHK
seismograms for all event pairs in the study zone (box, Fig. 1). To
reduce the computation effort, only seismograms recorded at CHK
station (i.e., the station with the best signal-to-noise ratio for
Chihshang fault events) were used.

For most of the study period, CHK seismograms were recorded at
100 samples per second (sps). For the similar events search, those
recorded at 50 or 200 sps were re-sampled at 100 sps, and these
seismogramswere bandpass filtered from 1 to 10 Hz. Maximum cross-
correlation coefficient (ccc) between all seismogram pairs were then
determined using a 10.5 second window beginning 0.5 s before the P-
arrival. Those events having seismogram pairs with ccc's greater than
0.80 were selected as similar event pairs. Similar event pairs were
then grouped into similar event clusters whenever pairs shared
common events. The resulting event clusters represent an intermedi-
ate stage data set fromwhich repeating event sequenceswere derived.

2.3. Characteristic repeating sequence identification

A basic assumption in deriving deep slip rates from repeating
earthquake sequences (Nadeau and McEvilly, 1999) is that events in a
given sequence re-rupture the same fault patch and produce earth-
quakes having similar magnitude, waveforms, and locations. The deep
slip method is also most accurate when all repeated ruptures that
occurred during the study period have been identified (i.e., the
sequences are complete). For deep slip rate estimation in the
Chihshang area, it is important to define repeating event sequences
that have these properties.

While the similar event clusters derived in the previous section
provide a reduced catalog from which repeating sequences can be
derived, any given cluster may be comprised of multiple repeating
sequences and may also contain additional similar events that do not
occur as repeated earthquakes. Further discrimination and decom-
position of the similar event clusters into repeating event sequences,
therefore, is needed and will be addressed in Section 2.3.2.

2.3.1. Data limitations in the Chihshang area
The relatively sparse and one-sided coverage of the CWBSN

stations in the Chihshang area (Fig. 1) coupled with relatively low
SNR and unstable noise characteristics (Fig. 2) complicate the task of
defining complete and accurate repeating event sequences in this
area. During our analysis we have also found that significant origin
time errors and/or timing inconsistencies exist in the CWBSN data set,
further complicating the task of sequence definition.

Timing errors and timing inconsistencies may have significant
impact on earthquake relocation as well as sequence definition in the
Chihshang area. The effect can be illustrated by comparing two
relocation approaches: (1) double-difference relocation based on
standard travel time estimates; (2) double-difference relocation based
on travel time estimate using only S–P times and an assumed Vp/Vs
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velocity model. The later approach, which we refer to as the Vp/Vs

method, requires both P- and S-phase alignments, and the assumption
of a reasonable Vp/Vs model. Hence it is not always a viable approach
for determining relative location of repeating events, especially where
the station coverage is sparse and the SNR is marginal. Also, the
absolute location accuracy is limited due to the Vp/Vs model
assumption. The Vp/Vs method, however, has the distinct advantage
of removing the dependency of relocations on catalog origin times and
absolute timing inconsistencies among stations in a network. When
used in conjunction with similar event data, therefore, the Vp/Vs

method can be a useful tool for identifying data plagued with large
origin time errors and/or inconsistency in timing among stations.

2.3.1.1. Travel times using S minus P and assumed Vp/Vs. Consider two
similar events whose relative P- and S- phase arrival times have been
determined using cross-correlation. For standard double-difference
relocations (Waldhauser and Ellsworth, 2000), P- and S- travel times
(ttp, tts, respectively) are determined by subtracting the origin times of
the events from the arrival times. In contrast, the Vp/Vs method
determines ttp, tts using the relationships,

