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We adopted 106 campaign-mode GPS observations and 310 precise leveling measurements between 2002
and 2010 to understand the present-day crustal deformation in mudstone area and to estimate the earthquake
potential of the Hsiaokangshan (HKSF) and the Chishan faults (CHNF) in southwest Taiwan. Horizontal velocities
east of the CHNF are ~66 mm/yr, 270° and gradually decrease westward to ~15 mm/yr, N259°. A horizontal
velocity gradient of ~15 mm/yr is shown between the HKSF and CHNF. Subsidence rates west of the HKSF and
east of the CHNF are ~5–10mm/yr, while the uplift is observed between these two faults in the highest elevation
with themaximum rate of ~18mm/yr. The observed deformation patterns are difficult to be fullymodeled by 2D
kinematic fault model. Field relationshipswithin the vertical shear zones of themudstone therefore indicate that
the deformation pattern may be also controlled by a relic onshore mud diapir that is still experiencing vertical
uplift. Consistency between the geological and geodetic vertical velocities,weak rock strength, and nodestructive
earthquakes over the last 100 years imply that faults (HKSF) within the mudstone area are creeping. However,
the CHNF or the associated décollement may still have earthquake potential.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The stress accumulated due to the high surface shortening ratemea-
sured by geodetic surveys due to the friction on reverse fault planes is
proposed to be released by earthquakes in the compressive environ-
ment [e.g., Kostrov, 1974; Savage and Simpson, 1997]. In this condition,
an anticlinal landform grows due to the formation of thrust-related
anticline [e.g., Lacombe et al., 1997, 2004]. However, the anticlinal land-
form is also the apparent topographic feature of themud diapir because
of ascending of the buried sediments due to buoyancy contrast inmate-
rials [Kopf, 2002]. The mud diapir, an upward migrating mass of buoy-
ant, clay-rich sediment but not piercing all of its overburden rock, is
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usually related to regional compressive stresses, too [Hedberg, 1974;
Jenyon, 1986; Magara, 1978; Shih, 1967; Sumner and Westbrook,
2001; Kopf, 2002; Franek et al., 2014]. In other words, the upward mi-
gration of mud diapir will reduce the estimated seismic hazard. There-
fore how to distinguish the mechanisms of the thrust-related anticline
and mud diapir in the high shortening region is an important issue to
evaluate the earthquake potential.

Southwest Taiwan (the Kaoping region) (inset of Fig. 1a) contains
the second largest city in Taiwan, Kaohsiung metropolitan area, at the
western Kaoping region with more than 2.7 million people and two
national freeways and one high speed railroad pass through this area
(Fig. 1a). This region is an excellent experimental field to answer the
foresaid question because of the high contraction rate of ~1.0 μstrain/yr
and right-lateral shearing inferred from previous sparse GPS horizontal
velocities [Bos et al., 2003; Chang et al., 2003; Ching et al., 2007b,
2011b; Hsu et al., 2009], suggesting that there is a potential for a large
seismic event. However, the historical earthquake records indicate that
no significant earthquakes have occurred within the last century
[Cheng and Yeh, 1989]. Therefore does it mean a large earthquake
being coming in SW Taiwan in the near future because seldom earth-
quakes occurred in this area, such that the M 8.8 Maule earthquake
occurs at a seismic gap in a subduction zone [e.g., Moreno et al., 2010]?
e to development of diapiric anticline in southwestern Taiwan from
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On the other hand, the inland mud diapirs with reefal limestones have
been also observed in southwest Taiwan [Huang et al., 2004; Sun and
Liu, 1993]. Is this high strain being accommodated by the development
of mud diapir with low potential for major seismicity?

This study combines 106 campaign-mode GPS station data and 310
leveling measurements collected by the Central Geological Survey and
theMinistry of Interior, Taiwan between 2000 and 2010 to characterize
the deformation pattern within the region of high contraction in south-
west Taiwan. A classical 2D fault model is adopted to examine the
mechanism of high strain rates and to estimate the potential for
generating large earthquakes in the future. Field relationships of faults
within the deformation zone are also considered to reconcile a discrep-
ancy between the observed surface deformation and the 2D modeling
results. We conclude that the deformation in southwest Taiwan
could be a hybrid between relic mud diapirism (vertical tectonics) and
fold-and-thrust shortening (horizontal tectonics).

