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Abstract Rapid exhumation of 3–10mm/yr of the Taiwan metamorphic range is often explained as
the unroofing of the retrowedge of a doubly vergent mountain belt. Yet, to date, the Central Range fault
forming the boundary of the retrowedge has displayed no definitive evidence for recent seismic activity and
no unambiguous geomorphic expression over much of the fault. The 2013M6.4 Rueisuei reverse-faulting
earthquake nucleated at the eastern boundary of the retrowedge and appears to illuminate the west dipping
Central Range fault. We estimate the fault geometry and coseismic slip distribution using a uniform stress
drop slip inversion and surface displacements derived from GPS and strong-motion data. We identify a ~42°
dipping blind reverse fault, consistent with the previously proposed buried Central Range fault beneath the
highly active Longitudinal Valley fault. This earthquake may be the first indication that rapid exhumation and
uplift occur along a distinct fault structure bounding the eastern margin of the Taiwan retrowedge.

1. Introduction

The Taiwan mountain belt, which is deforming by collision between the Luzon arc and Chinese continental
margin, (Figure 1) [e.g., Suppe, 1981; Byrne et al., 2011] has been analyzed with the theory of critical taper
wedge mechanics [Suppe, 1981; Davis et al., 1983; Dahlen et al., 1984; Barr and Dahlen, 1989; Barr et al., 1991;
Suppe, 2007] and interpreted as an orogenic wedge developing above a detachment at or above the top of
the east dipping Eurasian slab [Suppe, 1981; Davis et al., 1983; Carena et al., 2002; Yue et al., 2005]. However,
since critical taper mechanics views the orogen as a singly vergent wedge and does not explicitly consider
the role of structures at the retrowedge, the model is not able to explain 3–10mm/yr unusually high rates of
exhumation and uplift [Liu et al., 2001; Dadson et al., 2003; Willett et al., 2003; Beyssac et al., 2007; Kirstein et al.,
2010; Ching et al., 2011a] at the eastern wedge. On the other hand, models with doubly vergent wedges and a
retroshear structure [Willett et al., 1993; Willett and Brandon, 2002; Fuller et al., 2006] may be able to explain the
rapid rates. The boundary at the retrowedge between the Central Range to the west and the Longitudinal Valley
to the east was long ago named the Central Range fault [Biq, 1965]. This fault is also considered to be one of
the major faults, in addition to the Longitudinal Valley fault, of the Longitudinal Valley suture that marks the
ongoing collision of the Luzon volcanic arc with the Eurasian margin [e.g., Shyu et al., 2006]. However, to date
there has been no definitive evidence of recent seismic activity on the Central Range fault north of the 2006
Taitung earthquake (Figure 1). There is also no unambiguous geomorphic expression of the northern portion of
the Central Range fault north of Rueisuei [Willemin and Knuepfer, 1994; Shyu et al., 2006] where deformation in the
suture zone is complicated by northwestward motion of the Philippine Sea plate under Taiwan [e.g., Lallemand
et al., 2013]. Therefore, it remains unclear what role the Central Range fault plays in mountain building and
whether the fault even exists as a distinct structure in eastern Taiwan.

The paucity of geological and geophysical evidence has led to discordant views on the existence and type of
motion on the Central Range fault in numerous studies over the years. This boundary has been interpreted
variably as a contact between metamorphic rocks and overlying sediments [e.g., Chang et al., 2000; Malavieille
et al., 2002; Malavieille and Trullenque, 2009], an east dipping normal fault [e.g., Crespi et al., 1996; Lee et al.,
2001, 2003; Bertrand et al., 2012], an east dipping strike-slip fault [e.g., Huang et al., 2006] and a west dipping
reverse fault [e.g., Teng and Lin, 2004; Shyu et al., 2005, 2006]. Detailed field mapping of the Central Range
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fault by Shyu et al. [2006] identified the fault trace from geomorphic features in the central Longitudinal Valley
between Rueisuei and Chihshang (Figure 1). Studies of ambient seismicity and repeating earthquakes
[Kuochen et al., 2004; Rau et al., 2007; Chen et al., 2009b] infer a west dipping fault in the northern Longitudinal
Valley, but they interpret the structure to be the Longitudinal Valley fault, a major oblique fault with sinistral
reverse motion in the eastern valley. In the southernmost valley, the 2006M6.1Taitung earthquake and its
aftershocks delineate a high-angle fault along the eastern flank of the Central Range south of Luyeh [Wu et al.,
2006; Chen et al., 2009a; Mozziconacci et al., 2013] (Figure 1), which is interpreted to be associated with the
Central Range fault [Wu et al., 2006; Mozziconacci et al., 2013] even though the focal mechanism solution is
mainly strike slip. The treatment of the Central Range fault in numerical studies is also varied. Some models
ignore the fault [e.g., Willett et al., 2001; Hsu et al., 2003; Mouyen et al., 2009], whereas at least one model

