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Abstract

The major structures of the Western Foothills of Taiwan mainly consist of NNE-SSW-trending folds and imbricated
west-vergent thrust systems. The additional occurrence of N140°E-striking oblique structures was revealed through
a multisource approach involving a Digital Elevation Model (DEM), a study of drainage network anomalies, aerial
photographs, Side-Looking Airborne Radar (SLAR) images and SPOT-P and Landsat images. These structures are
described from north to south based on new field analyses (including stratigraphy and tectonics studies). They are also
compared to seismic data and geodetic reconstruction, in order to evaluate their present-day activity. These N140°E
major morphostructures are interpreted as left-lateral transfer fault zones, either inherited from the Eurasian passive
margin and/or newly formed in the cover in response to the presence of basement highs within the foreland basin
(Peikang and Kuanyin highs). The Sanyi and the Chishan transfer fault zones display a high seismic activity; the
distribution of earthquakes and the related focal mechanisms confirm the left-lateral movement along N140°E directions.
The Chiayi, Chishan, and Fengshan fault zones act presently as transfer fault zones, as indicated by GPS data. The
associated N70°E- to N100°E-trending faults result from the reactivation of normal faults of the Eurasian passive margin as
right-lateral strike-slip faults in the Foothills during the Plio—Quaternary collision in Taiwan. We conclude that multisource
and multiscale geomorphic studies combined with tectonic analysis in the field yield a significant contribution to the
understanding of the structural and kinematic development of the Western Foothills at the front of the Taiwan collision belt.

Keywords: neotectonics; transfer fault zone; fold-and-thrust belt; Digital Elevation Model; drainage network; SPOT-P.;
SLAR; palaeostress; Western Foothills, Taiwan

1. Introduction Eurasian plates (e.g., Suppe, 1981; Barrier, 1985;
Ho, 1986a,b, 1988; Angelier et al., 1986, 1990; Teng,

Taiwan is located along a segment of the con- 1990) (Fig. 1). Northeast of Taiwan, the Philippine
vergent boundary between the Philippine Sea and Sea plate is subducting to the northwest beneath
the Eurasian continental margin, whereas south of
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Fig. 1. Geodynamic framework and main structural units of

Taiwan. White pattern: Coastal Plain. The frame indicates the
investigated area, i.e.. the Western Foothills and the Coastal
Plain. Heavy lines indicate major thrusts, triangles on upthrown
side. L.V. = Longitudinal Valley.

Eurasia plate, is subducting to the southeast be-
neath the Philippine Sea plate. Between these major
arc—trench systems (Ryukyu and Luzon-Manila, re-
spectively), where active subduction occurs, oblique
collision dominates across the Taiwan segment of
the plate boundary (Suppe, 1981, 1984). The oro-
gen developed in Taiwan during the late Cenozoic,
mainly since 5 Ma (Ho, 1986a.,b), is consequent to
this active collision.

In this paper, we study the westernmost units of
the collision belt, which correspond to two main
geological domains: (1) the Western Foothills, com-
posed of non-metamorphic shallow-marine to shelf
clastic sediments, Miocene to Pleistocene in age,
affected by NW-vergent folds and thrusts, and (2)
the Western Coastal Plain, which represents a fore-
deep basin filled by clastic sediments bounding the
undeformed Chinese continental passive margin.

The Western Foothills of Taiwan are structurally
and sedimentologically well known because of stud-
ies carried out by the Chinese Petroleum Corpora-
tion [hereafter CPC: e.g., Geological Maps of Tai-
wan: Miaoli, CPC (1974), Taichung, CPC (1982)].
The Foothills display active asymmetric folds and
low-angle thrust faults, which affect the late Ceno-
zoic continental deposits of the Toukoshan forma-
tion (mainly composed of conglomerates and sand-
stones). The overall magnitude of the deformation
decreases from east, where tight folds and steeply
dipping thrusts are numerous, to west, where gen-
tle and open folds dominate (Ho, 1986a,b). Fold
axes trend mainly N20°E and have steep to over-
turned western flanks commonly cut by WNW-
vergent thrust faults. The two major décollement
levels correspond to the Wuchihshan formation of
the Late Oligocene and the Nanchuang formation
of the Late Miocene (Suppe, 1976). Minor ones
also exist within the Pliocene strata (Ho, 1979,
1986a.b).

Some authors (Ho, 1979, 1986a,b; Pelletier and
Stephan. 1986) have suggested the occurrence of
oblique structures within the Taiwan Foothills.
The development of strike-slip faults, oblique at
large angle to the belt trend, often in conjugate
sets, was observed but was restricted to some ar-
eas of the fold-and-thrust belt (Ho, 1988). These
features correspond to the Alishan area and the
Shantzechiao—Chingshuikeng area in northern Tai-
wan (Ho, 1967). Two sets of strike-slip fault zones
were evidenced based on displacement of topo-
graphic and stratigraphic units: (1) WNW to E-W
right-lateral strike-slip faults (Big, 1989), and (2)
NNE to N-S left lateral strike-slip faults (Ho, 1979.
1988; Yeh and Yang, 1992). In a previous paper
(Deffontaines et al., 1994), a multisource geomor-
phic analysis at the scale of the whole orogen em-
phasized the overall presence of oblique features
within the Taiwan Foothills, but the tectonic signifi-
cance of these features was not discussed in detail.

In this paper, we do not discuss this geomor-
phic analysis of Taiwan again; we rather focus
on the front zone of the fold-and-thrust belt and
we aim at presenting a new accurate mapping of
the Foothills structures, based on subsurface data
(e.g., Sun, 1963, 1964), new remote sensing images
(SPOT Panchromatic), high-resolution digital eleva-
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tion models, SLAR photographs, aerial photographs
and local additional field work, which confirms
the presence of structures trending mainly N140°E,
oblique to the fold-and-thrust belt. Our purpose
is also to demonstrate that these N140°E-trending
structures correspond to transfer faults, that is to
strike-slip faults parallel to the thrust transport direc-
tion which separate two parts of a given thrust sheet,
each of which may have different displacements and
deformations (McClay, 1992). We finally aim at dis-
cussing the significance of these transfer faults in
the framework of the westward propagation of thrust
units onto the Chinese passive margin, in response to
its ongoing collision with the Luzon arc.

