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S U M M A R Y
Taiwan is a region of rapid active tectonics, yet the study of the tectonic processes that shape
the interior of the island is difficult due to the high rates of erosion and dense vegetation.
We use digital topography to look for indications of active deformation preserved in the local
geomorphology. In particular, anomalies in the regional pattern of drainage are used to infer
zones of enhanced tectonic activity. The apparent anticlockwise rotation of major river systems
in plan view indicates the presence of a diffuse zone of left-lateral shear running down the
southeastern side of Taiwan. Asymmetries in the catchments of individual drainage basins show
the influence of varying rates of uplift across southern Taiwan, with the most rapid uplift close
to Taitung at the indentation point of the Luzon arc with the Chinese continental margin. Our
interpretations, though based predominantly on remote-sensing observations, are consistent
with the available field evidence. This study demonstrates the usefulness of drainage basins
as tectonic markers in the quantification of regional strain and uplift, which may have wider
applicability in other deforming parts of the world.
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1 I N T RO D U C T I O N

In this paper, we investigate the dynamic landscape of southeastern
Taiwan with particular emphasis on irregular drainage networks and
their relationship to the regional tectonics (Ramsey et al. 2004). The
geomorphology provides the opportunity to identify active, and po-
tentially hazardous, faults in a region of little seismicity and where
field investigation is limited by dense vegetation. We exploit this
opportunity through the use of digital elevation models. Our ob-
servations demonstrate the potential for using drainage basins as
tectonic markers in the quantification of regional strain and uplift,
which may have wider applicability in other deforming parts of the
world.

The oblique convergence of the Luzon Arc and the Asian conti-
nental margin results in the southward propagation of the Taiwan
orogen at a rate of between 60 and 90 mm yr−1 (Fig. 1b, e.g. Davis
et al. 1983; Byrne & Liu 2002) and allows a time for space substitu-
tion along the length of the island. At present, the onset of full-scale
collision is at the southern end of the Coastal Range (Fig. 1a). This
indentation point of the Luzon Arc separates the advanced stage
of arc-continent collision to the north from the initial stage of arc-
continent collision to the south (Huang et al. 1997; Chang et al.
2001; Huang et al. 2006).

In the following sections, we first provide an introduction to the
geology and active tectonics of Taiwan during the initial stages of
arc-continent collision, before going on to describe our observations
and interpretations of drainage anomalies in the south of the island.
The drainage anomalies are divided into the apparent deflection

of the major rivers in plan view (Section 4.1) and asymmetries in
individual drainage basins (Section 4.2).

2 G E O L O G Y A N D T E C T O N I C S

The Taiwan orogen results from the rapid and oblique convergence
of the Luzon Arc, riding on the Philippine Sea plate, and the Asian
continental margin (Fig. 1a) (e.g. Suppe 1980; Barrier & Angelier
1986; Teng 1990). The island links the oppositely dipping Ryukyu
and Manila subduction systems and forms a linear, roughly north–
south oriented mountain belt that levels out at peak elevations of
around 4 km above sea level. South of Taiwan, the subduction of the
Asian margin beneath the Philippine Sea plate forms an accretionary
prism, potentially containing slivers of continental material (Shyu
et al. 2005a), that is progressively uplifted above sea level as the
collision propagates southwards (Fig. 1b). Northeast of Taiwan, the
subduction of the Philippine Sea plate beneath the Asian margin
results in backarc extension at the Okinawa Trough and collapse of
the orogen.

The central segment of the Taiwan orogen has been described by
some as a doubly vergent wedge (Willett et al. 1993). The western
part of the island consists of a shallow, easterly dipping fold-and-
thrust belt, in Miocene-Quaternary sediments (Davis et al. 1983). A
metamorphosed continental margin sequence (Ernst 1983), rapidly
exhumed on steep, westerly dipping faults (Willett et al. 2003) is
exposed in the eastern part of the island. The existence and signifi-
cance of the range-bounding structure in the east is a matter of de-
bate, and other workers interpret Taiwan as a one-sided wedge with
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Figure 1. (a) A perspective view of the Taiwan collision and surrounding regions, looking towards the northwest. The Philippine Sea plate is moving NNW at
a velocity of roughly 8 cm yr−1 relative to Peikang island on the Chinese continental margin. In the north, the Philippine Sea plate is subducted northwards at
the Ryukyu trench. In the east, the South China Sea plate is subducted beneath the Philippine Sea plate. Taiwan is built from the collision between the Luzon
arc and the Chinese continental margin, the indentation point of the Luzon Arc is shown by a white star and separates the full-scale arc-continent collision
to the north from the initial stages of arc-continent collision to the south (Huang et al. 2006). (b) A sketch showing how the oblique collision between the
Chinese continental margin and the Manila Trench-Luzon arc system results in the southward propagation of the Taiwan orogeny with a velocity of roughly
90 km Myr−1. The sketch is taken from Davis et al. (1983). (c) The distribution of seismicity in Taiwan from the Taiwanese Central Weather Bureau catalogue.

