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Abstract

By means of a geomorphological study using 40m digital elevation model, structural reconstruction by field data, and related geodetic

results, we reevaluate the geomorphic features in the Hsinshe area, where multi-step terraces have been previously documented and

supposedly provide more information of the neotectonic history. Our results show that two kink-shaped scarps can be discriminated

from other terrace risers, which are probably formed by folding instead of faulting as suggested by previous researchers. Two E–W-

reconstructed hanging wall cross sections in the north and south show that the fault plane of Chelungpu fault flattens to the east and

sinks to the south, creating a monoclinal hanging wall resembling a quarter hemisphere in terms of a 3D model. We propose a kinetic

model to explain the surface monocline fold: it is developed when the fault plane presents a fault-bend, such as the case along the

Chelungpu fault at Hsinshe. The co-seismic deformation from the 1999 Chi-Chi earthquake demonstrates that the model is probably

valid. Furthermore, the higher terrace showing larger deformation indicates the influences of active structures on terraces have

continuously acted for a long time. The westward tilting of the hanging wall terraces result from the action of the Chelungpu fault and its

related structural geometry. Based on the optical-stimulated-luminescence age of 55.0712.6 ka of the highest terrace, we can compute the

vertical rates across the main thrust and fold scarp in the hanging wall as 7.0 and 2.5m/kyr, respectively.

r 2005 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

The surface rupture of the 21 September 1999 earth-
quake (Mw 7.6) is mainly distributed in a general N–S
direction along the Chelungpu fault in central Taiwan,
transitional to a complex E–W and NE–SW trending
segments in its northern end (Fig. 1a). The study area,
Hsinshe, is located in the hanging wall and surrounded by
the northern segment of the 1999 surface rupture; although
no evident surface rupture was reported. However, it still
suffered serious damage due to the minor hanging wall
deformations. The hanging wall deformation is in response
to the fault geometry. Thus, to understand the fault
geometry, landforms could provide essential information,
whether the behavior of the active fault is creeping or
episodic. Widely distributed multi-step terraces have been
e front matter r 2005 Elsevier Ltd and INQUA. All rights re
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previously documented in Hsinshe (Lin, 1957; Ho and Tan,
1960; Ku, 1963; Hsu, 1974; Shih et al., 1986). To determine
the fault geometry, related faulting behavior and slip rate
of the Chelungpu fault, we reexamined the deformations
recorded on the terrace surface using geomorphology,
structural geology, geodesy, and geochronology. We used
the 40m digital elevation model (DEM) of Taiwan and
field investigation to map the distribution and deformation
of terraces, and thereby active structures can be identified.
Furthermore, we compared these geomorphic features with
the co-seismic deformation data of the 1999 Chi-Chi
earthquake to discuss the relationship between surface
deformation and fault behavior.
2. Tectonic background and geological setting

Taiwan is located at a junction point of two active plate
boundaries, the oceanic Philippine Sea plate and the
served.
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Fig. 1. (a) Geologic map of western–central Taiwan showing major structures and also 1999 surface ruptures of Chi-Chi earthquake (after Chen et al.,

2001). (b) Current tectonic environments of Taiwan, where the arc–continent collision has occurred since late Miocene and is still on-going based on that

the Philippine Sea plate is moving northeastward with a speed of 70mm/yr (Ho, 1982; Teng, 1990). (c) Cross section S–S0, a published seismic profile,

shows the fold-and-thrust system in central Taiwan consists of three major east-dipping-imbricated thrust faults, i.e., Changhua, Sanyi-Chelungpu, and