ttp ¼ SmP= Vp=Vs
� �

−1
� �

and ð1Þ

tts ¼ SmP= 1− Vs=Vp
� �� � ð2Þ

where SmP is the S minus P time for a given event at a given station
and Vp/Vs and Vs/Vp are an assumed Vp/Vs ratio and its reciprocal,
respectively. No origin time information is used in determining ttp and
tts in these equations, and the dependence on absolute timing
accuracy is also reduced to how accurately the rate of sampling
between the P and S phase arrivals is maintained. Therefore, assuming
accurate sampling over the relatively short interval between S- and P-,
Eqs. (1) and (2) can provide travel-time estimates that are largely free
of origin time errors and timing inconsistencies among station clocks,
Fig. 3. Double-difference relocations of a similar event cluster (M2.5–2.8) using waveform cr
zoom into locations of interest in panels c and d. Earthquakes are plotted as circles of dimen
Crosses indicate uncertainties from hypoDD inversion. Note, event sevenwas excluded as an a
study, only three stations had high enough waveform similarity to be obtained for event 7. A
both of which can contribute significantly to inaccuracies in relative
relocations of earthquakes (Ross et al., 2001); (Rubin, 2002).

It should be pointed out that because an assumed Vp/Vs ratio is
used in Eqs. (1) and (2), the absolute locations of relocated events
using these equations may not be particularly accurate. However,
because we are primarily concerned here with the ‘relative’ rather
than ‘absolute’ locations of similar events, an assumed Vp/Vs ratio is
approximately correct and generally sufficient to assess the degree
of location scatter introduced by large origin and inter-station
timing errors.

2.3.1.2. Effect of timing errors on relocations in the Chihshang area.
The effect of origin and inter-station timing errors on relative locations
in the Chihshang area can be illustrated by comparing double-
difference relocations (hypoDD (Waldhauser, 2001)) based on stan-
dard travel time estimates with those based on travel time estimates
from Eqs. (1) and (2) (Fig. 3). In Fig. 3, the same cross-correlation
aligned phase data (both P and S, to sub-sample precision) and
weighting are used for the hypoDD inversions of a similar event
cluster of seven earthquakes using the two types of travel time
estimates. A Singular Value Decomposition (SVD) inversion was also
used in both cases, and all other inversion parameters are identical.
Panels a and b show relocations using travel times calculated by
subtracting catalog origin times from cross-correlation aligned phase
arrival times (i.e. standard relocations). Panels c through f, show
relocations using travel times determined using Eqs. (1) and (2) with
an assumed Vp/Vs ratio of 1.78 (i.e., Vp/Vs relocations).

Average horizontal and vertical uncertainties reported by hypoDD
for the standard relocations are 290 and 340 m, respectively (Fig. 3a
and b). HypoDD uncertainties for the Vp/Vs relocations are generally
less than 20 m (Fig. 3c through f). Because all parameters other than
the estimated travel-times are identical, the large reduction in
location scatter for the Vp/Vs relocations can be attributed primarily
to the reduced dependence on origin and/or inter-station timing
errors provided by Eqs. (1) and (2).
oss-correlation data (panels a and b), and Vp/Vs method (panels c and d). Panels e and f
sions corresponding to their magnitude assuming a 3 MPa constant stress drop source.
irquake by the hypoDD inversion (panels c and d). Among the seven stations used in the
irquake exclusions are not uncommon when stations coverage is sparse, as in this case.



Table 1
Chihshang repeating sequences

Id N Lon Lat Depth ML Tr Vd

(degree) (degree) (km) (yr) (cm/yr)