an eastward steepening basal décollement (Suppe 1981; Davis et al.
1983; Carena et al. 2002). Regardless, the Central Range extends
along the backbone of Taiwan (Fig. 1a) and is composed of bands
of metasediments increasing in metamorphic grade to the west. The
smaller Coastal Range bounds the east coast of Taiwan (Fig. 1a) and
represents accreted segments of the Luzon volcanic arc, dominated
by sandstone/mudstone rhythmites and (volcaniclastic) turbidites.
Offshore to the east, the flank of the orogen descends a further
5 km and the absolute base level lies over 100 km from the
coast in the Huatung basin. Offshore to the west, the orogen
is flanked by a shallow marine flexural foredeep (Lin et al.
2003).

The Longitudinal Valley is a major tectonic suture that separates
the Mesozoic metasediments of the mountainous Central Range
from the turbidites and volcanics of the Coastal Range (Figs 1a
and 2b) (Chang et al. 2001). The main Longitudinal Valley fault
(Fig. 2b) follows the western edge of the Coastal Range and dips
steeply to the east. In the very south of the valley, the slip is strongly
partitioned between an easterly dipping thrust in the west and a
north–south strike-slip fault in the east (Lee et al. 1998; Shyu et al.

2005b). The horizontal shortening in the south of the Longitudinal
Valley is ∼22 mm yr−1 directed at 323◦ (Angelier et al. 1997; Lee
et al. 1998, 2001) with a roughly equal amount of vertical uplift at
22–24 mm yr−1 (Yu and Kuo, 2001). Two large earthquakes of es-
timated magnitude M w6.9 and M w6.8 ruptured the central segment
of the Longitudinal Valley fault and the adjacent Yuli fault in 1951
November (see Shyu et al. 2006a, for a detailed summary), and an
earthquake of estimated magnitude M w6.2 ruptured the southern
segment of the fault in 2006 April (Fig. 2b). Uplift rates for the
Coastal Range determined from radiocarbon dating of Holocene
marine terraces (Hsieh et al. 2004) show a steady increase from
2–4 mm yr−1 in the north of the Longitudinal Valley to 6–8 mm yr−1

in the south, punctuated by a number of anomalously low values
(Fig. 2b). The pattern illustrates the culmination of the collision at
the indentation point of the Luzon Arc and is in good agreement
with longer term uplift rates of >5–7 mm yr−1 over the last ∼1 Ma
(Lundberg & Dorsey 1990). Unfortunately, there are no well-formed
marine terraces between the southern end of the Coastal Range at
Taitung and the Hengchun peninsula and, hence, no uplift data for
the southeast coast.
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Figure 2. (a) A base map showing the topography (40 m resolution) and bathymetry (100 m resolution) of the south of Taiwan including the major active
faults as proposed by Shyu et al. (2005b) and the main drainage divide (orange). The white box shows the extent of Figs 3(a) and (b). (b) A map showing
the topography of the Coastal Range and Longitudinal Valley region and the major faults as proposed by Shyu et al. (2006a). The Longitudinal Valley fault
follows the western margin of the Coastal Range. Other faults are named on the figure. Stars 1 and 2 mark the epicentres of the two large earthquakes of 1951
November. Star 3 marks the epicentre of the 2006 April 1 earthquake, M w6.2, that ruptured the southern part of the fault. The white dots and numbers are uplift
rates (mm yr−1) along the coast, taken from Hsieh et al. (2004), note the general increase in uplift rate southwards.