It is first necessary to focus on the structure of
the Western Foothills and the Coastal Plain struc-
tures, in order to provide new evidence for major
N140°E-trending structures oblique to the active de-
formation front. We aim at locating precisely these
structures and at defining their mechanisms during
the Quaternary, based on geomorphic as well as
structural and (palaeo)stress data. There is no need
to discuss again both the geodynamic context and the
general structure of Taiwan, which are summarized
in Fig. 1 and discussed in other papers of this special
issue.

2. Insights from numerical geomorphic approach
and remote sensing analysis

2.1. The Digital Elevation Model (DEM) and its
derivatives

We obtained local digital elevation models by
digitizing isocontours of topographic maps of the
Western Foothills of Taiwan (Fig. 2A), and using
stereoscopic aerial photographs or spatial images.
The DEM ground resolution is 50 x 50 m. Minor
artefacts appear on DEM, mainly because of both
the limits of the splin bicubic interpolation in the
areas, and local alteration of topographic data (large
buildings).

In order to recognize the major morphological
features, we examined additional information ob-
tained through the analysis of parameters derived
by numerical means (such as slopes or hill-shading
maps; see Deffontaines et al., 1994 for examples).

Computer programs (Carvalho, 1995) provided nu-
merical morpho-tectonic and graphic outputs, such
as for different simulated hill-shading pictures. It
gives a good bird’s-eye view of the structure and re-
veals the major geomorphic discontinuities (Fig. 2B).

To analyze and interpret these documents (Fig.
2B), we used a lineament analysis based on structure,
texture, shape, and colour (intensity hue and satura-
tion: O’Leary et al., 1976; Scanvic, 1983), which
correspond to qualitative interpretation criteria in re-
mote sensing. Especially, alignments characterized
by similar pixel values (colours) indicate lithological
or structural linear features.

In the DEM-derived maps, linear features striking
obliquely or perpendicularly to the major structural
trends were recognized, with smaller length and
lesser continuity than for the well known major fea-
tures (Fig. 2B). For instance, linear features trending
NW-SE are clearly visible in the southern segments
of the Pakuashan anticline (Fig. 2A, B). Where
lithological contrasts are absent and thus cannot ac-
count for differential erosion, which is the most
common case, these oblique and transverse features
are tectonically significant. In contrast to longitudi-
nal structures, many of these oblique features were
not shown in the geological map of Taiwan (Ho,
1986a,b) and they are even absent in more detailed
local maps. Furthermore, local geological studies in
the field resulted in identification of major and minor
fracture sets along such oblique trends, at various
sites in the Western Foothills. The identification of
strike-slip movements along the major fault lines,
and in several cases the identification of linear fea-
tures themselves as major fractures, are generally
impossible to obtain from the DEM analysis solely.
We point out, however, that despite this lack of direct
evidence their existence is ascertained by the associ-
ation of morphological studies and local analyses of
fracture and fault patterns.

2.2. Drainage pattern and anomalies analysis

The Western Foothills drainage pattern (Fig. 2C)
was simply extracted manually from topographic
maps of scale 1:100,000. In these maps, the
drainage pattern is accurately described where all
streams, including small dry talwegs, could be
mapped. The regional drainage pattern of the stud-
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ied area identified in the map of Fig. 2C belongs
to different basic drainage pattern types, which have
been defined based on various studies that resulted in
a descriptive drainage classification (Howard, 1967;
Deffontaines and Chorowicz, 1991). This classifi-
cation is based on considering parameters such as
the confluence angle of tributaries, drainage symme-
try, drainage frequency (number of streams per unit
area), and drainage density (length of streams per
unit area). Using this classification, one thus distin-
guish from north to south and from west to east, the
parallel drainage of the Coastal Plain (mainly along
W-E trends) and the spectacular development of a
dendritic drainage pattern displaying a high stream
frequency in the Western Foothills (Fig. 2C).

In any preliminary interpretation based on the
identification of these types of drainage patterns,
differences in lithology should be carefully consid-
ered. For instance, the southeastern portion of the
Coastal Plain and Western Foothills is characterized
by strong changes in drainage frequency and density
partly related to lithology, e.g., the systematic oc-
currence of mudstones. The relationship between the
type of drainage pattern and neotectonic deformation
is complex, due to interactions between (1) lithology
and structure, (2) climatic and erosional factors, and
(3) uplift and shortening.

Drainage network anomalies (Hobbs, 1904;
Howard, 1967; Deffontaines and Chorowicz, 1991;
Deffontaines et al., 1992, 1994) are revealed us-
ing channel patterns and their local modifications.
Fig. 2D represents the Foothills drainage anomalies
which have been extracted manually from the follow-
ing criteria: (1) local modifications of the drainage
pattern: radial, centripetal (negative) or centrifugal
(positive), annular or parallel when it should be
dendritic if not influenced, for instance within the
Western Coastal Plain (Howard, 1967; Deffontaines
and Chorowicz, 1991); (2) local modifications of
the channel pattern such as rectilinear, curvilinear,
or compressed meanders and oriented distribution of
marshes, lakes, ponds, and aquatic vegetation; (3)
modification of the confluence angle; e.g., streams
usually converge at a 60° confluence angle, locally it
can be as large as 120° when associated with mean-
ders, indicating a depressed zone in the alluvial plain
(e.g., the Coastal Plain); (4) divergence of streams
which indicates raised zones, or domes; (5) align-

ment of high-angle curves, confluences, springs, and
tributaries; (6) symmetry of tributaries (the Coastal
Plain); (7) flow directions reverse or oblique to
the shoreline; and (8) low or high frequencies of
streams (numbers per unit area) provide evidence for
drainage anomalies (e.g., the southern part of the
Coastal Plain).

