JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 112, B03S14, doi:10.1029/2005JB004198, 2007

Click
Here
for
Full
Article

Kinematic analysis of the Pakuashan fault tip fold, west central
Taiwan: Shortening rate and age of folding inception
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[1] The Pakuashan anticline is an active fault tip fold that constitutes the frontal most
zone of deformation along the western piedmont of the Taiwan Range. Assessing seismic
hazards associated with this fold and its contribution to crustal shortening across

central Taiwan requires some understanding of the fold structure and growth rate. To
address this, we surveyed the geometry of several deformed strata and geomorphic
surfaces, which recorded different cumulative amounts of shortening. These units were
dated to ages ranging from ~19 ka to ~340 ka using optically stimulated luminescence
(OSL). We collected shallow seismic profiles and used previously published seismic
profiles to constrain the deep structure of the fold. These data show that the anticline has
formed as a result of pure shear with subsequent limb rotation. The cumulative
shortening along the direction of tectonic transport is estimated to be 1010 £ 160 m. An
analytical fold model derived from a sandbox experiment is used to model growth
strata. This yields a shortening rate of 16.3 + 4.1 mm/yr and constrains the time of
initiation of deformation to 62.2 + 9.6 ka. In addition, the kinematic model of Pakuashan is
used to assess how uplift, sedimentation, and erosion have sculpted the present-day

fold topography and morphology. The fold model, applied here for the first time on a
natural example, appears promising in determining the kinematics of fault tip folds

in similar contexts and therefore in assessing seismic hazards associated with blind thrust

faults.
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1. Introduction

[2] Taiwan is located at the boundary between the Phil-
ippine Sea Plate and the Eurasian Plate. The GPS-based
plate tectonic model REVEL [Sella et al., 2002] indicates
that the convergence rate is of ~90 mm/yr in a NW-SE
direction (Figure 1). A fraction of this convergence is
absorbed by crustal shortening across the Taiwanese range,
west of the Longitudinal Valley suture zone. Progradation of
sediments over the flexed foreland suggests a shortening

'Tectonics Observatory, California Institute of Technology, Pasadena,
California, USA.

2 aboratoire de Géologie, CNRS, Ecole Normale Supérieure, Paris, France.

3Now at Géosciences Rennes, CNRS, Université Rennes 1, Rennes,
France.

“Department of Geosciences, National Taiwan University, Taipei, Taiwan.

SPlanetary and Geosciences Division, Physical Research Laboratory,
Ahmedabad, India.

“Institute of Geophysics, National Central University, Jhongli, Taiwan.

7Also at Wadia Institute of Himalayan Geology, Dehradun, India.

8Now at Department of Geosciences, National Taiwan University,
Taipei, Taiwan.

“Institute of Earth Sciences, Academia Sinica, Taipei, Taiwan.

Copyright 2007 by the American Geophysical Union.
0148-0227/07/20051B004198$09.00

B03S14

rate of 39.5-44.5 mm/yr across the range over the last
~2 Myr, and this shortening appears to be mostly (if not
totally) taken up by slip on the thrust faults of the western
foothills [Simoes and Avouac, 2006]. These faults are the
Chelungpu fault which broke during the 1999 ChiChi earth-
quake [Ma et al., 1999] (Figure 2), the Shuangtung, the
Chushiang and the Changhua faults [Bonilla, 1975, 1999;
Chen et al., 2004; Shyu et al., 2005; Tsai, 1985]. Except for
the Chelungpu and Chushiang faults whose shortening rates
have been recently estimated in the region of the Choushui
Hsi river (Figure 2) [Simoes et al., 2007], the contribution of
the other structures to crustal shortening across the Taiwa-
nese range is not yet resolved [e.g., Cattin et al., 2004]. This
study focuses on the Changhua thrust fault, which is the
frontal most fault of central Taiwan (Figures 1 and 2), and
which is presently the primary source of seismic hazards in
this densely populated area [Lee and Lin, 2004]. This fault
is blind [Delcaillau et al., 1998] and recent tectonic activity
is evidenced from the ubiquitous presence of tilted geomor-
phic markers (Figures 3—5). The shortening rate and the age
of folding inception are yet unresolved. In general, deci-
phering the kinematics of a fold formed above a blind fault,
as is the case here, is reputably difficult. The structural
expression of folding can be subtle and dating of the folded
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Figure 1. Geodynamical setting of Taiwan. Thick arrow

shows the convergence of the Philippine Sea Plate relative
to the Chinese Continental Margin predicted from the GPS-
derived REVEL plate model [Sella et al, 2002]. The
Longitudinal Valley (LV) marks the suture between the two
plates. Also illustrated are the ChiChi earthquake epicenter
and surface fault rupture [e.g., Ma et al., 1999]. Inset locates
our study area within the Western Foothills (WF), illustrated
in more detail in Figure 2.