Other major structures in the Longitudinal Valley region include
the Central Range fault, a westerly dipping backthrust bounding the
Central Range along the western edge of the Longitudinal Valley
(Biq 1965; Shyu et al. 2006b). The quantitative role of the Cen-
tral Range fault is not yet clear but the existence of the fault is
observed through levelling lines, seismic refraction and fluvial ter-
races raised 10–100 m above modern streambeds. Offshore to the
east, Malavieille et al. (2002) identify a large west-dipping thrust
from bathymetric data. They suggest this thrust is the principal fault
of the Coastal Range region, although this seems unlikely given the
high rate of seismic and aseismic motion and the clear geomorphic
expression of the Longitudinal Valley fault.

The southeastern front of the Hengchun Peninsula is marked by
a sharp linear coastline (Fig. 2a) controlled by a west-dipping thrust
that appears continuous with small alluvial fan scarps southwest of
Taitung (Shyu et al. 2005b). The rate of motion on the thrust is un-
known and, apart from a poorly located event of surface wave mag-
nitude (M s) 7.2 in 1936, there are only small-scattered earthquakes

in the region (Fig. 1c). Offshore to the east, Shyu et al. (2005b)
map a number of active thrusts that bound the Huatung Ridge and
Taitung Trough and are observed in the bathymetric data (Fig. 2a).
The structures accommodate roughly half of the total present day
convergence between the Philippine Sea Plate and Eurasian margin
and are presumably a precursor to the shortening structures of the
Longitudinal Valley further north.

On the western coast of the Hengchun Peninsula two major faults
have been identified, the Chaochou fault and the Hengchun fault
(Fig. 2a). The Chaochou fault trends north–south and separates the
high Central Range from the Pingtung Plain. The fault dips steeply
to the east and has a significant component of vertical (up on the
east) and strike-slip motion (perhaps as much as 10 km of sinistral
slip) partitioned between separate splays at several locations along
the fault (Shyu et al. 2005b). There has been little historical seis-
micity recorded in the area, and 5 yr of GPS measurements have
failed to record much localized aseismic movement across the fault,
implying that it was locked over the survey period (Hu et al. 2004).
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Shyu et al. (2005b) suggest the Chaochou fault is capable of pro-
ducing an earthquake of moment magnitude (M w) 7.2 and poses
a significant seismic threat to the region. It is unclear whether the
structure continues southwards as the Hengchun fault (Wu 1978;
Ho 1988) or runs offshore along the length of a large submarine
canyon (Malavieille et al. 2002).

3 DATA A N D M E T H O D S

The topography of the subaerial Taiwan mountain range is described
by a photogrammetrically derived DEM with 40 × 40 m grid cells
and a vertical resolution to within a few metres depending upon the
terrain. The DEM is continuous across Taiwan, although there are
some obvious errors during edge matching.

The synthetic drainage network determines the likely downstream
route taken by water and sediment over a digital representation
of the topography (i.e. the DEM). In this study, the drainage net-
work for Taiwan was extracted from the DEM by a series of flow-
routing commands. The flow direction grid determines the direction
of steepest descent. The grid was created by calculating the steep-
est downhill slope within a window of 3 × 3 grid cells (the D8
algorithm; O’Callaghan & Mark 1984). For display purposes, the
threshold drainage area was set at 1 km2. This synthetically ex-
tracted drainage network compares favourably with hydrographic
maps and with drainage evident in Landsat and ASTER imagery.
The maps are displayed in the local transverse Mercator Taiwan
projection TWD67, Hu-Tzu-Shan datum, spheroid International
1967.

4 D R A I N A G E A N O M A L I E S

We now turn our attention to the regular transverse rivers of the
southeast coast of Taiwan (Fig. 3) to test our ability to infer tectonic
processes from the geomorphology. The seven drainage basins of
interest lie to the south of the Longitudinal Valley, prior to the on-
set of advanced arc-continent collision, and span over 60 km along
the coast, equivalent to ∼1 Myr in time (see Section 1). Their out-
lets drain abruptly into the Southern Longitudinal Trough offshore
(Fig. 2a). The seven basins show two unusual features; there is a
gradual deflection of the river outlets to the north accompanied by
a systematic increase in catchment asymmetry (see Fig. 3b). In this
section, we quantify these drainage anomalies and attempt to show
that basin asymmetry reveals differential north–south uplift and that
northward deflection of the river outlets is indicative of distributed
shear. There are few other examples from the literature where river
basins have been used to quantify tectonic processes (e.g. Wallace
1978; Leeder & Jackson 1993; Hallet & Molnar 2001). Prior to a
detailed discussion of the two drainage anomalies, we present a brief
description of the topographic growth of the Central Range to the
north.