Drainage anomalies are widely distributed
through the studied area (Fig. 2D). Their analyses
are useful in the areas where geological field-work is
difficult. This is the case for the flat lowlands of the
Coastal Plain due to extreme anthropic activity (rice
fields) and where few outcrops are available.

To conclude, the drainage anomaly analyses re-
veal the presence of oblique structures within the
flat lowlands which present vertical and horizon-
tal displacement determined by using morphological
markers such as anomalous rectilinear drainage.

2.3. Aerial photographs analysis

High-scale analyses of aerial photographs (scale
1:17,000) were undertaken at different places and in
different ways, depending on the neotectonic prob-
lems addressed (e.g., the Miaoli, Sanyi, Pakuashan,
Chiayi and Chishan areas). These analyses allowed
accurate identification and precise geological map-
ping of the morphostructures oblique to the defor-
mation front. They cannot be extensively discussed
herein; however, their contribution to a comprehen-
sive morphotectonic analysis must be pointed out,
and such analyses will be taken into account in
order to build a complete and accurate morphoneo-
tectonic sketch map of the Western Foothills. We
point out that from the point of view of tectonic
analysis, the detail displayed in aerial photographs
is an information accurate enough to be directly
and systematically correlated with the results of tec-
tonic observation in the field. In contrast, analyses of
other images with poorer resolution (e.g., SPOT and
SLAR images) reveal features which are of interest
but in many cases cannot be directly correlated with
structures observed in outcrops.

2.4. Side-looking airborne radar (SLAR) analysis

On SILAR photographs, relief and texture are
emphasized because the radar radiometry enhanced
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slope effects. Despite the inherent anisotropy of radar
radiometry in such rough relief, there are few arti-
facts due to the small geometric distortions because
of the high value of the incidence angle. Both the
north and south looks of the SLAR imagery were
first analyzed (Deffontaines et al., 1994) as a whole.
Here, we focus on the structure of the Taiwan West-
ern Foothills, in order to highlight the structures
trending obliquely to the deformation front struc-
tures (Fig. 3A).

The SLAR interpretation map (Fig. 3B) shows
the location of faults, Quaternary deposits, antiforms
and synforms and lithological traces. Note (1) the
large number of features parallel to the structural
grain of the Western Foothills, which correspond to
well-known faults and folds, (2) the more interesting
presence of oblique NW-SE trends (e.g., southwest
of Taichung, the Pakuashan area interpreted below
as a transfer zone across the Foothills and the outer
Central Range). The SLAR image appears to be a
major source of data despite its intrinsic distortion; it
is of special interest as far as the geological structure
is concerned. Furthermore, because of its accuracy,
it provides a good complement of DEMs previously
mentioned.

2.5. SPOT image analysis

Four high-resolution SPOT Panchromatic scenes
(10 x 10 m ground resolution) of western Taiwan
(KJ: 299/301-4, 1987-8) have been acquired, pro-
cessed, and analyzed (Fig. 3C). Focusing on the
Western Foothills (from Miaoli to the north, down
to Kaohsiung to the south), the SPOT images allow
a morphostructural overview (with much less distor-
tion than SLAR images and better accuracy). This
analysis allows improvement of the structural infor-
mation already existing in geological maps (Hsu,
1956; Ho, 1986a,b). SPOT-P images reveal NE-SW-
trending crests which correspond to anticlines and
associated thrusts and NW-SE oblique structures in
the Western Foothills (Fig. 3C, D). Note that the
interpretation of spatial and aerial data not only al-
lowed mapping of linear features of the Western
Foothills (oblique structures), but also provided new
data within the interfluvial (e.g., in summits, sad-
dies, and flanks of the topography), which were not
obtained from the previous drainage analyses.

3. Insights from tectonic and seismic analyses
3.1. Seismic distribution in the Western Foothills

The distribution of epicentres of shallow earth-
quakes (less than 17 km deep) in the Western
Foothills for the year 1992 (Shin and Chang, 1992)
provides evidence for a lack of seismic activity in
two subdomains (I and II in Fig. 4A). The northern
subdomain corresponds to the Peikang High area. It
is clearly bounded by a N140° structural trend to
the north and a NO8(O° one to the south, each of
them separating areas of highly contrasting seismic
activities. A southern subdomain corresponds to the
Kaohsiung area; its northern boundary also high-
lights a N140° structural trend. Note also the densely
distributed seismic epicentres between these two do-
mains (Fig. 4A) which correspond to large earth-
quakes related to thrusting and strike-slip faulting. It
is interesting to observe that these structural trends
display the same orientation than the N140°E trends
previously identified from independent geomorphic
analyses. As an example, the N140°E-trending Sanyi
and the Chishan fault zones (see below) thus appear
as major seismic boundaries.