Shungtung fault from western deformation front mountainward (Chiu, 1971).
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Eurasian plate, where two arc-trench systems coexist with
different subduction polarities (Ho, 1982; Teng, 1990,
Fig. 1b). The Ryukyu arc, located in the north, is created
by underplating the Philippine Sea plate beneath the
Eurasian plate. Located in the south is the Luzon arc,
which is created by the South China Sea (marginal sea of
Eurasian continent) plate subducting under the Philippine
Sea plate (Ho, 1982; Teng, 1990, Fig. 1b). The collision
occurred when the Luzon arc approached the Ryukyu
trench and consequently built up the Taiwan mountain
belt. This has been confirmed as an on-going event by
recently published Global Positioning System (GPS) data
that demonstrate the entire island is still moving westward
with respect to the Eurasian continental margin about
56–82mm/yr (Yu et al., 1997). The foreland of the fold-
and-thrust system in central Taiwan comprises three major
east-dipping imbricated thrust faults, the Changhua, Sanyi-
Chelungpu, and Shungtung fault, from the western
deformation front mountainward (Chiu, 1971, Fig. 1c).
The Chelungpu fault has thrusted over the Pleistocene
strata in the footwall with a fault plane parallel to the
Pliocene strata in the hanging wall and dipping �301 to the
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east (Meng, 1963; Chang, 1971). The fault geometry has
been reconstructed showing a thrust ramp in the shallow
crust and a decollement parallel to the bedding in depth
(Davis et al., 1983).

Besides the terrace deposits, the bedrock of the study
area is mainly composed of strata deposited from late
Pliocene to middle Pleistocene. Furthermore, the western-
most edge contains the Chinshui shale, a muddy formation
of several hundred meters in thickness, which was
deposited in early Pliocene. The 1999 earthquake fault,
the Chelungpu fault, utilizes this shale as the sliding
plane. Structurally, the study area is bounded by the
Fig. 2. Shaded relief topographic map of the study area derived from 40m D

show horizontal ones during 1999 Chi-Chi earthquake (LSB, 1999). Bold black

are shown in black dashed lines. The looking directions of Fig. 4 are shown a
Chelungpu fault and Shuangtung fault to the west and east,
respectively. Between the two thrusts is a synform,
gradually becoming tighter northward (Fig. 1a).

3. Geomorphic features and active structures of the terraces

The main drainage flowing in the study area is the
Tachia River (Figs. 1 and 2). The river valley was rather
wide due to its strong hydraulic power, forming vast
terraces in the western bank. These terraces are distributed
in a somewhat rectangular area of 12� 8 km2. The south-
eastern part of the terraces shows well-preserved surfaces,
EM. Solid black arrows show co-seismic vertical slips and hollow arrows

lines are 1999 surface ruptures. Positions of cross sections of Figs. 6 and 7

s eye symbol.
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and the northern part has been dissected by the tributaries
of Tachia River. Only narrow and lower terraces are
developed in the eastern bank (Figs. 2 and 3).

Multi-step terraces have been previously reported (Lin,
1957; Ho and Tan, 1960; Ku, 1963; Hsu, 1974; Shih et al.,
1986). The linear scarp found on the highest terrace has
been suggested as the disruption caused by the action of the
active Hsinshe fault (Ku, 1963; Bonilla, 1977; Shih et al.,
1986; red dash-lines in Fig. 3). Previous workers also
suggested that the study area was situated in a proximal
part of the alluvial fan created by the Tachia River during
the Pleistocene. Subsequently, due to tectonic uplifting, the
river channel incised downward and shifted northeastward,
forming the terraces (Shih et al., 1986). We re-mapped the
Fig. 3. A schematic map showing the terraces and active structures of study ar

earthquake fault of 1999 Chi-Chi earthquake. Compared to Fig. 2, lateritic terr

that are previously suggested as active faults (Ku, 1963; Bonilla, 1977; Shih et al

show apparent west-dipping terrace, which is interpreted to be tectonically influ