CH1 3 121.384 23.132 16.93 2.2–2.8 1.2–4.3 2.18
CH2 5 121.394 23.144 18.19 1.9–2.9 1.0–2.5 4.28
CH3 3 121.368 23.156 12.61 2.8–2.9 1.8–6.1 2.59
CH4 4 121.393 23.146 17.60 2.8–3 1.0–2.5 3.49
CH5 4 121.395 23.150 18.04 2.9–3.2 1.8–4.1 4.05
CH6 5 121.399 23.153 18.74 2.5–2.8 0.1–3.2 3.99
CH7 3 121.399 23.174 17.60 2.5–3.0 3.0–5.7 2.52
CH8 3 121.401 23.150 18.72 2.5–2.8 2.6–4.5 2.42
CH9 3 121.376 23.153 19.89 3.2–3.6 2.8–5.4 3.65
CH10 3 121.377 23.134 17.00 2.4–2.8 3.2–3.2 2.38
CH11 3 121.377 23.125 16.74 2.7–3.7 1.8–5.0 3.41
CH12 3 121.374 23.208 12.74 2.1–2.3 2.7–4.4 1.85
CH13 3 121.435 23.150 22.55 2.1–2.9 0.8–2.6 2.34
CH14 3 121.426 23.161 21.19 2.5–2.8 2.5–3.3 2.39
CH15 3 121.404 23.162 19.70 2.6–2.7 1.3–4.1 2.35
CH16 3 121.389 23.230 13.48 2.1–2.2 1.6–1.7 1.83
CH17 3 121.336 23.164 7.09 2.1–2.3 1.8–2.9 2.37
CH18 4 121.413 23.153 10.88 2.1–3.0 1.0–4.0 3.27
CH19 3 121.384 23.197 13.89 2.0–2.3 1.4–3.8 1.84
CH20 5 121.438 23.157 21.67 2.5–2.6 1.2–2.4 3.71
CH21 7 121.376 23.133 16.2 2.0–2.4 0–4.0 4.22
CH22 3 121.410 23.214 20.59 2.1–2.3 0.4–1.4 1.85
CH23 3 121.336 23.164 7.09 2.1–2.3 1.8–2.9 1.85
CH24 4 121.402 23.179 17.865 2.0–3.0 1.2–3.9 3.03
CH25 3 121.404 23.156 19.41 2.3–2.5 2.0–3.1 2.10
CH26 3 121.396 23.163 18.215 2.5–3.0 2.6–3.0 2.43
CH27 4 121.404 23.163 19.70 2.6–2.7 0.4–2.5 3.09
CH28 4 121.364 23.151 12.85 2.3–2.5 1.6–3.1 2.71
CH29 4 121.335 23.105 11.96 2.5–2.8 2.2–3.1 3.06
CH30 5 121.373 23.160 15.34 2.1–3.0 1.2–3.4 3.95

N: number of repeating events in a given repeating sequence.
Lon, Lat, and Depth: average location in each repeating sequence.
ML: local magnitude unit.
Tr: Range of recurrence times for the sequence.
Vd: Long-term slip rate (described in the text of Section 5).

Fig. 4. (a) Schematic illustration of the criteria used for repeating earthquake
identification in the study area. ‘dSmP’ is the difference in S–P time between two
events. ‘ccc’ is themaximum cross-correlation coefficient between two events. Region A
is the area for all measurements, region B is the area of ccc≧0.70 and dSmP≦0.02, and
region C is the area of ccc≧0.85 and dSmP≦0.012. (b) Ccc, dSmP statistics for a group of
similar events (location shown in Fig. 3) compared to event 3. Each point maps the dSmP
and ccc for an event pair at a single station. Points with identified symbols are for the
same event paired with event 3. (c) Zoom in of region B. Event 2 and 6 pass the selected
criteria discussed in the text, and therefore are grouped into a repeating sequence with
event 3. Those three repeating events belong to sequence CH14 in Table 1.
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The Vp/Vs relocations also show that what had originally appeared
to be seven earthquakes with distinctly different locations in the
standard relocation results actually resolve themselves into two sites
with three events each that are primarily overlapping. The remaining
event was excluded by hypoDD as an airquake (i.e., an earthquake that
locates above the ground after relocation, which is due to the original
near-surface location and the lack of control in vertical offset between
the events (Waldhauser, 2001)). We eventually identified the over-
lapping events at the two sites as members of two different repeating
sequences (CH14 and CH15 in Table 1), and determined that the
airquake did not belong to an identifiable repeating sequence.

Additional tests using other similar event clusters indicate that the
exclusion of events by hypoDD and the timing and associated relative
location errors illustrated by the example in Fig. 3 are fairly common
for the Chihshang area. These errors in conjunction with the sparse
and one-sided coverage of the CWBSN stations, intermittent station
outages for the sparse network, and the temporally unstable noise
characteristics of the CWBSN records (Fig. 2) make comprehensive
and systematic identification of Chihshang repeating events using a
location based approach impractical.