The 16 river basins that drain eastwards from the main drainage
divide are shown in Fig. 4(a). Swath profile I–I′ (Fig. 4b) illustrates
the gradual increase in mean elevation before a plateau is reached at
the latitude of the Coastal Range. This increase and then levelling
off in height is mirrored by the mean hillslope angle for each discrete
basin (Fig. 4c), as well as for a number of other topographic attributes
including range half-width and mean relief (Kitching 2002). Basins
1–7 increase their drainage area across strike by the elongation of
their catchments. In contrast, basins 8–16 appear to increase their
drainage area along strike by capture and expansion into neighbour-
ing basins (for example, basins 8–10, Fig. 4a).

Many authors have suggested the attainment of ‘threshold’ topo-
graphic attributes is evidence of a topographic steady-state, whereby
erosional efflux of material is balanced by tectonic influx. Relief is
then limited by the mechanical threshold imposed by the maxi-
mum sustainable rock-slope angle, and erosional processes such as
rockfalls, landsliding and glaciation all work to reduce the tectonic
input of mass (Schmidt & Montgomery 1995; Whipple et al. 1999).
The Coastal Range appears to act as a buttress to basins 8–16, pre-
venting their continued increase in drainage area across strike and
maintaining a constant range half-width. In addition, the hillslopes
of the Central Range appear to have achieved their maximum slope
angle along this transect (Fig. 4c) resulting in a constant catchment
relief and mean elevation (Fig. 4b). Densmore et al. (2005) make
a similar observation about catchment geometry and catchment ex-
pansion for the normal fault bounded ranges of the northeastern
Basin and Range province. They suggest that once the hillslopes
have reached a threshold angle, range half-width is limited by fault-
spacing and the position of base level. In Taiwan, the Coastal Range
backstop may be a crucial boundary condition to the attainment of
topographic steady-state.

4.1 Northward deflection of rivers

4.1.1 Observations

The seven river basins of the southeast Central Range show a re-
markable, systematic increase in the deflection of their drainage
outlets to the north at an angle oblique to the range crest (Fig. 3b).
We have measured the angle between the trend of the lower reaches
of each basin and the east–west direction and present the results
in Table 1 and as a graph in Fig. 3(c). The plot shows a roughly
linear trend of increasing deflection with distance along the range,
reaching a maximum of ∼30◦ for basin 7 at the southern end of the
Longitudinal Valley. The deflection does not affect basins 1 and 2
and appears ‘pinned’ approximately 14 km inland along a line par-
allel to the coast and at the headwaters of river 7. The knick in each
river valley is pronounced, the upper reaches of the catchment are
perpendicular to the range crest, and there are no obvious offsets of
features along the valley.

The drainage basins are simple-looking networks with typically
one main trunk stream and numerous branching tributaries (Fig. 3a);
the more northerly basins are elongated (basin 7 is anomalous)
and have an asymmetric tributary network (described further in
Section 4.2). The valley floor narrows upstream of the knickpoint
(Fig. 5a), an observation also made along strike in basins 1 and 2.
All seven basins show a strong modal peak in the hillslope angle–
frequency plots that gradually increases from ∼24◦ for basin 1 to
∼31◦ for basin 7 (see Figs 4c and 5c). Several of the channel profiles
show large knickpoints (Fig. 5b): the largest knickpoint at channel
6 is over 200 m high and coincides with the deflection point in the
basin shape.