2. Tectonic settings

The Taiwanmountain belt is an ongoing arc–continent collision zone,
resulting from the late Cenozoic oblique convergence between the Luzon
volcanic arc of the Philippine Sea Plate and the passive continental
margin of the Eurasian plate [Angelier et al., 1986; Barrier and Angelier,
1986; Ho, 1986; Huang et al., 1997; Suppe, 1984; Teng, 1990; Byrne
et al., 2011] (inset of Fig. 1a). The Philippine Sea Plate moves northwest-
ward relative to the continental margin (the Penghu Islands) with a rate
of about 82mm/yr [Yu et al., 1997]. According to analyses of the GPS ve-
locities, strain rates, and blockmodeling results, our study area is located
within the “deforming domain” proposed by Ching et al. (2007b, 2011b).
The strong internal E–Wshortening of 0.22–0.92 μstrain/yr,with obvious
clockwise rotation of 14.5°–27.1°/Myr, and right-lateral shearing are
represented in this area between the deformation front and the Chishan
fault (i.e., most parts of the Western Foothills) [Bos et al., 2003; Chang
et al., 2003; Ching et al., 2007b, 2011b; Hsu et al., 2009] (the area west
of the Chishan fault in Fig. 1a). Based on the principal strain rate orienta-
tions and the presence of NNE‐striking faults, the multiple reverse faults
with a minor right‐lateral slip component have been proposed to be
active within this domain [Ching et al., 2011b].

2.1. Geology

Our study area (Kaoping region) is located in the regional transition
zone from subduction to collision, and consists of Miocene shallowma-
rine deposits and Plio-Pleistocene foreland basin rocks [Lin and Watts,
2002; Teng, 1987]. In this study we mainly focus on the north-central
area comprised by the Wushan Formation (Ws) and the Gutingkeng
Formation (Gtk) (Fig. 1a).

The Ws (Fig. 1a) is exposed as a prominent topographic ridge. The
age of this formation is close to the Tangenshan sand stone in the
early Miocene. The maximum thickness of the Ws is 1360 m. Its major
composition is gray to ochroid fine sand stone and dark gray sandy
shale, and sometimes interlaces thin sand stone intercalated with
shale [Chou, 1971].

The Plio-Pleistocene Gtk dominates the study area and forms a well
exposed badland topography throughout the region. The Gtk consists of
gray sandy siltstone and sandy mudstone intercalated with lenticular
greywacke and subgraywacke with abundant Mollusca [Chou, 1971]
(Fig. 1a). The thickness of this formation is 540–1000 m. The Upper
Fig. 1. (a) Geological background. Blue triangles are campaign-modeGPS stations. Thick black lin
is the geological formations in our study area. Red lines denote the locations of the active faults.
the Chaochou fault. (i) denotes the Takangshan hill and (ii) denotes the Hsiaokangshan hills. Da
Taiwan. Green square denotes the study area. (I)Manila trench; (II) Ryukyu trench; (III) deform
2002 to 2010. Arrows denote the vectors derived by campaign-mode GPS observations. Ellipse
velocity. Gray rectangles show the locations of velocity profiles AA′ and BB′. Dashed gray recta
colored triangles denote uplift; cool-colored inverse triangles represent subsidence. Gray lines
Taiwan. Color scale is the magnitude of the velocity. (For interpretation of the references to co
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Gtk is erosion resistant and appears as 4–5 m prominent layer. The
bottom of Gtk formation is conformable with the older Ws.

Two anticlinal landforms in southwest Taiwan are noteworthy struc-
tural features: the Takangshan hill and the Hsiaokangshan hill (Fig. 1a),
which were proposed to be topographic features related to mud diapirs
because of analogous offshore mud diapirs with reefal limestone caps
[Sun and Liu, 1993; Huang et al., 2004]. However, due to the asymmetry
of the anticlinal landform, the mud diapir hypothesis was rejected by
Lacombe et al. (1997, 2004) and west vergent thrust-related anticlines
were proposed as an alternative origin of these anticlinal mudstones.

2.2. Active faults

Concurrent with the development of the active anticlinal landforms,
three major faults, the Chishan fault (CHNF), Lungchuan fault (LCNF),
and Hsiaokangshan fault (HKSF) from east to west (Fig. 1a), are
examined in this study. Based on the field investigations and analyses of
geophysical data, the CHNF and the HKSF were classified as first class
and second class active faults, respectively, by the Central Geological
Survey (CGS) in 2010.