3.2. Plio—Quaternary and present-day stress pattern
in the Western Foothills and relation to fault
kinematics

Motion along the N140°E fault zones can be pre-
dicted by comparing their orientations to the Qua-
ternary and present-day stresses in western Taiwan
derived from focal mechanisms of earthquakes (Yeh
et al., 1991), borehole breakouts (Suppe et al., 1985)
and Quaternary faulting analyses (Angelier et al.,
1986; Chu, 1990; Lacombe et al., 1993a; Lee, 1994).
Despite heterogeneous stress distribution in SW Tai-
wan (Kaohsiung area: Lacombe et al., 1995), the
Quaternary/present-day regional stress field mainly
corresponds to a N100-110° compression (Fig. 4B).
This N100-110° compression is likely to induce
a left-lateral motion along the N14(0°E fault zones
while the N80°E faults are right-lateral. As an ex-
ample, the left-lateral motion is obvious from the
swarm of compressional and strike-slip earthquake
focal mechanisms north of the northern domain I
(Yeh et al., 1991; Shin and Chang, 1992).
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Fig. 4. (A) Distribution of epicentres of shallow earthquakes (less than 17 km deep) in 1992 (from Shin and Chang, 1992). (B) Late
Quaternary-present-day crustal stress pattern in the Western Foothills of Taiwan. Earthquakes focal mechanisms after Yeh et al. (1991)
and Shin and Chang (1992), white areas indicate quadrants of dilatational first motion. Dashed lines: direction of the maximum horizontal
stress derived from borehole breakouts (Suppe et al., 1985). Continuous lines: direction of o1 axes deduced from Quaternary faulting
analyses (Angelier et al., 1986; Chu, 1990; Lacombe et al., 1993a; Lee, 1994). Black arrows indicate the average direction of the regional
compression.
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4. Structural field-work and tectonic analysis of
NW-trending morphostructures

4.1. Sanyi transfer fault zone (STFZ)

North of the Sanyi transfer fault zone (hereafter
STFZ), the deformation is clearly decreasing toward
the west. The western region is characterized by a
smooth relief marked by few gentle anticlines (as
the Tienhchanshan anticline) and associated thrusts
(as the Futoukeng thrust), whereas to the east the
area shows large structures like the Chuhuangkeng
anticline. The transition between these two areas of

contrasting deformation corresponds to the northern
branch of the Sanyi thrust and is underlined by the
N-S-trending Miaoli depression (Fig. 5).

This northern region greatly differs from the re-
gion located south of the Sanyi fault zone where the
flat lowlands of the Coastal Plain develop. The radar
signature (SLAR of Taiwan, MRSO, 1981, South or
North look) illustrates the sinusoidal shape of the
deformation front (‘collision front’) north and south
of the Taan River (Fig. 5A). Effectively, north of
the STFZ, the deformation front is shifted westward,
relative to the southern region (Fig. 5B). One may
notice a similar S-shape of the main anticline axes.
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This structural information argues in favour of a
major structural trend oriented N140° along which
virgation of structural axes and mismatches of struc-
tures occur. The existence of this major structure
is independently ascertained by the south termi-
nation of the CPC Tiehchanshan oil/gas field (lo-
cated within the Tiehchanshan anticline north of the
STFZ), which is likely to be found further southeast
in the Tatushan-Taichung area.

The STFZ is marked by an important amount of

seismic events (Fig. 4A). As previously mentioned.
the focal mechanisms (Yeh et al., 1991) and the re-
lated calculated stress orientations (Fig. 4B) indicate
a general left-lateral motion along this transfer fault
zone. North of the STFZ, close to the Houlong area.
the N8O°E normal faults related to the extensional
deformation of the Chinese passive margin were
reactivated close to the deformation front as right-
lateral transpressive structures (Huang et al., 1993),
and thus may be considered as shear zones conjugate
of the major N140°E fault zone (Fig. 5B).

The left-lateral motion along the NI140°E fault
zone is confirmed by field observations of brittle mi-
crostructures. Impressed pebbles. joints and striated
microfaults were observed at many places in the con-
glomerates of the Toukoshan formation. Combined
with the results previously obtained by Chu (1990) in
this area, we thus characterize a N110°-120° direc-
tion of Quaternary compression. Note that this trend
of compression is likely to induce left-lateral mo-
tion along the N140°E direction of the Sanyi fracture
zone. Taking into account both the N140°E trend and
the location of the STFZ, as well as its high seismic
activity, we propose to interpret it as the present-day
northern boundary of the Peikang High, undergoing
left-lateral shear and reactivating a weakness zone
inherited from the extension of the Chinese passive
margin (communication of the CPC).

4.2. Pakua transfer fault zone (PTFZ)

Evidence for transcurrent tectonic features in the
Pakuashan—Tatushan area was based on structural
observations from SPOT-P, DEM (Fig. 6A, B) and
field-work. The most striking feature is the virgation
of the axes of the Tatu and Pakua anticlines (Fig. 6B).
With respect to the regional N-S trend of anticlines,
the arcuate (or even sigmoidal) shape of their axes

suggests occurrence of a large NI140°E left-lateral
fault zone (Fig. 6B, C). The differential pinching and
finally the closing of the Taichung piggy-back basin
to the PTFZ (Fig. 6C) associated with the guidance
of the Tatu River (Fig. 6B) also indicate a major
N140°E structural trend.

Other evidence of a major N140°E trend (associ-
ated with second-order NOSO°E trends) is given by
drainage anomalies and offset of major structures de-
duced from remote sensing analysis (SPOT-P and
SLAR). The analysis of drainage anomalies reveals
drainages oblique to the dip-slope which underline
conjugate NOS8O°E and N140°E joints located on the
back of the Pakua and Tatu anticlines, as well as struc-
turally guided drainage anomalies trending N140°E
sitwated on top of and oblique to the anticline axis
(Fig. 6B). In addition, the Chelungpu thrust (east
of Taichung) displays minor (1 to 2 km) left-lateral
offsets along N140°E faults and right-lateral offsets
along NOBO® faults. The aerial photographs suggest
that the southern Tatushan anticline is bounded by a
N140°E fault zone (presence of sedimentary dykes.
fractures etc.). Tectonic analyses in outcrops are also
consistent with the occurrence of a major N140°
wrench fault zone in northern Pakuashan acting as
a left-lateral transtensional transfer fault zone: field
measurements reveal conjugate sets of N140°-150°
left-lateral minor strike-slip faults with NO8(0°-090°
right-lateral ones. Some of these left-lateral faults
show a4 normal component of motion, consistent with
a N120° shortening associated with the N0O30° exten-
sion also indicated by NW-trending normal faults. We
thus conclude that a major wrench fault zone occurs
in northern Pakuashan (Fig. 6B. C).