The accuracy of repeating event identification based solely on a
waveform similarity criteria is also somewhat limited for small
magnitude repeaters in the Chihshang area due to the small number
of stations, the large variation in event-to-station travel paths, and the
generally low and temporally variable SNR.

2.3.2. Composite selection criteria
Given the limited quantity and quality of seismic data and the need

to identify repeating event sequences as accurately and completely
as possible for inferring deep fault slip rates, we have chosen a more
robust approach for identifying repeating event sequences in the
Chihshang area, called ‘composite selection approach’. The approach
incorporates both waveform similarity (as measured using ‘ccc’
between repeating events) and differential S-P (dSmP) time informa-
tion at sub-sample precision, which allows exclusion of outliers in the
ccc and dSmP data. By relying only on ccc and dSmP time statistics on a
station by station basis, the method also effectively eliminates errors
introduced by inaccurate origin times and inter-station timing.

Two key observables of earthquakes re-rupturing the same fault
patch are their effective co-location and the similarity of their
seismograms throughout the P-, S- and coda phases. The composite
selection approach constrains repeated event locations by requiring
the dSmP times between repeating event pairs to be small, and



Fig. 5. Filtered 2–18 Hz waveforms recorded at station CHK, TWF1, and TWG from
repeating sequence CH2. Each trace is normalized by its maximum amplitude.
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constrains seismogram similarity by requiring the ccc to be high for a
long data window and over a broad frequency band.

In an idealized situation, where repeating event ruptures are
identical, noise contributions are non-existent, and propagation and
recording characteristics are time invariant, dSmP times between
repeated events should be zero and their seismograms should be
identical (e.g., ccc≌1) at all stations. In nature, however, subtle yet
significant temporal variations in propagation velocities are known to
occur (Rubin, 2002) as are small variations between the ruptures of
repeating events (e.g., seismic moments (Vidale et al., 1994; Nadeau
and Johnson, 1998; Nadeau and McEvilly, 1999). Such variations
translate into deviations from idealized expectation in the dSmP time
and ccc measurements for repeating events. These deviations are
generally relatively minor when data quality is good, and there is
usually a clear distinction in dSmP time and ccc statistics between the
repeating and non-repeating event-pairs. This distinction can be used
as a basis for repeating event identification.

When the data quality is lower (e.g., in the Chihshang area), the
distinction between repeated and non-repeated event statistics is less
clear and unless compensated for can confound efforts to accurately
define repeating event sequences. To compensate for the lower data
quality in the Chihshang area, therefore, we take the approach of
reducing the sensitivity of our identification scheme by excluding
statistical outliers.

This is done in the following manner: First, we define an event
similarity space [dSmP, ccc] (Fig. 4). We then populate this space with
similarity point measurements (dSmP, ccc) where each point repre-
sents the dSmP and ccc measurements between two events for a given
station. All event pair combinations for a similar event group are
considered. Ccc statistics are determined using a 10.5 second window
beginning 0.5 s before the P-arrival using a bandpass filter of 2–18 Hz.
‘dSmP’ statistics were determined using two 2.5 second windows
beginning 0.5 s before the P-arrival and the S-arrival.

Due to the true differences between event sources and noise
inherent in the data, deviations of the similarity points from idealized
expectations generally occur. We therefore break the similarity space
into three regions as shown in Fig. 4a. Region A is the area for all
measurements, region B is the area of ccc≧40.70 and dSmP≦0.02, and
region C is the area of ccc≧0.85 and dSmP≦0.012. Region C represents
(dSmP, ccc) data with the highest degree of similarity.