The HKSF forms the western boundary of the Takangshan and
Hsiaokangshan hills [Sun, 1964] (Fig. 1a). The length of the NNE-
striking HKSF is ~8 km and DEM analysis indicates an obvious fault
scarp [Hsu and Chang, 1979; Sun, 1964]. However, the exact location
of theHKSF is still unclear because the scarp has been eroded and there-
fore the fault surface is poorly exposed in the field. Previous seismic
studies indicate that the HKSF is an east-dipping thrust fault [Hsu and
Chang, 1979; Sun, 1964]. In addition, based on carbon-14 dating from
4 wells near the HKSF, and the assumption of an ~45°, east-dipping
fault the net long-term slip rate of the HKSF is estimated to be 5.7 ±
1.4 mm/yr [CGS Report, 2009].

The LCNF (Fig. 1a) has been proposed as a reverse fault with low dip
angle with the thickness of fault gouge observed from the outcrop as
~20–30 m [Huang et al., 2004]. The strike of the northern LCNF is ~N–S
orientation while the strike of the southern LCNF is about N30°–40°E
(Fig. 1a). In addition, the fault dip angle also becomes steeper to the
north. The LCNF might be a thrust along the hinge of the anticline.
From the seismic reflection profile, the anticline has been inferred as
the fault propagation fold [Cheng, 2000].

The NE-trending CHNF, composed of a major fault and several
branching segments, separates the Gtkmudstone to thewest (footwall)
and the Ws to the east (hanging wall) (Fig. 1a). Data on the sense of
shear of the CHNF has proven to be ambiguous. Slickenside analysis
result along the fault trace suggests the CHNF to be a reverse fault
with a left-lateral component [Hsieh, 1970; Hsu and Chang, 1979;
Tsan and Keng, 1968; Chen, 2005]. However, the analysis of GPS data
across the CHNF indicates that the fault is a reverse fault with a right-
lateral component [Ching et al., 2007b, 2011b; Hu et al., 2007;
Lacombe et al., 2001]. Gourley et al. (2012) mapped vertical shear
zones within the CHNF that contained normal sense of shear indicators
that suggest the Gtk has moved vertically (up) relative to the Ws.

3. Geodetic data acquisition

3.1. Campaign-mode GPS observations

Weused theGPS observations from106GPS stations installed by the
CGS in our study area in SW Taiwan from 2002 to 2010 (Fig. 1b). GPS
e shows the downtown of Kaohsiung city. THSR is Taiwanhigh speed railroad. Background
HKSF: the Hsiaokangshan fault, LCNF: the Lungchuan fault, CHNF: the Chishan fault, CCUF:
shed gray rectangle indicates the location of Fig. 5b. The inset shows the tectonic frame of
ation front; (IV) Okinawa trough. (b) Horizontal velocities relative to the station S01R from
s at the tips of vectors are the 95% confidence interval. Color scale is the magnitude of the
ngle indicates the location of Fig. 5b. (c) Vertical velocity field during 2000–2010. Warm-
(Route I and Route II) are the leveling routes installed by the Central Geological Survey,

lor in this figure legend, the reader is referred to the web version of this article.)
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surveys were generally carried out annually. A station is usually occu-
pied by more than two sessions per year. Each session is 6–14 h and
all available satellites are tracked and rising higher than a 15° elevation
angle. The sampling interval for data logging is 15 s. For about 43% of
GPS sites, GPS campaigns spanned more than 6 years. For about 37% of
GPS stations, GPS campaigns spanned between 2.5 and 6.0 years. The
remaining campaigns spanned about 1.0–2.5 years.

The campaign-surveyed GPS data were processed session by session
with Bernese software v.5.0 [Dach et al., 2007] to obtain the precise sta-
tion coordinates. The precise ephemerides provided by International
GNSS Service (IGS) were employed and fixed during the processing.
Four global IGS fiducial stations surrounding Taiwan (TSKB, GUAM,
PERT and IISC) on the international terrestrial reference frame
(ITRF2005) [Altamimi et al., 2007] were used to determine the daily
position solutions of 106 GPS stations in our study area. The horizontal
uncertainties of station coordinates are estimated to be 2–5mm.Howev-
er, the vertical uncertainties are much larger, approximately 10–20 mm.
Because of the relatively large uncertainty in the vertical component in
our results, we only adopt the horizontal GPS observations in this paper.