4.3. Chiavi transfer fault zone (CTFZ)

SLAR image analysis (Fig. 7A) complemented
by recent field work allowed accurate structural
mapping of the Chiayi area (Fig. 7B). The Chiayi
transfer fault zone (CTFZ) is revealed by (1) the
lateral displacements of the apparent deformation
front revealed by the strongly eroded relief on the
SLAR image (the deformation front is further west.
north of the CTFZ, see white arrow Fig. 7A); (2)
the differential location of the frontal conglomerates
(further west, north of the CTFZ, see the heavy line,
Fig. 7B); (3) the virgation of the Chukou thrust fault
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Fig. 6. Pakua transfer fault zone. (A) SPOT panchromatic image of Pakuashan area: note that the dark colour corresponds to the flanks
covered by high tropical vegetation, while the grey and white colours correspond to rice crops and habitations. Note the oblique drainage
of the major river, the pinching of the Taichung basin and the sigmoidal shape of Pakuashan area. (B) Analysis and interpretation of
(A). Note the E-W faults characterized by a normal component within the folds and the N140°E major trend of the transfer fault zone
(PTFZ). Same key as in Fig. 5. (C) 3-D schematic view of the Pakuashan area (C = Changhua: T = Taichung).
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Fig. 7. Chiayi transfer fault zone. (A) SLAR image looking north (MRSO, 1981). Note the lateral offset of the deformation front east of
Chiayi. (B) Analysis and interpretation of (A). Note the different structures on both part of the Chiayi transfer fault zone. Same key as in

Fig. 5.

(NE-trending south to the STFZ while N-S-trending
north of it, Fig. 7B); and (4) the different wavelength,
amplitude and apparent offset of the anticline axes
north and south of the transfer fault zone (Fig. 7B).
Note that close to the Chukou fault, E-W-trending
faults have already been described as transfer struc-
tures (Ho, 1986a,b).

4.4. Chishan transfer fault zone (ChiTFZ)

Considering previous mapping of the area south
of the Tsengwen River by the CPC, our field work
was focused on the Chishan area where the presence
of a N130°E-trending strike-slip fault had only been
inferred before (Deffontaines et al., 1994), mainly
based on the presence of linear features in SLAR
photographs and drainage patterns.

In the field, the NW-SE Chishan transfer fault
zone principally crops out within an elongated an-

ticline, more than 20 km long and | km wide.
This zone contains a major NW-SE strike-slip frac-
tured zone, associated with a variety of normal and
reverse components of motion. Most of the move-
ment has been accommodated along several shear
zones, where deformation is tightly localized. This
deformation is easily seen in the field because it is
associated with a spectacular occurrence of highly
deformed black clays which appear as black oblique
stripes which cut and offset the light-grey mud-
stones. In detail, these sheets of sheared clay display
narrow-spaced shear cleavage and small truncated
elements, contrasting with the absence of large de-
formation in the surrounding mudstones. At the local
scale, the passive rotation of markers within these
shear bands consistently indicate a left-lateral sense
of shear. At a wider scale, the upward divergent ge-
ometry of these faults suggests that the whole pattern
is a positive ‘flower structure’, consistent with the
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left-lateral faulting recognized in individual shear
zones. The locations of the anticline axes on both
sides of the fault zone also support our interpretation
of this N140° structure as a major left-lateral transfer
fault zone (ChiTFZ).

Along the Tsengwen River, some outcrops within
Plio—Quaternary shales allowed measurements of
striated microfaults: left-lateral strike-slip faults
striking parallel to the N130° fault zone are asso-
ciated with conjugate right-lateral strike-slip faults
trending NO5S0°-080°E (Fig. 8). Based on Ange-
lier’s inverse method (Angelier, 1990), we identified
a N107°E compressional strike-slip stress regime,
again consistent with the left-lateral motion along
the fault zone.

As for the other transfer fault zones, matching
the structures present on both sides of the fault zone
is difficult. In some cases, however, we could de-
termine the displacement rate along this fault zone,
based on the offset of lithologic markers. A sand-
stone bed, 0.4-0.5 Ma in age (NN19-NN20 zones)
displays a sinistral offset of 6 km. This suggests a
minimum slip-rate of at least 12 £+ 4 mm/year, along
the N130°E-trending fault zone (Mouthereau et al.,
1996).

4.5. Fengshan transfer fault zone (FTFZ)

The high-resolution DEM (Fig. 9A) reveals the
antiforms (interpreted as west-vergent folds) and
synforms (back-fold and/or piggy-back basins) of
southwestern Taiwan. For instance, the small Tainan
antiform (Fig. 9A) corresponds to the new location of
the deformation front which is farther northwest than
what was commonly admitted (e.g., near Kaohsiung
according to Lee et al., 1995). Note that Sun (1964)
already described the Tainan anticline marked by the
radial centrifugal drainage pattern and the eastern
fault (the Houchiali fault, that we consider as a
backthrust), but did not interpret it as the signature
of the deformation front. The basins are marked by
the flat lowlands area and the shoreline indentations
behind the folds.

The sigmoidal virgation of the NE-SW-trending
Takangshan and Panpingshan anticlines north and
south of the FTFZ, visible on the DEM (Fig. 9A),
argue in favour of a major N140°~150°E left-lateral
transfer fault zone in this area (Fig. 9B). This transfer

fault zone is underlined by the presence of a low
longitudinal depression within the FTFZ, evidenced
in the DEM (white arrow, Fig. 9A).