Fig. 4b and c show the ccc and dSmP statistics for a group of similar
events compared to event 3. Their Vp/Vs relocations are shown in
Fig. 3. The (dSmP, ccc) points clustered in region C correspond to the
co-located events 2, 3, and 6 from relocation result in Fig. 3. Whereas
the (dSmP, ccc) points outside region C correspond to the events 1, 4,
and 5, which are ∼200 m away from events 2, 3, and 6. One may
question the necessity of using dSmP as a criterion since high enough
ccc seem to correspond with small dSmP as shown in Fig. 4c.
Nevertheless a small fraction of similarity points for true repeating
events may plot outside region C in some situations, e.g., poor quality
of station data or small P (or S) amplitude. In such cases both criteria in
dSmP and ccc are necessary. In Supplementary Figs. S1 and S2we show
the relocation and ccc, dSmP statistics from another similar event
cluster, which demonstrating that misidentification may occur if the
analysis solely replies on the ccc criterion.

To help compensate for the ambiguity in identifying repeated
events, we carry out a series of empirical tests that defines the fraction
of similarity points (dSmP, ccc) in region C and region B using
earthquake co-location as a constraint. The criteria are selected when
we reach a consistent result using overall similar event clusters.
Consequently we use the following composite criteria for defining
repeated event pairs within a similar event group: For two events to
be considered a repeating pair at least 75% of their similarity points
must lie within region B, and of those points at least 50% must
also lie within region C. Once repeating pairs have been selected, they
are organized into repeating event sequences. Each sequence is a
collection of events that are linked by the composite criteria to at least
one other member of the sequence.

3. Repeating earthquake distributions

Using the composite selection criteria described above, we
identified 30 repeating sequences in the Chihshang area containing
109 repeating eventswithmagnitudes ranging from1.9 to 3.7 (Table 1).
Each sequence has three to seven repeating events (event chronologies
are shown in Supplementary Fig. S3). The sequences composed of only
two events are excluded from our repeating event data set. The
observed repeating events represent about 3% of all the M 1.9 to 5.4
earthquakes in the starting catalog. Fig. 5 shows examples of the
waveforms for one repeating sequence. Locations of the 30 repeating
sequences are shown in Fig. 1 and Fig. 6. All the repeating sequences
occur within the depth range 7 to 23 km, and tend to concentrate on
the northern portion of the Chihshang segment (north of 23.1°N).

The Chihshang area experienced two MN5 events during the study
period. In 1992 a ML 5.4 event occurred at relatively shallow depth on
thenorthern segment and in 1995 a deeperML 5.3 event occurred on the
southern segment. Shortly after the end of the study period a ML 6.4
event occurred (10 December 2003) and was located between the two
MN5 earthquakes. The hypocenters of the repeating sequences tend to
occur away from the aftershock zones of theMN5 events (Fig. 6).

The distribution of recurrence intervals and their coefficients
of variation (standard deviation divided by the mean) for the 30
repeating sequences are shown in Fig. 7. The coefficient of variation
(COV) results indicate that for the most part, events in the Chihshang
area occur quasi-periodically (COV of 0 implies perfect periodicity,



Fig. 6. (a) The spatial distribution of repeating sequence derived slip rates inmapview. Filled circleswith a black rim represent locations of repeating sequences. Fill colors/shades are keyed
to the slip rates. Yellow stars indicatemajor events during the study time period from1992–2003December. Open star indicates the event that occurred on10December2003 just after the
study period. Background seismicity is indicated by gray circles. Aftershock sequences from the 1992 and 1995M 5+ events are shown as blue and green circleswithout a rim, respectively.
(b) Lower panel: the spatial distribution of repeating sequence derived slip rates in along-strike cross-section. Upper panel:filled squareswith a black rim showa projection of repeaters on
the along-strike distance and their corresponding slip rates. Black dots shows combined surface slip rates fromGPS and leveling datameasurement. Line connectingeachGPS data indicates
the average value. Blue solid triangles and stars are along-dip projection of InSAR data (Hsu and Bürgmann, 2006) and creepmeter data (Lee et al., 2003).
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COV≌1 implies Poissonian recurrence and COVN1 indicates temporal
clustering).