3.2. Precise leveling data

The leveling measurements used here are collected from two ~E–W-
trending precise leveling routes installed by the CGS with the bench-
mark-spacing of ~1 km (Fig. 1c). The leveling data were mostly collected
at night by Zeiss DiNi-12 digital leveling instrumentswith invar rods sup-
ported by corresponding struts. The precise leveling surveys have been
generally carried out annually. The first CGS leveling transect is 91 km
in length and crosses the northern side of Takangshan hill. The second
transect is 50 km in length and traverses the southern region of
Hsiaokangshan hill. These two leveling lines were repeatedly surveyed
six times from 2004 to 2010.

Four stringent specifications were applied to the leveling field work
in order to reduce or eliminate measurement errors [Chen et al., 2011].
First, the maximum permissible difference in sight lengths between
forward and backward sights is 0.5 m per set-up, and the cumulative
difference is limited to 1.5 m per section. Second, the maximum length
of sight is restricted to 30 m for greatly reducing the influence of
atmospheric refraction. The minimum and maximum sight ground
clearances are 0.3 m and 2.7 m, respectively. Third, the maximum
standard deviation of each leveling reading in a set-up is ±0.2 mm. Fi-
nally, the maximum difference of the two height differences from the
double readings at a set-up is limited to 0.4 mm [Chen et al., 2011]. Be-
sides, themaximummisclosure between forward and backward runs in
a section is limited to±2.0mm √k (k being the section distance in km).
The systematic errors of various kinds were calculated and removed
from the measurements, including the invar rod correction from cali-
bration against standard, the invar rod correction for thermal expan-
sion, the curvature correction, and the collimation error [Chen et al.,
2011].

4. Surface velocity field

4.1. Horizontal velocity field

In order to characterize the surface deformation of SW Taiwan, we
estimate the secular horizontal velocities of GPS stations based on the
coordinate time series in a time span of 9 years between 2002 and
2010. Eq. (1) is then used to fit the coordinate time series of nth station
and ith coordinate component.

xin tð Þ ¼ ain þ bint þ vin ð1Þ
Fig. 2. (a) Sketch map of 2-D fault model. (b) Modeling results across the AA′ profile. (c) Mode
central two panels are horizontal velocities. The lowest panel represents fault geometries an
are model predictions. Dashed lines denote the locations of the major faults extended to the su
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Here, xni (t) is the observed displacement of each station at a specific
epoch, t, in units of year. ani is the intercept; bni is the linear velocity of
the station; and vn

i is the residual. Next, the horizontal velocities are
estimated by least squares in east and north components.

The standard deviation of horizontal velocities was estimated by an
empirical function shown in Ching et al. (2011b). We scaled the formal
uncertainties (σls) obtained from least squares estimation of velocities
by amount k = (mis/2)2. Here k is the effect of daily coordinate varia-
tion presented in the coordinate time series, where mis is the residual
of calculations and observations for the time series on east and north
component, respectively. Then the uncertainty σ of velocity for each
component is re-estimated by σ = (σls

2 × k) 1/2.
GPS horizontal velocities are relative to the station S01R at the

Penghu Island in the Chinese continental margin (Fig. 1b and Table S1).
The horizontal velocities east of the Chishan fault are ~66 mm/yr,
N270°. Velocities gradually decrease westward to ~15 mm/yr, N259°.
The azimuths of velocities present an apparent counterclockwise rota-
tion from EW toWSW. This rotation has been interpreted as southwest-
ward lateral extrusion within the collision of Taiwan [Ching et al.,
2007b; Gourley, 2006; Byrne et al., 2011]. In addition, most azimuths
of velocities in the northern area are almost westward. However, the
azimuths in the southern area rotate from nearly W (~270°) to WSW
(~255°). A notable horizontal velocity gradient is detected between
the CHNF and HKSF. A shortening rate of ~15 mm/yr exists from
~50 mm/yr east of the CHNF to ~35 mm/yr west of the HKSF (Fig. 1b).