The Pleistocene reef limestones covering the
asymmetric anticlines of Takangshan and Panping-
shan crop out as large lenses interbedded within the
poorly consolidated clastic sediments of the Gunt-
ingkeng formation. These reef formations developed
during the Pleistocene in relation to thrust-related
folding (Lacombe et al., 1997). It is useful at this
stage to consider the extensive palacostress analy-
sis carried out in this area, because it is in part
probably related to the presence of the transfer fault
zone discussed herein. Field observations and tec-
tonic analysis of minor striated faults within these
limestones allowed identification of two main direc-
tions of compression: a NW-SE compression and
an ENE-WSW compression, marked in the field by
strike-slip faults and some reverse faults (Fig. 9B).
Compared to the homogeneous Quaternary ESE-
WNW (N105°) direction of compression in the
whole of the southern Taiwan Foothills (Angelier
et al., 1986), the Kaohsiung region thus displays a
heterogeneous, disturbed stress field, with two appar-
ently contrasting Pleistocene states of stress. Actual
polyphase tectonism being unlikely in Pleistocene
series, this heterogeneous stress distribution cannot
be consistently explained by two successive tectonic
events; it should rather be explained in terms of local
perturbations of the regional N105°E compression.
Because field studies and numerical modelling show
that stress deviations occur in the vicinity of major
fault zones (e.g., Xiahoan, 1983; Zoback et al., 1987;
Lacombe et al., 1993b), we propose that the regional
N105° compression underwent deviation within the
complex pattern of thrust-related folds connected by
major wrench fault zones of southwestern Taiwan:
this deviation resulted in a stress component oriented
NW-SE nearly perpendicular to the fold axes and
nearly parallel to the main N140°-N150°-trending
Fengshan transfer fault zone and in a ENE-WSW
to E-W compression oblique at large angle to the
N140°-N150° wrench fault zones (Lacombe et al.,
1997) (Fig. 9B). According to this interpretation,
these compressions probably followed each other (or
alternated) quickly in the Kaohsiung region during
the Pleistocene, both causing a left-lateral displace-
ment along the FTFZ.
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The Takangshan and Hsiaokangshan reefs cover-
ing the Takangshan anticline are apparently offset
with respect to the Panpingshan and Shaoshan reefs
covering the Panpingshan anticline. The apparent
offset reaches about 5-7 km. These reefs are all of
Pleistocene age (1.2 to 0.45 Ma based on nanno-
plankton data), but in detail they are younger from
south (Shaoshan) to north (Takangshan: Chi, 1979;
Chang and Chi, 1983; Gong et al., 1995). This slight
but real diachronism of reefs (and hence probably of
the anticlines on the top of which they developed)
makes the discussion of the regional significance
of the apparent offset of the reefs in terms of dis-
placement along the fault zone difficult. However,
considering the Panpingshan and the Hsiaokangshan
reefs, which are located on both sides of the inferred
fault zone and display a nearly similar age (I Ma
on average), one may determine a value of 6 £ |
mm/year along the fault; this value only constitutes
an upper limit for the actual displacement rate which
cannot be determined rigorously.

4.6. Kaohsiung transfer fault zone (KTFZ)

South of the city Kaohsiung the rectilinear
NW-SE-trending shape of the shoreline at Kaoh-
siung and the sigmoidal shape of the Shaoshan reef
might be interpreted as due to a NW-SE fracture
zone. Comparison with the above-mentioned criteria
for identifying a transfer fault zone lead us to sus-
pect a similar N140° transfer fault zone (Fig. 9B).
Evidence remains poor, because of low relief and
thick recent sediment infill, so that further subsur-
face investigation (as was done by Sun, 1963 near
Kaohsiung) is needed to precisely characterize the
inferred Kaohsiung transfer fault zone.

5. Discussion

Several aspects dealing with the presence of the
oblique major morphostructures need now to be
addressed. (1) Do these fault zones correspond to
strike-slip faults or to transfer faults? (2) Are they
newly formed (hereafter neoformation) in the cover
strata or do they result from reactivation of basement
structures? (3) Are they still active today? (4) What
is their significance in relation to the geodynamic
setting and the present-day stress field?

5.1. Strike-slip or transfer fault zones?

The interpretation of the N140°E-trending struc-
tures as transfer fault zones is based on the identifica-
tion of parts of thrust sheets having different displace-
ment on both sides of the fault. The sigmotdal shape
of thrusts and fold axes, the mismatches of compres-
sional features on both sides of the fault zone (disap-
pearance, change of dip direction) and the different
senses and rates of displacement between two ad-
jacent blocks suggest that faulting occurred during
(rather than after) fold and thrust development, and
therefore argue in favour of transfer faulting (Fig. 10).
As Table 1 shows, these transfer fault zones may
connect structures of various types and with various
vergences: fold/fold, thrust/thrust, thrust/back-thrust.
For instance, the CTFZ is of thrust/thrust type. The
PTFZ is clearly associated with fold development
(fold/fold type tranfer fault zone), especially in its
northern part. To the south, the Pakuashan anticline
shows a asymmetric structure (fault-propagation fold,
Delcaillau et al., 1993) whereas it appears symmetric
to the north on top of the PTFZ (fault-bend fold or
incipient fault-propagation fold or symmetric posi-
tive flower structure). The linearity of the flanks of
the Pakuashan anticline can be interpreted as the
emergence of the deformation front to the south-
west and of a back-thrust to the northeast (SPOT-P,
Fig. 6A), so that in the north the PTFZ is rather of
the thrust/back-thrust type (Table 1). It should be
noticed that our attempt at classifying transfer fault
zone structures (Table 1) has somewhat arbitrary as-
pects, because most of the fold structures in the Tai-
wan Foothills are related to thrust development (e.g.,
Suppe and Namson, 1979; Suppe, 1980).

Differences in the morphologic and structural sig-
natures of these fault zones suggest that the actual
mechanism of faulting may also vary: transpressive,
pure strike-slip or transtensive (Table 1). As an ex-
ample, evidence of transpressive deformation is pro-
vided by the bulge of the layers which form a kind
of pressure ridge parallel to the transfer fault zone:
this is well evidenced in the case of the ChiTFZ. In
contrast, the transtensive component is marked in the
field by normal faulting in different directions (e.g.,
the PTFZ: Fig. 6).