A clear majority of the recurrence intervals are also longer than
∼1 year (consistent with a renewal process for deformation rates and
repeating eventmagnitudes on the Chihshang fault). However, several
intervals are as short as 0.1 years or less. Because the Chihshang re-
peating sequences occur away from the twoMN5 events and because
the terminal events of the short intervals are not correlated in time
with the MN5 events nor their aftershocks, it does not appear that
the short intervals result from accelerated post-seismic creep related
to the larger events. Therefore, these b0.1 yr recurrence intervals are
excluded from the creep rate estimates in the following section.

Short recurrence intervals of similar duration have been observed
for similar and repeating event sequences on the San Andreas and
Hayward faults at Parkfield and in the Bay Area of California (Nadeau
et al., 1995; Waldhauser and Ellsworth, 2002; Templeton et al., 2007).
They have been interpreted to be the result of a triggering or micro-
aftershock process occurring between events on closely spaced but
non-overlapping fault patches. Since triggering is a non-renewing
process, the short intervals suggest that a few of our repeating
sequencesmay be contaminatedwith events that are not occurring on
the same fault patch. This is not surprising given the relatively low
data quality and small magnitudes of the sequence events.

4. Spatio-temporal creep rate variations

Deep fault creep rates can be inferred using the recurrence
intervals and seismic moments of repeating sequence events (Nadeau



Fig. 7. (a) Histogram of recurrence intervals for the 109 repeating events. (b) Histograms
of coefficient of variation in recurrence intervals for the 30 sequences.

Fig. 8. (a) Creep rate estimates as a function of depth. Filled squares and open circles
indicate the long-term and short-term rates separately. (b) Short-term creep rate versus
repeater's lifetime.
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and Johnson, 1998; Nadeau and McEvilly, 1999; Matsuzawa et al.,
2002; Uchida et al., 2003; Nadeau and McEvilly, 2004). The method
first relates the seismic moment of a repeated event (M0) to the
surrounding aseismic fault slip (di) that loads the event's rupture
patch to failure during its preceding recurrence interval. In other
words, di represents the creep on the surrounding fault area that has
taken place since the last event on the repeating patch.

di ¼ 10αMβ
0 ð3Þ

This relationship is then used in conjunction with the preceding
recurrence intervals (Tr) or observation period (Tobs) to infer short- or
long-term fault creep rates (Vd(i) and Vd, respectively).

Short−term: Vd ið Þ ¼ ∑N
i¼2di=∑

N−1
j¼1 Tr ið Þ ð4Þ

Long−term: Vd ¼ ∑N
i¼1di=Tobs ð5Þ

where N is the number of events in the sequence, i and j refers to
individual events and recurrence intervals in a sequence, respectively.
In conjunction with the locations of the repeating sequences the rates
can then be used to map out the spatial and temporal distribution
of fault creep rates at depth. For estimating deep fault creep rates in
the Chihshang area, α=−2.36±0.16 and β=0.17±0.01 in Eq. (3). These
parameters were empirically derived from earthquake and geodetic
data at Parkfield, California (Nadeau and Johnson, 1998), and have also
been used to infer deep slip rates in other regions outside Parkfield
(e.g., along the Japan subduction zone (Matsuzawa et al., 2002; Uchida
et al., 2003; Igarashi et al., 2003)). Seismic moments for the Chihshang
area data were derived from the CWBSN earthquake magnitude
catalog (ML) using the following empirical equations,

Mw ¼ 0:9� 0:03ð ÞML þ −0:07� 0:15ð Þ ð6Þ(Huang et al., 2000)

Mw ¼ logM0=1:5ð Þ−10:73 ð7Þ(Hank and Kanamori, 1979)

where Mw is moment magnitude and ML is local magnitude.
In Fig. 8a, the depth distribution of the short-term and long-term