Figure 1. Active faults and seismicity around the Longitudinal Valley, eastern Taiwan. Red lines are fault traces based on
Shyu et al. [2005], and dashed red line is inferred location of buried Central Range fault. Irregular black line denotes
mountain front of Central Range. Beach balls are 2000 Hualien (black), 2006 Taitung (black), and 2013 Rueisuei (red) main
shocks. Grey dots areM> 3 relocated seismicity from 1990 to 2011. Cyan, magenta, and orange dots are aftershocks of the
2013 Rueisuei, 2006 Taitung, and 2000 Hualien earthquakes, respectively. Seismicity within dashed-line box is plotted in
Figure 3. Inset shows tectonic setting of Taiwan. Cyan line is cross section of Figure 4. S01R (Paisha station) is the reference GPS
site. White arrow denotes plate convergence rate from Yu et al. [1997]. LVF: Longitudinal Valley fault; Ce.R.: Central Range.
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represents it as a normal fault [e.g., Simoes et al., 2007]. Numerical models of present-day vertical motions
show that slip on the Central Range fault improves the fit of vertical motion recorded with GPS data [Johnson
et al., 2005; Huang et al., 2010; Ching et al., 2011a].

The 2013M6.4 Rueisuei earthquake is the first reverse-slip event providing seismic and geodetic constraints
on fault activity (Figure 1) and uplift of the Central Range side (footwall) of the northern Longitudinal Valley
fault. We conduct a joint inversion of coseismic displacements derived from GPS and strong-motion data
for fault geometry and slip distribution and show that the northern Central Range fault is indeed active.
We suggest that this result together with the observations from Shyu et al. [2006] and the 2006 Taitung
earthquake indicates that the entire Central Range fault is the active structure bounding the retrowedge and
contributing to mountain building in Taiwan.

2. Data and Joint Inversion

In order to characterize coseismic displacements for the Rueisuei earthquake, we use surface displacement
data derived from strong-motion seismometers and continuously recording GPS. We acquired phase data
from 25 strong-motion stations of the Taiwan Strong-Motion Instrumentation Program of the Central
Weather Bureau (CWB) in Taiwan. We adopt the method of Wu et al. [2006] to integrate acceleration records
twice with baseline corrections [Wu and Wu, 2007] (Figure S1) in order to obtain coseismic displacements
(Figure 2). We use continuous GPS data from 48 stations processed by the Taiwan Earthquake Research
Center (TEC) GPS lab (data source: http://gps.earth.sinica.edu.tw). The coseismic displacements (Figure 2) are
determined by differencing 4 and 3 day average GPS positions before and after themain shocks, respectively,
with respect to the Paisha station (S01R) (Figure 1). The maximum coseismic displacements are 43mm and
66mm in the horizontal and vertical directions, respectively. We relocate the main shock and aftershocks by
using the 3-D location method of Wu et al. [2008] with 3-D tomography data based on Wu et al. [2009] to

Figure 2. (a) Mean coseismic slip distribution and model fit to horizontal displacements of 2013 Rueisuei earthquake. Blue arrows are observations from GPS,
blue-grey arrows are from strong motion, and red arrows are model vectors. Error ellipses show 95% confidence level. The left inset shows posterior probabil-
ity distributions of relative weights of �2 uncertainties for data from GPS and strong motion. CRF: Central Range fault; LVF: Longitudinal Valley fault. (b) Probability
of slip and model fit to vertical displacements of 2013 Rueisuei earthquake. Colored rectangles represent the mean of binary slip parameter where 0 means
the patch did not slip and 1 indicates the patch slips coseismically. Line XY is location of cross section in Figure 3. Lower left inset compares seismic and geodetic
focal mechanisms.
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compare with our model results. We process seismicity for 15 days after the Rueisuei main shock to identify the
aftershocks. In order to further explain the seismogenic structure in the western valley, we also relocate the
main shock of the 2000 Hualien earthquake and aftershocks within 2months of themain shocks. The azimuthal
distribution of the local seismic network is not optimal since most of the stations are located west of the
seismicity. It is well known that this geometry can produce a systematic bias in the location of earthquakes.