The digital elevation data set can be manipulated to produce a
map of local relief map (Figs 6a and b). The map is produced by
joining the ridge crests of the interfluves and valleys parallel and
perpendicular to the range crest and producing a grid of local maxi-
mum elevations (as shown schematically in Fig. 6c). The difference
in elevation between the present-day topography and the smoothed
approximation of ridgelines leaves a grid of the minimum amount of
sediment removed in that landscape, a measure of local relief. Ridge
crests will tend to show low sediment removal (blue in Fig. 6a) and
valley floors will show high sediment removal (red in this case).
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Figure 3. (a) 40 m DEM of the seven regular basins along the southeastern Central Range. The drainage area of each basin is shown by a thin white line and
the outlet of each basin by a small white circle. The synthetic drainage network is shown in blue. (b) Shaded topogaphy with basins 1–7 outlined in black
and the synthetic drainage network shown in blue. The solid black line marks a change in trend of the main trunk streams and the dotted black lines mark the
general trend at the outlet of each river. Note the systematic northwards deflection of the drainage outlets from basin 1 to 7 and the increasing asymmetry in
catchment area north and south of the main trunk streams. The southern drainage area of each catchment has been shaded in dark orange for clarity. (c) A graph
to show the increasing northward deflection of basins 1–7. The deflection is measured as the angle between east and west and the general trend of the outlet as
shown in part (b). Distance is measured from outlet 1 to each subsequent outlet. Basins 1, 4 and 7 are marked for reference. (d) A graph to show the increasing
asymmetry of basins 1–7. The asymmetry factor is measured using the 2-D area (see text for details). The main trunk stream of river 4 is split at the headwaters
and an asymmetry factor has been given for each case.

There are two striking observations revealed by the relief map
(Figs 6a and b). First, the roughly north–south deflection line ob-
served in the digital elevation model is marked by a low in the
sediment removal (along line I–I′); secondly, the upper reaches of
basins 2–5 show significantly higher relief in their headwaters above
the deflection line than in their lower reaches. The high relief in the
headwaters of basins 2–5 is matched on the western side of the range
crest by basins i–iv, so much so that the drainage divide (II–II′) is
partly obscured and the rivers appear continuous across it.

Looking in more detail, basin 6 shows a reversal of this pattern;
the lower reaches show pulses of high relief but westwards of the

line the relief is low and uniform. The same observation can be made
for basin 7, although the low in relief is in the headwaters of river
iv on the eastern side of the divide in this case (Fig. 5b).

4.1.2 Interpretation and discussion

We begin our interpretation by considering the significance of the
western boundary of the anomalous drainage, which is coincident
with a line of low relief, across which the valley floors narrow
abruptly (Figs 3b and 6a). The two most obvious causes for this sharp
boundary are discussed in turn: (i) the line marks an old drainage
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Figure 4. (a) 40 m DEM of the 16 basins along the eastern Central Range that have their headwaters at the central drainage divide. The drainage area of each
basin is shown by a black line and the outlet of each basin by a small white circle. Thick solid lines represent the traces of the active Longitudinal Valley fault.
The solid white line gives the position of profile line I–I′ and the black box outlines the extent of part (d). (b) 5 km swath profile I-I′. The grey area marks the
start of the Longitudinal Valley and the indentation point of the Luzon Arc. Basins 1, 8 and 16 are marked for reference. (c) The mean slope of the hillslopes
(drainage area <1 km2) for each drainage basin. (d) Perspective view of drainage basins 1–7. The western extent of the figure is bounded by the Chaochou
Fault. Note the deflection of outlets 3–7 to the north.

divide that has recently shifted westwards, resulting in large-scale
erosion in the river headwaters and (ii) the line marks a fault, and
the change in uplift rate across the fault provokes a response in the
headwaters of the rivers that differs from that of the lower reaches.

We then discuss the mechanism of the apparent deflection of the
drainage outlets.

In the south of the Hengchun peninsula, the drainage divide is
moving westwards by the progressive capture and excavation of
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Table 1. The deflection and asymmetry factor for basins 1–8 (see text for
details). The distance is measured from outlet 1 to each subsequent outlet.