(also shown in Fig. 6). The asterisk shows the location of collected sample.
terraces using shaded relief topographic maps (Fig. 2) and
3D models produced using the 40m DEM of Taiwan
(Fig. 4). Based on constrained altitude in descending order, the
terraces can be classified into lateritic terraces, LT1a, LT1b,
LT1c, LT2a, LT2b, LT2c, LT2a0, LT2b0, LT2c0, LT3a, LT3b,
LT3c, and non-lateritic terraces, FT1, FT2, FT3. This result
is internally similar to those of previous studies. By means
of field surveying, we verified the terrace mapping. We,
however, further regroup the lateritic terraces into three
successive steps, LT1 (LT1a, LT1b, LT1c), LT2 (LT2a, LT2b,
LT2c, LT2a0, LT2b0), and LT3 (LT3a, LT3b, LT3c) based on
descending order. The subscripts a, b, and c indicate that
the terraces are supposed to form simultaneously but have
later been displaced by neotectonics (Fig. 3).
ea. The terraces are distributed in the hanging wall of the Chelungpu fault,

aces (LT1–LT3) are displaced into more subterraces by two kink structures

., 1986; also shown in Fig. 5). Terrace distributed in the east of kind-fold all

enced because of its inconsistence with the orientation of the paleo-channel
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Fig. 4. Two 3D scenes showing the topography of the study area and numbers showing different lateritic terraces. (a) Looking from north obviously two

scarps with kink-fold shape can be discriminated from the other terrace risers (vertical exaggeration 4.5� ). (b) Looking from south only one large kink-

fold scarp is developed on Hsinshe terraces (vertical exaggeration 4� ). See the looking direction in Fig. 2.

Fig. 5. Longitudinal profiles of lateritic terraces (LT1–LT3). Compared to the modern Tachia River profile, the paleo-gradients corresponding to LT1,

LT2, and LT3 are all quite similar to the modern river; however terraces are tectonically displaced into three sections by two active kink structures.

Furthermore, higher terraces show greater displacement than lower ones (LT14LT24LT3).

K.-Y. Lai et al. / Quaternary International 147 (2006) 44–5448
To diagnose the entire strain recorded by geomorphic
features, we drew longitudinal profiles and compared them
with the modern river profile (Fig. 5). The results show that
the paleo-gradients corresponding to LT1, LT2, and LT3

are all quite similar to the modern river. However, the
lateritic terraces are disrupted into three segments,
probably due to tectonic offsets. Under virtual study on
3D topographic models, two scarps with kink-fold shape
can be discriminated from the other terrace risers (Fig. 4a).
The gravel beds of the terraces appear continuous,
indicating no associated fault developed beneath the
kink-fold scarp. Therefore, we suppose that the above-
mentioned scarps are probably formed by folding, instead
of faulting as suggested by previous researchers (Ku, 1963;
Bonilla, 1977). The mechanism of forming this tectonic
scarp will be interpreted in following discussion. Addition-
ally, there is a single scarp in the south, which splits into
two in the north. The shapes become unclear further north
because they have been severely incised by the tributaries of
the Tachia River.
Based on the height correlations the higher terraces show

larger displacement than lower ones: LT14LT24LT3
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Fig. 6. Cross section showing lateritic terraces on the western bank of

Tachia River has been tilted, indicating the eastern part of the lateritic

terraces is undergoing a hanging wall tectonism. See location in Fig. 2.

Fig. 7. Cross section A (please see Fig. 2 for the location) shows that the Chelu

strata produces a large kink-fold scarp on the surface (see Fig. 4b) and the fol

Chelungpu fault plane flattens at depth about 1500m and the two major bend

have been dissected by tributaries of Taichia River. Based on the fault plane d

fault plane becomes shallower to the north. The elevation difference between th

a long action history of the Chelungpu fault. The asterisk symbol shows the loca

and the arrows show the co-seismic vertical uplift.
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(Fig. 5), demonstrating that these structures have been
continuously active for a relatively long time. On the other
hand, it also shows that all the lateritic terrace surfaces are
west-dipping, further suggesting that the eastern part of the
lateritic terraces is undergoing tectonic tilting (Fig. 6).
A sample collected from the sandy layer within the

gravel bed of the covering deposits of LT1b gave an optical-
stimulated-luminescence (OSL) age of 55.0712.6 ka (see
sample location in Figs. 3 and 7; Chen et al., 2003). The
above-mentioned deformations of the highest terraces are
cumulated over the past 55 ka.
ngpu fault plane flattens at depth about 2800m and the major bending of

d scarp height is about 135m. Cross section B (see Fig. 2) shows that the

s along the fault plane produce two scarps on the surface where the scarps

epths of above-mentioned two sections, it is suggested that the Chelungpu

e highest terrace (LT1) and footwall ground surface is 310–370m, implying

tion of collected sample. The shaded areas show the hinge-zone (see Fig. 9)