creep rates indicates that the two measurements have a similar range
of values (2–5 cm/yr) except for few points that show N6 cm/yr short-
term rates. The short-term rates appear to vary with depth, whereas
the long-term rates likely remain in a small range of 2–4 cm/yr. The
largest difference between the two rates appears at 20 km depth,
where we found the anomalously high short-term rate (∼8 cm/yr) is
from the short-lived sequence CH22 (i.e., lifetime=1.8 yr, from
February 1997 to December 1998). To examine whether the depth-
dependent trend is due to a biased measurement from the sequences
characterized by the relatively short lifetime, we show how the short-
term rate varies with repeater's lifetime in Fig. 8b. The result indicates
that the very short lifetime contributes to the larger short-term
estimates. This suggests that one should expect the long-term and
short-term creep rates to be the same if the repeating events span the
entire observation period. The temporally clustered sequences are less
complete in time and generally lead to large uncertainty in the creep
rate estimates. Because long-term creep rate estimates are less
scattered and more stable than short-term rates, we use the long-
term estimate to illustrate the spatial distribution of creep rate at each
repeating sequence site.

The locations, number of events, magnitudes, seismic moments,
and recurrence intervals of the 30 repeating sequences are listed in
Table 1, and the resulting deep creep rates are shown by filled circles
in Fig. 6. The creep rate estimates range from 1.8–4.3 cm/yr with an
average of 3 cm/yr. The highest creep rates (above 4 cm/yr) are found



Fig. 9. (a) Compilation of slip estimates from 113 repeating earthquakes and their
corresponding time. (b) Normalized cumulative slip as a function of time. (c) Top panel:
temporal distribution of deep slip rates from repeating sequences smoothed with a 1-yr
running window overlapped by 0.5-year. Center panel: seismicity rate as a function of
time in the area showing repeating events (23.10°N–23.23°N, 121.33°E–121.44°E, 7–
23 km at depth). Bottom panel: seismicity rate as a function of time in the entire study
area (see the box in Fig. 1). Dashed lines indicate two MN5 events.
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on the deep portion of the fault, between 16 and 18 km, and creep
rates of less than 2 cm/yr are distributed from 7–21 km depth. The
overall creep rates estimates do not reveal a systematic depth-
dependent behavior. In the upper panel of Fig. 6b, we compare the
along-strike variation of deep creep rates with surface observations.
Black dots labeled ‘GPS’ are actually the slip rates estimated from a
combination of the average uplift rate from 1985–1994 leveling data
(Liu and Yu, 1990; Yu et al., 1990) and horizontal deformation rate
from 1992–1999 GPS data (Yu and Kuo, 2001). The InSAR data (Hsu
and Bürgmann, 2006) and creepmeter data (Lee et al., 2003) are
projected into the along-dip direction assuming a fault dip angle of
60° for the shallow portion of the fault (Kuochen et al., 2004). The
above surface measurements (particularly creep) are consistent with
the deep repeating earthquake creep rates (∼3 cm/yr). This correlation
supports the validity of applying Eq. (3) to the Chihshang fault and
suggests that the empirical relationship derived from Parkfield's
repeating earthquakes data is also applicable to regions other than the
San Andreas fault.

The times and slips for different repeating sequence sites (Fig. 9a)
are used to infer temporal variation in slip rates. We first compute the
cumulative slip of all sequences through time, then the cumulative
slips were divided by the number of repeating sequences (Fig. 9 b)
(Nadeau and McEvilly, 2004). To obtain the slip rates, the normalized
cumulative slips are next divided by 1-year time intervals with a 1-
year running window stepped in 0.5-year intervals. In Fig. 9c (top
panel), the result indicates the computed slip rates first increased to
5 cm/yr in mid-1994 and suddenly dropped to 2 cm/yr, then returned
to 4–5 cm/yr during 1996–1998. Soon after 1998, slip rates gradually
decreased to 3 cm/yr then maintained 2–3 cm/yr afterward. The
temporal pattern of creep rates are compared with background
seismicity rates for the entire study area (bottom panel in Fig. 9c) and
the repeating sequences area (center panel in Fig. 9c). On May 1995,
owing to the 1995 M 5.3 mainshock in the southern portion of the
fault, consistent peaks in seismicity rates are observed at both of the
study area and the repeaters area. A decrease of deep creep rate,
however, occurred at the same period, which inversely correlates to
earthquake activity in mid-1995. The timing of deep creep rate pulses
after 1996 shows better visual correlation with the seismicity rates of
the repeaters area. This suggests that the relation between accelerated
quasi-static slips of small repeating events and the 1995 M 5 event is
not apparent. However, the temporal variation of slip rates is likely
associated with nearby background seismicity. What controls the time
histories of deep slip rate and as well as background seismicity is not
yet clear and requires further analysis.