Basin Trunk stream Distance (km) Deflection (◦) Asymmetry (AF)

1 Daren 0 0 55.9
2 Dawu 12 2 48.8
3 Dazhu 23 6 46.7
4 Jinlun 31 10 50.5/29.6
5 Taimali 39 13 35.4
6 Chihpen 46 24 32.7
7 Lichia 54 31 26.4
8 Peinan 70 – 21.1

river headwaters (Ramsey et al. 2006). Evidence of drainage di-
vide movement is found as far north as the upper reaches of the
Fangshan basin (marked on Figs 2a and 6a), and it would not be sur-
prising if subtle signs of divide migration were found in the seven
basins discussed here. If the deflection line marked an earlier exist-
ing drainage divide, we might expect the widespread preservation of
dry valleys and the early equilibration of the oldest basins (6 and 7).
Rivers i, ii, iii and iv (Fig. 6a) do appear to match up in position and
trend with their counterparts on the eastern flank; unfortunately, the
channel profiles (Fig. 6d) show no signs of river beheading and there
are very few dry valleys or wind-gaps across the divide (Fig. 6a).
The oldest basin, basin 7, remains stunted and basin 6 retains a
large knickpoint in the main channel profile and a low relief surface
in the upper reaches. Furthermore, the sharp physical contrast in
the topography at the deflection line suggests a sharp boundary at
the western edge of the deformation zone, as opposed to a gradual
retreat.

The second interpretation, that the deflection line follows a fault
trace, is more consistent with the observations. The fault would
trend NNE–SSW, in a similar orientation to the Longitudinal Valley
suture and to the thrust fault bounding the peninsula. If the fault
has a component of uplift a knickpoint would be produced along
the river channel. The channel would respond by increasing channel
incision, the hillslopes would steepen, and channel narrowing and
increased sediment removal would occur; in a detachment-limited
environment the knickpoint would propagate upstream (Whipple &
Tucker 2002). This interpretation is compatible with the relief map
(Figs 6a and b): river profile 6 has a large knickpoint at the deflec-
tion line which, as it propagates upstream, will increase sediment
removal behind it. A wave of erosion may already have passed up
channels 3–5, so that what we are seeing is the increased sediment
removal upstream of the knickpoint, and not the knickpoint itself.
There is only limited seismicity in the area (Fig. 1c). A fault is
marked along the deflection line on the geological map although it
is not clear what evidence was seen in the field. If the deflection
line represents a fault, it is unlikely to possess a large lateral com-
ponent as localized strike-slip would result in abrupt deflections
within the deeply entrenched channels of the rivers which cross
it.

On turning our attention to the cause of the deflection itself, one
of the most compelling observations is the gradual, and apparently
smooth, northward increase in deflection of the outlets. There is no
systematic climatic or lithologic control on the southeast coast of
Taiwan that could explain this continuous pattern, and we must turn
to tectonics as the cause. The identification of active faults is made
difficult by the dense vegetation and a lack of seismicity; the GPS
network and any exhumation or age control data are sparse in this

area. Nevertheless, a consideration of the structures and tectonic
framework may still provide clues to account for the deformation.

Recent work by Lu et al. (2001, 2002) has mapped the structures
along the southeast coast. They characterize a series of synclinal and
anticlinal folds parallel to the seven drainage basins. They also de-
scribe evidence for pervasive roughly north–south left-lateral shear
throughout the area from small left-lateral fault zones and fracture
cleavage orientations. This left-lateral shear zone is likely to be as-
sociated with the Longitudinal Valley suture and the river valleys
may be acting as passive markers, recording the shear as a northward
deflection at their outlets (Fig. 7). If we know the rate of strike-slip
motion on the Longitudinal Valley fault and the age of the river
basins, we can calculate a crude estimate of the expected amount of
shear.

The Longitudinal Valley suture varies from a single fault in the
north to partitioned strike-slip and reverse faulting on two sepa-
rate fault strands in the south (Lee et al. 1998) (Fig. 2b, see also
Section 2). Lee et al. (1998) estimate a horizontal displacement
rate of ∼28 mm yr−1 at an azimuth N329◦E between the Coastal
Range and the Central Range at the base of the Longitudinal Valley.
The motion is partitioned into strike-slip faulting (22 mm yr−1 in
direction N353◦E) and thrusting (12 mm yr−1 in direction N280◦E).
The coastline adjacent to drainage basins 1–6 is sharp, and is thought
to represent active faulting on a west-dipping thrust (Shyu et al.
2005b). This inferred coastal fault is directly along strike from the
Longitudinal Valley fault (Figs 2a and 7a).