ARTICLE IN PRESS
K.-Y. Lai et al. / Quaternary International 147 (2006) 44–5450
4. Subsurface geometry of the Chelungpu fault

In order to understand the subsurface geology, field
investigations recorded the attitudes of the strata and used
the kink method to reconstruct the subsurface structural
geometry. Based on previously published and Chelungpu-
related profiles, the fault plane of Chelungpu fault slips
along the Chinshui shale, a relatively ductile rock unit in
the study area (Chou, 1971). The near-surface dip of the
Chelungpu fault is �301 (Meng, 1963; Chang, 1971).
However, the dip changes in depth after reconstructing the
entire geometry of the fault plane using regional strata
attitudes (Fig. 7). We present two E–W-balanced cross
sections in the north and south of the study area (Fig. 7),
showing that the entire hanging wall consists of a large
monoclinal syncline, and the fault plane flattens to the east.
The southern-balanced cross section (Fig. 7A) shows that
the Chelungpu fault plane flattens at a depth about 2.8 km,
while the northern one (Fig. 7B) flattens at about 1.5 km.
This indicates that the detachment of Chelungpu fault
becomes shallower to the north and probably terminates at
the Tachia river valley, as manifested by 1999 surface
ruptures (CGS, 1999). Bends exist along western inclined
strata of the two cross sections. The dip in section A
(Fig. 7A) changes gradually from steep to gentle with only
one abrupt bend. However, in section B there are two
evident bends (Fig. 7B). The entire structure shape in the
hanging wall of the Chelungpu fault is similar to a quarter
hemisphere (Fig. 8). The center of hemisphere is near the
flattened fault plane of section A, on the southeastern part
Fig. 8. A schematic block diagram showing the subsurface structure shape in th

The fault-bend results in kink-fold scarps on the surface. The light gray block

ruptures are shown in symbols of thrust and monocline based on post earthq
of the terraces (Fig. 7A), while the hemisphere rim is
roughly the 1999 Chichi surface ruptures.

5. Discussion

5.1. Surface monoclinal kink-fold created by underlying

fault-bend

What mechanism would form the kink-fold scarps
(Figs. 3 and 4)? The scarp trace on the ground surface
matches the surface projection line of the axial surface of
the syncline reconstructed in the balanced cross section
(Fig. 7). We tentatively suggest a kinetic model to explain
this feature based on the available data (Fig. 9). In this
conceptual model, the hanging wall can be divided into two
parts by the syncline hinge-zone. The eastern part moves
following vector V1, while the western part slips as V2. V2

has a larger vertical and a smaller horizontal component
than of the V1. Therefore, a differential uplifting occurs
across the hinge-zone, leading to formation of a scarp
facing opposite to the direction of the main fault. The
length and dip angle of the kink-shape reflects the ultimate
strain and the changing rate of strata dip. If it is seismic-
associated, we can utilize the co-seismic deformation of the
surface fold to verify our kinetic model. The co-seismic
deformation recorded from GPS measurements during the
1999 Chi-Chi earthquake (LSB, 1999; CGS, 1999) demon-
strates that the vertical slip is greater than 3m in the west
of the syncline hinge plane and less than 1m in the east,
confirming a large vertical difference. Moreover, the
e hanging wall of the Chelungpu fault is similar to a quarter of hemisphere.