4.2. Vertical velocity field

The vertical velocities are evaluated by repeated leveling measure-
ments from two CGS precise leveling lines according to the coordinate
time series in a time span of 7 years from 2004 to 2010. Eq. (1) is also
used to fit the coordinate time series of nth station and ith coordinate
component. The reference stations of these two independent precise
leveling lines are the westernmost benchmarks of their leveling routes.
Due to the sparse distribution of the CGS benchmarks in our study area,
the vertical velocity field between 2000 and 2008 published by Ching
et al. (2011a) is also adopted to obtain more abundant information of
surface vertical deformation. These vertical velocities derived from the
leveling data are placed in a reference frame of the Chinese continental
margin, station S01R, using 199 continuous GPS observations at nearby
sites [Ching et al., 2011a].

To compare these two vertical velocity fields, we have to adjust the
CGS leveling vertical velocities into the same reference frame as the
published velocities by Ching et al. (2011a). To do this, we compare
the differences of vertical velocities between these two datasets at
the same observation sites. The difference of vertical velocities is the
difference of their vertical velocity reference frames. Twenty bench-
marks are chosen for thenorthern CGS leveling route and thediscrepan-
cy of ~−3.9 mm/yr in vertical velocity is estimated. One benchmark is
selected for the southern route and the discrepancy of ~−3.6 mm/yr
is inferred. Then we remove these discrepancies from two CGS leveling
vertical velocity fields and the reference station for the hybrid vertical
velocity field is S01R station (Fig. 1c, Tables S2 and S3).

For the vertical velocity field in SW Taiwan, we notice that there is a
high correlation between the spatial variation of vertical velocities and
the terrain elevation (Fig. 1c). The uplift is mainly represented in the
hill area with the maximum uplift rate of ~18 mm/yr located between
the HKSF and the CHNF. The subsidence with a rate less than 15 mm/yr
is predominately shown in plain domain (Fig. 1c). In the northern study
area, the vertical velocities west of the HKSF are subsidence. On the con-
trary, the velocities gradually increase eastward up to ~18 mm/yr
between the HKSF and the CHNF. East of the CHNF, the vertical velocity
ling results across the BB′ profile. The uppermost panel shows the vertical velocities. The
d slip rates on the faults. Light circles with error bars are observations while dark circles
rface.
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Table 1
Fault parameters of profiles AA′ and BB′.

Fault name Profile AA′

Dip angle
(°)

Depth
(km)

Locking depth
(km)

Location
(km)

Slip rate
(mm/yr)

Rake
(°)

HKSF 52.9 ± 4.1 6.2 ± 0.1 2.3 ± 0.2 6.7 ± 0.2 24.3 ± 1.6 107.9 ± 2.1
CHNF 63.8 ± 8.5 6.7 ± 0.1 3.6 ± 1.8 21.0 ± 1.1 1.1 ± 0.9 133.2 ± 8.2
Décollement ~0 – – – 25.3 ± 1.5 109.2 ± 1.9

Profile BB′

HKSF 34.0 ± 2.5 6.1 ± 0.1 1.9 ± 0.2 5.6 ± 0.3 14.4 ± 0.8 133.6 ± 3.7
CHNF 74.9 ± 6.4 6.7 ± 0.1 5.8 ± 0.5 18.2 ± 0.8 8.4 ± 0.3 96.7 ± 3.7
Décollement ~0 – – – 22.8 ± 0.8 120.9 ± 2.3

HKSF: the Hsiaokangshan fault; CHNF: the Chishan fault.
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is then subsided again (Fig. 1c). The vertical velocities in the central study
area show subsidence west of the HKSF. The velocities increase eastward
to ~6 mm/yr between the HKSF and the CHNF. East of the CHNF, the ve-
locities decrease to almost zero. Further to the east, the vertical velocities
show subsidence again in the Pingtung plain. The land subsidencewest of
the HKSF results from the artificial groundwaterwithdrawal by the facto-
ries. However, the reason of subsidence in the Pingtung plain remains
unclear.

5. 2-D fault models

In order to analyze the kinematics of major faults in southwestern
Taiwan, the horizontal and vertical velocities from two velocity profiles
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are inverted for the fault slip rates and fault geometries using a 2-D fault
model. The horizontal velocities here are decomposed into the fault-
parallel and fault-perpendicular components. Two velocity profiles are
chosen across the HKSF, the LCNF, and the CHNF (Fig. 1b and c). Because
the slip rate of the LCNF is insignificant and location of this fault is
unreasonable after several tests, the LCNF is not included in this model.