Assuming that the zone of deformation that we have inferred
from the deflected drainage is 14 km wide (bounded by the coast-
line and the deflection line), and that we know the age of basin 7,
we can calculate the expected amount of shear. The propagation
rate of the Taiwan collision is estimated to lie between 60 and
90 mm yr−1 (see Section 1), depending upon the means of esti-
mate and the exact plate geometry. The outlet of basin 7 lies ∼55
km from the undeformed outlet of basin 1 and, substituting time for
space, gives an age range of 0.6–0.9 Myr and an expected amount
of shear of between 43◦ and 55◦. Fig. 7 shows the simple calcula-
tion for the basin at an age of 0.9 Myr. The measured deflection of
basin 7 is 31◦ (Table 1, Fig. 3c), approaching the estimated range
of 43◦–55◦. Any discrepancy between the observed and estimated
amount of shear may result either from a change in the rate of
motion on the Longitudinal Valley fault, from uncertainty in the
rate of southward propagation of the Taiwan orogen, or may also
be related to the long-term plastic behaviour of the sediments and
the coupling between the upper crust and deformation at greater
depths.

There are no obvious faults in the southeast Central Range to
take up the left-lateral shear, and the dense vegetation and lack of
seismicity make it difficult to assess whether such faults exist, but
if they did, we might expect to see them as lateral deflections of the
river channels. Significantly, the underlying lithology of basins 1–
7 is low grade metasediment, typically muds with some sandstone
beds, that rapidly gives way to more competent marbles and schists
further north. Given the widespread presence of weak mudstone
rocks, pervasive shear throughout the zone appears to be a plausible
mechanism. However, it is possible that the seven rivers themselves
trace fault lines and that the shear is being taken up by a number of
individual blocks that rotate anticlockwise about a vertical axis.

In summary, the seven basins of the southeastern coast may be
considered as markers illuminating the left-lateral shear of the Tai-
wan collision (Fig. 8). The left-lateral shear occurs within a zone
∼14 km wide and bounded by faults on both its coastal and inland
margins.
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Figure 5. (a) 40 m DEM of each of the seven river basins (labelled in the top-right corner) draped over the shaded topography. The outline of the basin is
shown in black and the synthetic drainage network in blue. The start and end of the river profiles in part (b) are shown by a white dot and the position of the
knickpoints by white arrowheads. The knick in the river basin trend is shown by two black arrows. The scale bar is 5 km long in each case. (b) River profiles
taken from the 40 m DEM and smoothed by 7 point adjacent averaging. The profile is for the main trunk stream in each basin and the headwaters and outlets
are marked by a white dot in part (a). Note the large knickpoints in the upper reaches of four of the basins. (c) Slope frequency distributions for the hillslopes
(drainage area <1 km2) of each basin. The mean value and one standard deviation are shown by the solid and dotted lines respectively. Note the gradual shift
to higher modal and mean slopes from basin 1 to 7.
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Figure 6. (a) Plan view of local relief map showing the minimum sediment removal for the southeastern Central Range. See part (c) and text for more details.
The low in relief that coincides with the deflection line is marked by arrows I–I′ and present-day drainage divide is marked by the white dotted line II–II′. Note
the high levels of sediment removal in the headwaters of rivers 3–5 and their continuation westwards into basins i–iv. (b) Perspective view of the same area
looking northwards. The western extent of the figure is bounded by the Chaochou fault. (c) A schematic figure illustrating how the relief map is generated.
The topography is ‘filled’ (yellow) to a maximum level in a specified window size. The true topography is removed from the filled grid to give the minimum
sediment fill, following the method of Brozović et al. (1995). (d) Channel profiles from rivers i, ii, iii and iv. The main trunk stream is shaded in blue and any
large tributaries shown by a single black line. The river profiles are not obviously beheaded and there is only one significant knickpoint in the upper reaches of
basin iv, coincident with the area of low relief.

4.2 Catchment asymmetry

The series of seven drainage basins described in Section 4.1 also
show a striking asymmetry in their catchment areas north and south
of each trunk stream. The asymmetry is clear in plan view (Figs 3b
and 9a) and in topographic profiles (Fig. 9b). The asymmetry is
apparent for the entire length of each basin and becomes more pro-
nounced in the northerly basins (the deflection line identified in
Section 4.1 has no obvious effect). To the north, basin 8 also shows
a strong asymmetry in its catchment area (Fig. 9d). In this section,
we quantify the asymmetry in the eight basins and explore the po-
tential for further interactions between tectonics and topography in
this part of Taiwan.