shows the erosion area in the west of the fold scarp. 1999 Chi-Chi surface

uake investigation (CGS, 1999).
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breaking line of the vertical components matches the scarp
trace (Figs. 2 and 7). This co-seismic result verifies our
model. A surface monocline fold can be produced if the
hanging wall strata have a fault-bend, such as is the case
along the Chelungpu fault at Hsinshe. Additionally, a
surface scarp needs to be carefully studied, instead of
simply mapping it as a consequence of active faulting.
5.2. Other surface tilting and related subsurface structure

Terraces, LT1a, LT2a, and LT3a, are all tilted to the west
(Figs. 3 and 6), which is unusual if the structural geometry
is similar to a general thrust sheet, an east-dipping ramp
Fig. 9. A sketch of the kinetic model to explain surface monoclinal kink-

fold scarps created by fault-bend beneath. V1 and V2 are divided by the

syncline hinge-zone and V2 has larger vertical and smaller horizontal

component than of the V1. The co-seismic differential uplifting (h) to

produce the surface kink-fold scarp can be estimated by slipping vectors of

V1 and V2.

Fig. 10. A balanced cross section of Sanyi-Chelungpu fault system (after Hu

Chelungpu fault slips along the lower Pliocene shale (Chinshui shale) while

represent the projected co-seismic net slip vectors during 1999 Chi-Chi earthq
connecting to a flat surface with depth mountainward. In a
simple case, the strata above the flat are nearly horizontal
or very gently dipping mountainward, and the correspond-
ing ground surface therefore would not be tilted. At
Hsinshe, both the terrace surface and the strata underneath
dip toward the mountain front. Thus, there is probably an
active structure instead of a simple flat detachment.
This feature is located within the hanging wall wedges of

the Sanyi-Chelungpu fault system, and is adjacent to the
fault-plane of the Shuangtung fault, although it is in the
footwall (Fig. 10). The above-mentioned tilting feature can
be explained either if the Sanyi fault emplaced a bend
beneath or if the Shuangtung fault caused a large-scale
drag on the footwall. Based on related geomorphology,
however, the faults, Sanyi and Shuangtung, have both been
proposed to show relatively low recent activity, unlike the
Chelungpu fault (Ota et al., 2005). They hence cannot be
responsible for the development of the feature on younger
terraces as we found in this study. Here we propose a
hypothesis that the tilting feature is caused by the
singularity on the Chelungpu fault as shown in the cross
section of the Sanyi-Chelungpu fault system and fault
models (Figs. 10 and 11). Fault models (Yue et al., 2005;
Fig. 11) indicate that a large syncline developed in the
hanging wall of the Chelungpu fault which is structurally
closing northward (Figs. 1 and 11). A minor anticline has
developed within the syncline in response to the bump on
the fault-ramp in the north and grew southward, becoming
a detachment fold. It therefore grew with the slip of the
Chelungpu fault and produced significant surface deforma-
tion. If this working model is true, related surface
deformation should have been coseismically observed in
the 1999 earthquake. This model is verified by two
coseismic phenomena records of Chi-Chi earthquake
ng and Suppe, 2002; Yue et al., 2005; see location in Fig. 1a) showing

Sanyi fault slips along the upper Miocene sandstone/shale. Blue arrows

uake.
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Fig. 11. (A) Model of Chelungpu fault slipping on the lower Pliocene shale (Chinshui shale). (B) Model of Sanyi fault slipping on the upper Miocene

sandstone/shale (after Yue et al., 2005). Two fault models indicate that there are two different fault planes in the Sanyi-Chelungpu fault system in the study

area. The contours show the depths of the lower Pliocene shale (Chinshui shale) in (A) and the upper Miocene sandstone/shale in (B) below sea level (S.L.).

The dashed rectangles show the study area (Figs. 2 and 3).