In order to characterize the fault geometry, we use a probabilistic, Bayesian inversion technique with theMarkov
chain Monte Carlo Metropolis algorithm to solve for slip distributions and fault orientations simultaneously.
We use a homogenous elastic model with the mechanical constraint of uniform stress drop based on Sun
et al. [2011], also adopted by Ching et al. [2011b] and Chuang et al. [2013]. In the inversion, we solve for fault
parameters including position, strike, dip, and two components of stress drop with fixed fault plane size
(length and width of 30 km) and depth (the top of the fault plane on the surface). The fault planes are
discretized into 225 patches in total (15 in each direction). We solve for a binary slip parameter that determines
whether or not the patch slipped during the earthquake. The Bayesian inversion also provides an objective
basis to weigh the two different types of data sets: GPS and strong-motion-derived displacements.

3. Results

Figure 2 shows the mean estimated slip distribution, the probability that an individual patch slipped in the
earthquake, and fits to the horizontal and vertical observations. The fits to the data are generally good except
some fits to the horizontal strong-motion data. The other model parameters estimated in the Bayesian
inversion are shown in Figure S2. Estimated strike-slip and dip-slip components of coseismic stress drop
are �1.4 ± 0.2 MPa (left lateral) and 2.0 ± 0.3 MPa (reverse), respectively. The model fault is west dipping
(strike of 201°–209° and dip of 39°–44°; Figure S2). The average slip of 0.13m with maximum slip of 0.56m
is concentrated at depths between 4 and 15 km (Figure 3). The average rake is 57° (0° means left-lateral
movement and 90° means reverse movement), indicating primarily reverse sense of slip with left-lateral
motion. The computed moment tensor from our model result agrees well with the seismic focal mechanism
solution (Figure 2b). The model fault plane is located slightly above the distributions of the aftershocks,
similar to other studies [e.g., Ching et al., 2011b; Chuang et al., 2013]. This is likely a consequence of the
assumed homogeneous elastic properties. It would require lower elastic moduli at shallow depths to fit data

Figure 3. Cross section of model fault plane looking from southwest parallel to the strike of model fault plane. Color bar
indicates model fault plane with sum of slip over patches at the same depth. Model fault plane is slightly above seismi-
city possibly due to simplified elastic structures and earthquake relocation errors. Most slip occurred at depths between 4
and 15 km. Red and black focal mechanism solutions show the Rueisuei and Hualien earthquake, respectively. Blue line is
Longitudinal Valley fault after Shyu et al. [2005], and red line is Taiwan main detachment proposed by Carena et al. [2002].
LV: Longitudinal Valley. Seismicity symbols are same as those in Figure 1.
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with a deeper fault plane [e.g., Chuang et al., 2013]. We estimate a seismic moment of 3.44 × 1018 Nm and a
moment magnitude of 6.36 assuming a shear modulus of 30GPa, in agreement with CWB catalog ofMw=6.4.

4. Discussion and Conclusions

While the east dipping, reverse-slip Longitudinal Valley fault (Figure 2) is the only recognizable fault at the
surface in the northern valley, the Rueisuei earthquake uplifted the footwall side of the Longitudinal Valley
fault, requiring the existence of an additional fault in the northern valley. The inferred slip on the west
dipping fault is consistent with the geometry of the thrusting Central Range fault proposed in other studies
[e.g.,Yen, 1965; Shyu et al., 2006]. At the southern end of the Longitudinal Valley, themodel results of the 2006
Taitung earthquake also show similar but steeper fault geometry [Wu et al., 2006; Chen et al., 2009a;
Mozziconacci et al., 2013]. The lateral extension of the model Rueisuei fault and the distribution of aftershocks
correlates well with the surface mapping of the Central Range fault around Rueisuei [Shyu et al., 2006]
(Figure 2), and the lack of coseismic slip above 4 km depth is also consistent with the interpretation that the
Central Range fault is buried beneath the Longitudinal Valley fault [Shyu et al., 2005, 2006] (Figure 3). The
Rueisuei earthquake demonstrates that the Central Range fault is clearly active north of Rueisuei contradicting
the interpretation by Shyu et al. [2006] that the fault is inactive. Note that the correlation between the Rueisuei
fault plane, ambient seismicity, and the main shock and aftershocks of the 2000 Hualien earthquake suggests
that the northward trend of the Central Range fault seems to maintain the same fault geometry (Figure 3).
We suggest that the 2000 Hualien earthquake, which had not yet been well studied before, also occurred
on the Central Range fault. Although the Rueisuei earthquake was concentrated at depths of 4�15 km,
aftershocks and background seismicity are deeper, showing that the fault is active to at least 20 km depth,
which is deeper than the thin-skinned detachment proposed by Carena et al. [2002] (Figure 3).