layers is often challenging. In addition, determining the
kinematics of folding on a blind fault requires a fold model
[e.g., Shaw et al., 2002], and the choice of the most
appropriate model is generally non trivial (Figure 3). In
this study, the finite structure of the fold is documented from
existing seismic profiles and from new shallow seismic
profiles (Figure Al), and is used to calibrate an analytical
fold model [Bernard et al., 2007] derived from analogue
modeling [Dominguez et al., 2003b]. This is the first
application of this fold model to a natural setting. The fold
model allows for retrieving the deformation history from
growth strata and deformed fluvial terraces, which were
surveyed in the field and dated using optically stimulated
luminescence (OSL) (Figures 4—7).

2. Geological Setting
2.1. Evidence for Recent Activity and Morphology
of the Pakuashan Anticline
[3] Geodetic data [Yu et al., 1997] show that the Chan-
ghua fault was primarily locked before the 1999 Chi-Chi
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earthquake [Dominguez et al., 2003a; Hsu et al., 1998;
Loevenbruck et al., 2001]. Evidence for a few centimeters
creep on the Changhua fault triggered by this earthquake
was observed from radar interferometry [Pathier et al.,
2003], but it seems probable that the fault mostly breaks
during large earthquakes, such as the 1848 M,, ~ 7.1
Changhua earthquake [75ai, 1985] (Figure 2). The Tatushan
and Pakuashan anticlines are the geomorphic and structural
expressions of deformation associated with slip on the
Changhua blind thrust fault (Figure 2). They form an
clongated ridge extending over ~80 km from north to
south, with a mean elevation of ~250-300 m, and a
maximum elevation of ~400 m to the south. East of these
anticlines, the Taichung basin is a typical piggyback basin
(Figure 2).

[4] The curvature of the Pakuashan anticline (Figure 2) is
attributed to the geometry of the underthrusting basement
[Mouthereau et al., 1999]. Seismic profiles show in partic-
ular that this fold has developed above an ancient normal
fault that separates the Peikang High from the Taichung
basin [e.g., Chang, 1971; Chen, 1978] (Figure 8). Normal
faults in the basement are thought to be related to Paleocene
rifting and Oligocene opening of the South China Sea, and
were possibly reactivated during the Taiwan orogeny due to
flexural bending of the foreland [Chou and Yu, 2002].
Reactivation is suggested by the presence of ~2-3 Ma
deep offshore deposits (Cholan Formation) in the footwall
of this hinge fault [Covey, 1984a, 1984b], and by strong
lateral variations in the thickness of late Pliocene deposits
(Figure 8). Younger deposits do not show lateral variations
in thickness across the hinge fault. This implies that activity
of this normal fault ceased most probably by early Pleisto-
cene. The Pakuashan anticline is unconformably capped by
lateritic fluvial deposits (Figures 2, 4, and 6), which have
not yet been precisely dated but are thought to be younger
than ~350 ka [Liew, 1988]. At places, several imbricate
fluvial terraces separated by terrace risers can be distin-
guished. They provide evidence for recent activity of the
Changhua thrust fault and for limb rotation during recent
incremental folding (Figures 3—5). An implication is that
the folding mechanism probably involves some component
of pure shear deformation (Figure 3). The north-south
variation of the morphology of the Pakuashan anticline
(Figure 2) has been interpreted to reflect a southward
propagation of deformation [Delcaillau et al., 1998]. Vari-
ous authors have suggested variable estimates of the cumu-
lative shortening across the Pakuashan anticline: ~500 m
[Mouthereau et al., 1999], 700 m [Yue et al., 2005] or ~4
km [Delcaillau, 2001]. Likewise, the age of folding incep-
tion and the shortening rate absorbed by the Changhua fault
are not well constrained.

2.2. Stratigraphy

[5] The Pakuashan anticline is deforming sediments ini-
tially deposited in the foreland basin west of Taiwan
(Figure 8). The Mesozoic basement is overlain by a thick
Cenozoic sedimentary cover, which is relatively well docu-
mented in earlier geophysical and stratigraphic studies [e.g.,
Chang, 1971; Chen, 1978; Covey, 1984a, 1986; Hung and
Suppe, 2002; Lin et al., 2003; Wang et al., 2003, 2002]
(Figures 2, 4, and 6). The chronostratigraphy of the series
was established from calcareous nannoplankton [Chang
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