For the 2-D fault model, we first assume that the fault geometry
consists of a décollement and several branched faults after Johnson
et al. (2005) (Fig. 2a). The décollement is assumed to be creeping, that
is, no strain accumulation on the décollement. The slip rate on the
décollement (S1) is the summation of the slip rates on all the branched
faults (S2 and S3) (Fig. 2a). Due to the effect of friction on the fault, the
shallow segment of the branched fault might be locked and accumulate
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Fig. 5. (a) Tan regions depict southern Taiwan distribution of offshore mud diapirs
(modified from Chuang (2006)) and onshore Gutingkeng mudstone (Gtk) aerial extent.
The major faults drawn represent accretionary wedge thrusts. The easternmost of these
thrusts continues on shore and is manifested/projected as the Chishan fault. The map
pattern of the Gtk is similar in shape and size to the offshore mud diapirs. The smaller
inset boxwithin (a) shows theextent ofmap (b). Panels (b) and (c) are geologic and struc-
turalmaps of the southernGutingkeng Formation. Panel (b) covers the extent of structural
mapping and panel (c) is a zoomed in region along the Chishan fault. Exposures are excel-
lent in this region as the mudstones have developed into a badland topography. Bedding
(brown strike and dip symbols) is mapped across the Gtk and is folded into anticlinorium
as summarized in (d), a southern hemisphere stereo projection of all poles to bedding
(n = 113; trend and plunge of fold axis = 028/02). The direction of shortening is 296°
which is typical of many Taiwan folds and is parallel to the plate convergent vector of
the Taiwan collision. (e) The distribution of shear bands in three discrete regions within
the Gtk. In all cases the shear bands are not parallel to bedding and are vertical or very
steeply dipping; black poles = Eastern region, n = 22; blue poles = western region,
n = 11; and red poles = northern region, n = 3. In all locations where the sense of
shear of the shear bands was observed the interior of the Gtk was moving up relative to
peripheral blocks. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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the energy during the interseismic period. This model simply assumes
that the slip rate on the segment shallower than the locking depth is
zero. The relationship between the fault geometry and the fault slip
rate is illustrated by the Green's function from Okada (1985). The fault
parameters used in this model are fault dip angle, depth, locking
depth, locations of faults at surface, slip rates and rake angles
(Table 1). We search the optimized fault parameters using the Monte
Carlo-Metropolis inversion. The details of the Monte Carlo inversion
algorithm are described in Fukuda and Johnson (2008). To sample the
a posteriori distribution, we initiate Markov Chain random walk
through the model space directed by the so-called Metropolis step.
The RMS value is defined as follows

RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
As−datað Þ2

dof

s
: ð2Þ

Here, A is the Green's function from Okada (1985); s is the slip
rates on faults; data is the observed velocities; and dof is degree of
freedom.

In this study, the a priori parameters and the searching boundaries of
the fault geometries are based on the geological profiles across the
Takangshan hill [Lacombe et al., 1997, 1999; Mouthereau et al., 2002].
The locations of the HKSF and the CHNF are proposed by the CGS in
2010. To discard the surface deformation contributed by the westward
extended décollement from the HKSF, all the modeled data are relative
to the westernmost station in the selected profiles.

5.1. AA′ profile

In the AA′ velocity profile, no remarkable velocity discontinuity is
represented across the HKSF (Fig. 2b). However, a notable shortening
of ~10mm/yrwith dextral strike-slip component of ~8mm/yr between
the HKSF and the CHNF is shown in this profile. Besides, a noteworthy
shortening of ~12 mm/yr is represented across the northern segment
of the CHNF (HH in Fig. 2b). Nevertheless, the maximum vertical veloc-
ity of ~20mm/yr appears at the location of ~8 kmwest of the position of
the significant shortening (HU in Fig. 2b). Following the uplift around
HU in Fig. 2b, minor localized extension is observed on the hanging
wall of the HKSF (Fig. 2b). However, the spatial coverage of GPS stations
here is too sparse to strongly prove the localized deformation.

According to the best-fitmodel, the RMS is 2.2mm/yr and the surface
deformation is significant, with both the décollement (25.3 mm/yr) and
the HKSF (24.3 mm/yr) contributing to the total slip (Fig. 2b and
Table 1). The posterior probability distributions for the inversion are
shown in Fig. 3. Here we notice that it is hard to model the high uplift
rate at the location of ~10 km(HU in Fig. 2b) and ~12mm/yr shortening
rate at location of ~18 km (HH in Fig. 2b) simultaneously. If these
velocity changes are caused by the fault slip, their positions should be
comparable.