We would like to point out that as a consequence
of the transfer character of the fault zones inves-
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Fig. 10. Final structural interpretation of the Taiwan Foothills. (A) Updated structural map of Taiwan. Note especially the location of
the different transfer fault zone and the geometry of the Foothills (the black arrow corresponds to the present Philippine Sea Plate
convergence). (B) Schematic synthetic 3-D view of a typical left-lateral transfer fault zone and associated right-lateral strike-slip fault as
evidenced in the Taiwan Foothills. (C) 3-D schematic view of the Taiwan Coastal Plain and Foothills.

Table 1
Descriptive classification of transfer fault zones in the Western Taiwan Foothills
Type Mechanism Present-day activity Examples
GPS seismicity
Fold-fold transfer fault Pure strike-slip
Transtensive-normal component ? ? Pakua (South)
Transpressive-reverse component GPS mvt, num. focal mech Chishan
Thrust-thrust transfer fault Pure strike-slip few GPS mvt, num. focal mech Sanyi
Transtensive-normal component GPS mvt, few focal mech Fengshan
Transpressive-reverse component ? ? Chiayi
Thrust-back thrust transfer fault Pure strike-slip
Transtensive-normal component ? ? Pakua (North)

Transpressive-reverse component

tigated, displacement rates estimates based on the may differ from the initial mechanism. Differential
differential motion along them must be considered erosion following or accompanying thrust emplace-
with care. First, the apparent offset of thrust fronts ment may have resulted in an apparent offset that
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differs markedly from the initial offset. Second, be-
cause only the differential displacement (i.e., based
on the offset of passive markers) can be determined
as for strike-slip faults, estimating the displacement
rate based on the offset of such markers on both
sides of a transfer fault may lead to underestimation
of the total rate of displacement of thrust units.

5.2. Reactivation of basement structures or
neoformation?

The N140°E-trending transfer fault zones con-
necting the thrust sheets in the Western Foothills
may have initiated in the cover strata in response to
compressional thin-skinned tectonics or may result
from an overprint in the overlying sedimentary cover
of reactivated basement features.

Most of the extensional features related to the
Miocene extension and rifting of the passive Chi-
nese margin are oriented E-W and ENE-WSW (Ho,
1986a,b). Closely spaced CPC seismic profiles off-
shore Tainan (Yang et al.. 1991) effectively evi-
denced many E-W normal faults, sometimes in en-
échelon patterns, connected by nearly N-S transfer
faults with strike-slip character (Yang et al., 1991).
Palaeostress reconstructions in the Penghu Islands
additionally suggest that these extensional features
are related to a Middle-Late Miocene N-S exten-
sion followed by a Late Miocene NW-SE extension,
inducing complex patterns of normal faults associ-
ated with NNW-SSE transfer faults nearly parallel
to the extension (Angelier et al., 1990). These N-S
to NNW-SSE faults constitute weakness zones in
the basement available for reactivation, which could
have induced and guided the development of transfer
fault zones in the overlying cover during the Quater-
nary thrust tectonics. This is probably the case for
the STFZ, which constitutes the present-day seismic
northern boundary of the Peikang High (Fig. 4A),
but also for the PTFZ which extends at depth below
the décollement level above which folds and thrusts
developed (CPC, unpublished data).

However, the very little evidence of N140°E-trend-
ing fault zones in the Miocene basement (Letouzey
et al., 1987) leads us to propose that most N140°E
transfer fault zone observed throughout the Foothills
were not systematically guided and localized by
underlying inherited basement discontinuities, but

rather newly formed within the cover above the
décollement level(s) of the Neogene sedimentary se-
ries of the Foothills: they consequently developed
parallel to the transport direction in response to lo-
cal mismatches during thrust emplacement, and root
at depth within the décollement levels where me-
chanical decoupling occurs. Note that depending on
the thickness of the sedimentary series and/or the
palacogeography, the décollement level may vary
in age and depth. As an example, transfer fault
zones are likely to root at depth within the Upper
Oligocene—-Miocene Wuchihshan formation or the
Pliocene Cholan formation in the Pakua area, in the
Miocene Nankang and/or Nanchuang formations in
the Chiayi area, or the equivalent of the Nankang
formation in the Kaohsiung area (Mouthereau,
1995).

5.3. Consistency of transfer fault kinematics with
Quaternary and present-day stress fields

The transfer fault zones basically trend paral-
lel to the direction of thrust motion, and more
generally, parallel to the direction of displacement
of tectonic units. The NI40°E direction thus cor-
responds to the Quaternary regional direction of
emplacement of tectonic units at the scale of the
orogen (Fig. 10), slightly oblique to the direction of
the relative convergence (N300-305). These N140°E
transfer fault zones mainly accommodate the differ-
ential westward motion of thrust sheets due to the
blocking of the propagating thrust units by struc-
tural highs within the basement (the Peikang and
Kuanyin highs: see Fig. 1). As an example, the
NI40°E left-lateral Pakua transfer fault zone proba-
bly accommodated the blocking of thrust propaga-
tion by the Peikang High to the south, whereas the
northern part remained relatively free to propagate
westwards (Fig. 6B). The development of a transfer
fault zone generally results from the local mechan-
ical accommodation of kinematic incompatibilities,
such as differential thrust motions or thrust propa-
gation rates. The sense of shear is usually (but not
always easily) derived from the offset of various
markers. such as for lithological markers or initially
aligned fold axes.

A striking point concerning the N140° transfer
fault zones of the Western Foothills is that all of
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them exhibit evidence of left-lateral sense of shear
(Fig. 10). This suggests that the motion along these
faults is generally consistent with the regional stress
field. The compressional trends during Pleistocene
times, which were N105° on average (Angelier et
al., 1986; Chu, 1990), should effectively induce a
left-lateral shear on N140°-trending fault zones.