5. Fault behavior

It is generally accepted that repeating events are located on the
edge of or away from larger asperities and are caused by repetitive
rupture of small asperities surrounded by stable sliding areas
(Beeler et al., 2001; Sammis and Rice, 2001; Johnson and Nadeau,
2002; Nadeau and McEvilly, 2004). Regions of seismically active but
non-repeating events could be either creeping or locked. In
Parkfield, the transition from locked to creeping behavior is shown
by along-strike variation of surface slip rates, which can be well
correlated with the slip rates derived from repeating earthquakes
(Nadeau and McEvilly, 1999).

The northern section of the Chihshang fault (north of 23.1°N)
where the 30 repeating sequences took place, is likely a weakly
coupled (i.e., low level of friction) area because the 3 cm/yr averaged
slip rate at depth is comparable to the surface rate. Since continuous
loading through stable-sliding material is the key mechanism for
repeated rupture on the same spots, we interpret the northern area
encompassing the repeating sequence and background seismicity as
stable-sliding area. It is worth noting that the subsequent 2003ML 6.4
mainshock occurred at the southern edge where the repeaters stop,
and its aftershock (open circles in Fig. 6) generally extended south-
ward from the hypocenter to avoid the repeating section. Geodetically
derived co-seismic slip is modeled to be dominant in southern portion
of the fault (Hu et al., 2007), which implies that fault creep may be
restricted at the northern segment. The southern sectionwhich has no
repeating earthquakes, and is the location of the major slip from the
ML 6.4 event, is inferred as a strongly coupled area (i.e., locked, which
generate large amplitudes of slip co-seismically).

According to creep meter data from 1998 to 2003, the coupling of
the fault slip is relatively strong in the dry season. The fault creeps
steadily during the rainy season and remains locked in the dry season,
while microearthquake activity is active at a depth range of 10–25 km
without seasonal variation (Lee et al., 2001; Lee et al., 2003). The
difference in the temporal occurrence of surface creep and subsurface
seismicity indicates the strong fault coupling at the near surface. The
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stress that accumulated at greater depth was partially released during
the wet season and stored during the dry season, which may have
eventually reached a critical condition that produced the 2003 ML 6.4
Chengkung earthquake on this fault segment.

6. Conclusion

We have found repeating earthquakes on an imbricated reverse
fault in the arc-continent collision boundary of eastern Taiwan, the
Chihshang fault. The Chihshang fault creeps at the surface with a high
rate of 2–3 cm/yr and slips in large earthquakes. To improve seismic
hazard assessment, it is important to know how the creep rate
observed at the surface is related to the fault slip rate at depth. The
recently discovered repeating earthquakes in the Chihshang area offer
a new insight into deep fault behavior. We have shown that the
repeating events are located in the northern half of the fault,
indicating the fault property in this portion is probably different
from that in the south. The 30 repeating sequences occurred at 7–
23 km depth with 3 cm/yr average deep slip rate consistent with
surface creep rate, suggesting that the creeping section probably
extends from near surface to the depth of 23 km in the north. We infer
a contrasting deep fault slip behavior from north to south on the
Chihshang fault. The northern segment is creeping and the southern
segment is partially locked with a higher earthquake potential,
consistent with the occurrence of the 2003 M 6 event.

In this study, we also pay particular attention to developing a
proper identification scheme because the high noise level of the
seismic data and low station coverage in this area could have
significant impact on the identification of repeating earthquakes. We
propose an objective composite selection criterion to identify
repeating sequences. Considering the criteria in both S-P differential
time and waveform similarity, this method provides an independent
check on repeating events decomposition. The repeating sequence
identification using composite selection criteria has an obvious
advantage when poor station coverage and low signal to noise level
are present.
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