Table 1

Estimation of the ages of terraces

LT1 LT2 LT3

Elevation of uplifted segment 580–620m 500–570m 470–480m

Different elevation from footwall surface 310–370m 230–320m 200–230m

Paleo-surface compared to the present �43m �35m �28m

Age 55712.6 kaa 40–48 kab 34–36kab

aData from OSL dating.
bData from computing.
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supporting the model mentioned above. One is the vertical
slips recorded by the GPS network, apparently larger on
the eastern relative to the western bank of the Tachia River
(Figs. 2, 6 and 7), indicating tilting coupled with the action
of the Chelungpu fault. The other is that the fault-slip
occurred along not only the main thrust at the western
front but also in the Chinshui shale in the eastern limb of
the large syncline in the hanging wall (Figs. 1 and 11). This
implies that the entire subsurface Chinshui shale was
involved in the fault action. Under this circumstance, the
subsurface relief of the Chinshui shale presented in Fig. 11a
should play a major role in governing the structural
geometry and surface deformation.

5.3. Deformation rate and terrace development age

The deformations, including tilt and displacement of the
Hsinshe terraces, are mainly governed by the movement of
the Chelungpu fault. The higher terrace shows larger
deformation, indicating that the influences of active
structures on the terraces are continuous. We can give an
average uplift rate from the OSL age of 55.0712.6 ka
determined from the sample from the highest terrace. Since
the cumulative height of the fold-scarp is ca. 135m for the
LT1 (Fig. 7A), the long-term vertical rate can be computed
as 2.5m/kyr. The vertical offset of the main thrust can be
derived from the elevation difference between the surface
of the highest terrace and the coeval paleo-ground surface
of the footwall. The measured height difference is
310–370m from LT1 to the modern ground surface of
Fengyuan (Fig. 7 and Table 1). A core from Wufeng (BH-1
in Fig. 1; Chen and Chen, 2003) was used to determine the
depth of the paleo-ground surface coeval to the LT1. Four
OSL ages were determined from the core top, giving an
accumulation rate of 0.81m/kyr (Fig. 12). Assuming the
paleo-slope is similar to the modern one between Wufeng
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Fig. 12. Column in the left shows OSL ages of a shallow core (BH-1) drilled fromWufeng (Fig. 1a). Graph in the right shows the age–depth plot, giving an

accumulation rate of 0.81m/kyr. Therefore, the depths of paleo-ground surfaces of LT1 (55 ka) can be approximately estimated to the depth of 43m if we

assume the paleo-slope from Wufeng to Fengyuan is similar to present day.

K.-Y. Lai et al. / Quaternary International 147 (2006) 44–54 53
and Fengyuan, the coeval paleo-ground surface of LT1

(i.e., 55 ka) is approximately at 43 in depth. Consequently,
the main thrust has caused a vertical offset of ca. 383m in
total since 55 ka. The corresponding uplift rate can also be
derived as 7.0m/kyr. Based on the uplift rate of the main
thrust, we can further estimate the development ages of the
other two lateritic terraces, LT2 and LT3, as 40–48 and
34–36 ka, respectively.
6. Conclusions

The Hsinshe terraces distributed in the hanging wall of
the Chelungpu fault can be divided into three phases of
widespread lateritic terraces (LT1, LT2, and LT3) based on
formation time. The higher terraces show larger deforma-
tion than the lower ones, demonstrating that these
structures have been active for a long time.

E–W cross sections show that the Chelungpu fault plane
flattens to the east, becomes shallower to the north, and
terminates at the Tachia River as manifested by the 1999
surface ruptures. The bending of the fault plane at depth
results in a monoclinal kink-shape in the strata of the
hanging wall and produces a large fold scarp on the
Hsinshe terrace surface.
Co-seismic vertical slip during the Chi-Chi earth-
quake was quite different across the kink-fold scarp. The
action of the Chelungpu fault causes differential uplifting,
and the large fold scarp can be explained by fault-bend
kinetics.
The unusual back tilting of the terraces distributed in the

eastern part of the hanging wall resulted from the
singularity on the Chelungpu fault. This is supported by
the rupture occurring along the Chinshui shale exposed in
the eastern limb and the larger co-seismic vertical slips in
the eastern bank of the Tachia River.
The OSL age of 55.0712.6 ka for the sample collected

from LT1 gives average vertical slip rates of the main thrust
and fold scarp in the hanging wall as 7.0 and 2.5m/kyr,
respectively.
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