Considering that the N140° fault zones correspond
to transfer fault zones and not to simple transcurrent-
wrench faults oblique to the Taiwan fold-and-thrust
belt, the significance of the second family of oblique
features, i.e., the N8O°E- to N100°E-trending faults,
has to be discussed. Because of the number and
the large extent of N140° faults, they very proba-
bly correspond to major structures guiding the thrust
propagation in the cover (Fig. 10). The nearly E-W
faults offsetting thrusts in the Foothills show very
little or no evidence of transfer motion, and may
simply correspond to dextral strike-slip faults acting
as conjugate shears with respect to the left-lateral
N140° fault zones, in agreement with the N105° re-
gional compression. Seismic and geological studies
support the dextral reactivation of the E-W normal
faults of the margin into right-lateral strike-slip faults
(Fig. 10B). As an example, the dextral offset of the
orbitoid limestone along the southern boundary of
the Peikang High provides evidence for such a reac-
tivation (Tang, 1977).

The orientations and the motion senses of the
transverse faults in the Chiayi region are more com-
plex (Fig. 7) and need further discussion. In this area,
we have characterized a N110° transfer fault zone,
based on the lateral displacements of the apparent
deformation front, the differential location of the
frontal deposits, the virgation of the Chukou thrust
fault and the offset of the anticline axes (see previous
sections). However, N100-110°-trending faults off-
setting thrusts and anticline axes in the more internal
part of the belt have been previously interpreted as
transfer fault zones (Ho, 1986a,b). Fig. 7 shows that
some of them display right-lateral motion, whereas
some others exhibit a left-lateral one, in agreement
with the sense of motion evidenced from our study.
These apparently inconsistent senses of motion along
N110°-trending faults should be explained in terms
of local variations in fault orientation and in regional
stress trends. The Quaternary N100-110° compres-
sion is nearly parallel to the direction of thrust mo-

tion, so that along the transfer fault zone right-lateral
as well as left-lateral strike-slip movements may be
expected, depending on local kinematic accommo-
dation of thrust propagation.

5.4. Present-day activity

The previously described fault zones (Sanyi,
Pakua, Chiayi, Chishan and Fengshan) acted as
transfer fault zones during the Quaternary. Several
criteria can be used to determine whether or not such
faults are still active at the present day. The markers
of such a present-day activity may correspond to the
seismic activity or the differential displacement ve-
locities deduced from GPS data on hoth parts of the
fault zones (Yu and Chen, 1992; Yu and Kuo, 1993).

We have already noticed the important seismic
activity of the Sanyi and the Chishan N140° fault
zones which appear as major seismic boundaries and
are thus still tectonically active (Fig. 4A). The lack
of seismicity within the PTFZ may indicate that this
fault zone is no longer active.

In contrast to the Northern Foothills where uncer-
tainties on the results are too large to draw definite
conclusions for the Sanyi and Pakua fault zones,
GPS data in the Western Foothills (Yu and Chen,
1992; Yu and Kuo, 1993, 1994) provide additional
evidence of the present-day left-lateral transfer mo-
tion along the Chiayi, Chishan and Fengshan faults
(Fig. 11A). For these faults, we determined the com-
ponent of displacement velocities of stations located
on both sides of the fault zone along the direction
of the fault zone (Fig. 11B). For the Chiayi fault,
the NE block is found to move westward at a rate
of about 33 mm/y, whereas the SW block is moving
westward at a rate of about 26 mm/y, suggesting a
left-lateral motion along the fault; for the Chishan
fault, the NE block is moving westward at a rate of
about 18.5 mm/y, whereas the SW block is moving
westward at a rate of about 7.5 mm/y, also suggesting
a left-lateral motion along the fault; finally, for the
Fengshan fault, the NE block is moving westward
at a rate of about 13 mm/y, whereas the SW block
is moving westward at a rate of about 7.5 mm/y.
This confirms that the Chiayi, Chishan and Fengshan
faults are probably still active left-lateral transfer
fault zones accommodating the westward differential
motion of thrust units on both sides of them.
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Fig. 11. Present-day activity of the Taiwan Foothills transfer fault zones. (A) GPS network and velocity field of stations in the Western
Foothills of Taiwan, adapted from Yu and Chen (1992) and Yu and Kuo (1993, 1994). Black triangles are annually surveyed GPS
stations, while the triangles inside circles are continuous monitoring permanent stations. Station velocities are relative to the Penghu
Islands. The 95% confidence ellipse is shown at the tip of each velocity vector. Heavy lines: transfer fault zones. (B) Principle of
determination of the present-day left-lateral motion along the Chiayi, Chishan and Fengshan transfer fault zones, by taking into account
the components of velocity vectors parallel to the fault trend of stations located on both sides of the faults.

6. Conclusion identification of their tectonic behaviour, as transfer
fault zones consistent with the northwestward motion

This work not only confirms the presence of of the fold-and-thrust belt front (Fig. 10). These NW-
N140° major structures obliqgue to the Taiwan trending morphostructures are interpreted as various
fold-and-thrust belt deformation front but also allows types of transfer fault zones acting during the Quater-
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nary (Table 1). Their present-day tectonic activity is
supported by the high seismic activity of both STFZ
and ChiTFZ, and the present displacement derived
from the GPS data also supports this conclusion in
terms of active transfer faulting (e.g. Chiayi, Chis-
han and Fengshan transfer fault zones). The origin of
these fault zones, however, deserves further investi-
gations because the origin of weakness zones often
remains unclear (inherited structures of the Eurasian
passive margin reactivated during the last collision
or neoformed fault zones during this collision). An
important practical consequence of this study lies in
the integration of the data newly collected within
a Geographical Information System database. These
will allow improvement of the geological mapping
in areas which are characterized by abundant tropical
vegetation and high precipitation. The identifica-
tion of several left-lateral transfer fault zones, which
trend N140° and obliquely cut the NNE-trending
folds and thrust units of the outer (westernmost)
fold-and-thrust belt, allows better understanding of
the structure and the deformation modes of the West-
ern Foothills of the Taiwan collision belt.
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