Our result together with the observation from Shyu et al. [2006] and the 2006 Taitung earthquake illuminates
the geometry of the reverse Central Range fault along the entire length Longitudinal Valley, consistent with
the retrothrusting structure of the doubly vergent orogenic wedge [Silver and Reed, 1988; Willett et al., 1993;
Willett and Brandon, 2002; Fuller et al., 2006; Fisher et al., 2007] (Figure 4) and consistent with the numerical
models incorporating a reverse fault to fit present-day vertical geodetic data of the orogen [Johnson et al.,
2005; Ching et al., 2011a]. Although critical taper mechanics can be used to estimate the geometry of the back
thrust, it predicts a gently dipping retrowedge detachment of ~5° similar to the prowedge detachment
geometry [e.g., Suppe, 1981], which is significantly less than ~42° dip inferred from this study. Laboratory studies
and kinematic models show that the geometry of the back thrust influences the geometry and deformation of
the retrowedge [e.g., Rossetti et al., 2002; Simoes et al., 2007]. Laboratory experiments show that the geometry of
the retrowedge back thrust may also reflect the strength of the basal detachment [Malavieille and Trullenque,
2009]. The inferred fault geometry from this study may be used to constrain the wedge deformation.

Figure 4. Cross section of Taiwan orogenic wedge. Blue lines are major faults after Chuang et al. [2013]. Red line is proposed
Taiwanmain detachment by Carena et al. [2002], and pink line is proposed detachment by Yue et al. [2005]. Dashed black lines
are hypothetical material flow lines of doubly vergent wedge after Willett and Brandon [2002] and Fuller et al. [2006]. Focal
mechanism shows the Rueisuei earthquake. P wave velocity tomography image is from Kuo-Chen et al. [2012]. Dashed blue
line indicates isosurface of 7.5 km/s P wave velocity. CR: Coastal Range; LV: Longitudinal Valley.
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The reverse fault geometry may suggest that the Central Range fault is contributing to the uplift of the
orogen as reflected by our modeling of the coseismic displacements. However, one could associate the west
dipping fault in northern valley with the westward motion of the Philippine Sea plate beneath the Central
Range [e.g., Wu et al., 2009] or the incipient northwestward underthrusting of the Philippine Sea plate [e.g.,
Lallemand et al., 2013]. In the latter case, slip on the fault that ruptured in the Rueisuei earthquake would
not necessarily contribute to long-term uplift of the Central Range, and therefore, the fault would be part
of the back thrust of the doubly vergent wedge in terms of geometry rather than dynamics. Without
observations of the interseismic vertical deformation across this region [e.g., Ching et al., 2011a], it is not
possible to know for sure that mountain building is being accommodated along this fault. However, previous
studies suggest the underthrusting associated with subduction occurs farther offshore [e.g.,Malavieille et al.,
2002; Lallemand et al., 2013], so if this is indeed an underthrusting event, the Rueisuei earthquake requires a
modification of the underthrusting model to incuse onshore faulting.

Although a thin-skinned model [Carena et al., 2002; Yue et al., 2005] previously proposed a widespread
shallow detachment under much of Taiwan (Figure 4), the recent 2013 Nantou earthquake series and the
Rueisuei earthquake suggest that faulting extends deeper than this shallow detachment. The 2013 Nantou
earthquakes illuminate the Nantou ramp fault extending to ~20 km depth under the Taiwan fore wedge
[Chuang et al., 2013] (Figure 4). Similarly, the Central Range fault appears to extend to at least a depth of
20 km under the retrowedge. It is possible that these newly identified active faults bound a doubly vergent
orogenic wedge that extends deeper than the proposed shallow detachment (Figure 4).
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