5.2. BB′ profile

In the BB′ profile, no notable velocity gradient is observed across the
HKSF (Fig. 2c). However, the relatively high uplift rates of ~5mm/yr are
shown at the location of ~10 km (Fig. 2c). An obvious shortening with
the rate of ~15 mm/yr is observed between the HKSF and CHNF (HH
in Fig. 2c); while a right-lateral strike-slip component with the rate of
~16 mm/yr is also shown in this profile.

The RMS of the optimal model in BB′ profile is 1.3 mm/yr and the
posterior probability distributions for the inversion are shown in
Fig. 4. Themajor slip rate shows that the surface deformation is primar-
ily caused by the décollement (22.8 mm/yr), HKSF (14.4 mm/yr), and
CHNF (8.4 mm/yr) (Fig. 2c and Table 1). However, we also notice that
an ~15 mm/yr shortening rate at location of ~15 km (HH in Fig. 2c) is
hard to be modeled (Fig. 2c).
Please cite this article as: Ching, K.-E., et al., Rapid deformation rates du
geodetic observations, Tectonophysics (2015), http://dx.doi.org/10.1016/j
6. Mechanism of mud rising across the Gutingkeng Formation (Gtk)

Dislocation models have been adopted for successfully estimating
the slip rates on active faults in central Taiwan [e.g., Hsu et al., 2003;
Tsai et al., 2012]. However, in terms of our modeling results (Fig. 2),
e to development of diapiric anticline in southwestern Taiwan from
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the deformation patterns are difficult to be modeled well in both
profiles. Therefore the slip alone along the HKSF and CHNF is not the
only mechanism that can explain the vertical component of the Gtk
mudstones. A geologic investigation of the Gtk has revealed a second
possible mechanism that may contribute to the uplift of the region.

Vertical shear zones were mapped throughout the Gtk and are
not limited to major fault zone regions (Fig. 5). These shear zones
cross-cut bedding in all observed cases and range in dip from 58° to
90°. Thickness of the shear bands range from several centimeters to
10s of meters. Exposure of the Gtk is very good due to the badlands to-
pography created by the eroding muds. The shear bands are frequently
observed in the proximity of the CHNF but are found in outcrops in the
western and northern areas of the Gtk as well (Fig. 5). Initial mapping
focused on the region near the CHNF to determine the sense of shear
of the fault zone [Sobolewski and Gourley, 2008]. Despite the CHNF
being mapped as a top to the west reverse fault (Ws over the Gtk), all
sense of shear indicators indicated a normal displacement along steeply
dipping or vertical shear bands (Fig. 5). This sense of shear indicates that
the Gtk is rising (at least in part) along these bands relative to the
surrounding geology. Unpublished rock cores have been taken along
the CHNF in the hanging wall (Ws) and about few meters away from
the fault trace. The depth of the cores is over ten meters. However,
under the assumption that the dip angle of the CHNF is 70°, they
never intersected the anticipated CHNF, further suggesting that bound-
ary between the Gtk and Ws is a steep, if not vertical structure. This
inference is consistent with the high dip angle (N60°) at the lower
segment of the CHNF inferred from our model (Table 1).

Flexural slip or flexural flow [Donath and Parker, 1964; Ramsay,
1974; Tanner, 1989] is another possible mechanism to produce higher
than modeled uplift rates due to the interbedding of sandy siltstone
and sandy mudstone in this region. However, in the field no examples
of deformations parallel to bedding planes were found. On the contrary,
we noticed that the “interior-up” sense of shear zones within the Gtk is
consistent with the higher uplift rates (5–15 mm/yr) in the Gtk from
leveling measurements than the surrounding geology (Figs. 1c and 5).
It is possible that the vertical shear bands throughout the Gtk are
accommodating this uplift. Therefore we interpret the collective field
evidence to suggest that the CHNF is a near vertical structure that is
accommodating uplift of the Gtk, similar to mechanism by which sub-
aqueous mud diapirs grow [e.g., Hsieh, 1972; Pan, 1968; Shih, 1967]. A
chain of mud diapirs is located off the southeastern coast of Taiwan
[e.g., Huang, 1995; Chiu et al., 2006; Chuang, 2006] and the Gtk may
Fig. 6.2D tectonic kinematicmodel for SWTaiwan. Red lines are the creeping segments of active
the CHNF (the Chishan fault). The shallow parts of the CHNF and the LCNF (the Lungchuan fa
dislocation model cannot predict the surface deformation rates well, we propose the mud diap
cross-cutting relationship between the mud diapirs and active faults and the presence of déco
this figure legend, the reader is referred to the web version of this article.)

Please cite this article as: Ching, K.-E., et al., Rapid deformation rates du
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be the onshore extension of this chain. We interpret that this relic
mud diapir is accounting for the underestimation of uplift (Fig. 6).
7. High earthquake potential in SW Taiwan?

A high velocity gradient of ~15 mm/yr exists between the HKSF and
the CHNF (Fig. 1b), which corresponds to the high contraction rates of
~0.5–1.5 μstrain/yr derived from previous GPS observations [e.g., Yu
and Chen, 1994; Bos et al., 2003; Chang et al., 2003; Ching et al.,
2007b]. Based on the 3D block modeling results [Ching et al., 2011b],
this velocity gradient indicates a very high slip deficits in southwest
Taiwan. That is, an earthquake recurrence interval of less than two hun-
dred years is reasonable in this region of Taiwan. Although the historical
earthquake record remains relatively young, the record does lack
moderate-to-large scaled earthquakes since 1800 with this region
(data source from the Central Weather Bureau). On the other hand,
about 2700 ML N 2 earthquakes are detected and only 5 ML N 5 events
with their depths N 15 km are found in our study area since 1900
(Fig. 7). However, even these five ML N 5 events are not correlated
with the active faults in southwestern Taiwan (Fig. 7). In other words,
the high strain rates at themudstone region of the Gtk may not directly
imply the accumulation of the seismic moment.

First, the rock strength of mudstone is weak. Therefore it is difficult
to generate large earthquakes within the mudstone area because it is
hard to accumulate strain on the fault here during the interseismic
period. Second, the short-term uplift rates inferred in our study are
very close to the longer-term uplift rates that are observed near the
HKSF with the vertical velocities of ~5 mm/yr [Ching et al., 2011a]
(Figs. 1c and 7). Hence the high strain rates and the absence of
moderate-to-large scaled earthquakes in southwest Taiwan imply that
the active faults, such as the HKSF, in the mudstone area may act as
creeping faults. However, it is important to keep in mind that creeping
faults throughout the world have the potential to generate large
earthquake, such as the Parkfield segment of the San Andreas fault in
California [Harris and Segall, 1987; Murray et al., 2001] and the
Chihshang fault in eastern Taiwan [Ching et al., 2007a]. If we consider
that (1) the hanging wall of the CHNF is comprised of sandstone,
(2) the locking depth of CHNF is ~6 km in BB′ profile, and (3) deduced
historical earthquakes did occur roughly around our study area in
1781–1787 (data source from the Central Weather Bureau), faults in
this region could still be capable of producing disastrous earthquakes.
faults derived fromourmodeling result, including theHKSF (theHsiaokangshan fault) and
ult) shown by blue lines are locked based on our modeling result. Because the simplified
irism as an additional source besides the plate convergence in SW Taiwan. However, the
llement remain unclear in this study area. (For interpretation of the references to color in
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8. Conclusions

In this study, 106 campaign-modeGPS observations and 310 Leveling
vertical measurements from 2000 to 2010 indicate a significant horizon-
tal velocity gradient of ~15 mm/yr and the maximum uplift rate of
~18mm/yr located between the HKSF and the CHNF. However, our geo-
detic data does not fit the 2D dislocation model well. Therefore another
mechanism must be considered. In terms of our field investigations,
the Gtk has been rising relative to surrounding geologic units, which is
interpreted as an onshore mud diapir dominated by vertical tectonics.
However the complexity of the arc–continent collision of Taiwan cannot
rule out the influence of fold-and-thrust kinematics and southwest later-
al extrusion especially as the collision propagates southward through
time (Fig. 6). In addition, the HKSF and the CHNF are reverse faults
with dextral strike-slip components. The HKSF in the mudstone area is
proposed to be a buried creeping fault with low earthquake potential.
The CHNF or the décollement here still has the possibility to generate
destructive earthquakes in SW Taiwan in the future.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.tecto.2015.07.020.
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