4.2.1 Observations

The basin asymmetry is calculated using the asymmetry factor, AF,
as defined by Hare & Gardner (1985):

AF = 100 (Ar/At ), (1)

where At is the drainage area of the whole catchment and Ar the
drainage area to the right of the main trunk stream looking down-
stream, that is the area to the south of each trunk stream in this case.
If the catchment is symmetric the asymmetry factor should be ∼50.
In this study, an AF of 0 would imply the southern tributaries are
non-existent, and conversely an AF of 100 would imply the north-
ern tributaries are non-existent. We have calculated the asymmetry
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Figure 7. (a) 40 m DEM delineating the major bounding structures of the
southeast coast and the extent of the shear zone (semi-transparent orange
box). The known faults are shown by black lines (LVF = Longitudinal Val-
ley fault) and the proposed faults are shown in dark blue. (b) The relationship
between the left-lateral shear, the width of the deforming zone and the ex-
pected amount of rotation, ψ .

factor for each of the eight basins in plan view and present the results
in Table 1 and as a graph in Fig. 3d. The distance is measured from
river 1 to each subsequent outlet, river 4 has no clear trunk stream and
an asymmetry factor is given for both branches of the river. Basins
1, 2 and 3 have an AF of ∼50; basin 4, and those further north, show
a steady, roughly linear increase in AF reaching a maximum value

of 21 for basin 8 (i.e. at least 3
4 of the drainage area of basin 8 is to

the north of the trunk stream). The drainage network of basin 8 is
more complicated than basins 1–7 (Fig. 9d). If the more northerly
tributary is chosen as the main trunk stream the asymmetry factor
of basin 8 would be significantly less, and the maximum AF would
be 26 for basin 7.

It is also worthwhile considering the tributary pattern on moving
northwards; accompanying the increase in northern catchment area
is an obvious increase in hillslope length and an increase in the
sinousity of the northern tributaries. This is especially noticeable
in some of the larger tributaries of basins 5–8, in particular, at the
confluence with the main channel (Figs 9a and 8). The tributaries to
the south of the main trunk stream are typically short, straight and
closely spaced.

In addition, the network becomes rectilinear in the northern basins
with all tributaries converging with the main trunk stream at almost
90◦. At several points along the interfluves, dry valleys bridge the
tributaries of neighbouring basins, specifically in the upper reaches
of basins 3–6 (Fig. 8), suggesting the drainage divides are not
stationary.

In contrast to the tributary network geometry, the hillslope angles
north and south of the trunk streams are surprisingly constant within
each basin. Fig. 9(e) documents the mean hillslope angle north and
south of each trunk stream for an individual basin. Despite the gen-
eral increase in slope northwards the northern hillslopes are not
consistently steeper or shallower than the southern hillslopes.

To summarise, basins 1–8 have an asymmetry which significantly
increases northwards, the drainage network is rectilinear, the north-
ern tributaries are longer and more sinuous than their southern coun-
terparts, and yet the hillslope angles remain constant within a basin.
The pattern is more established and extreme in the older, northern
basins suggesting a process that accumulates over time. The fol-
lowing interpretation section discusses the possible causes and the
hillslope-channel feedbacks.

4.2.2 Interpretation and discussion

Ideally, catchment areas should be symmetric about the main trunk
stream suggesting they have incised a roughly horizontal surface of
uniform lithology with little preferred structural orientation. In real-
ity, common exceptions arise in regions of increasing surface eleva-
tion across the basin (e.g. Fig. 10), usually associated with tectonic
uplift (e.g. Hare & Gardner 1985; Cox 1994; Jackson et al. 1998),
or where asymmetries in lithology or local climate exist (Kennedy
1967).

In southeastern Taiwan, there is no systematic climatic or litho-
logic control that could result in the steady increase in asymmetry
on moving northwards. Moreover, the slope angles appear roughly
constant within a single basin, a geometry that is difficult to achieve
via a climatic or lithologic process (Fig. 10). Instead, we need sim-
ply appeal to the incision of the river network on a landscape that
is tilted up to the north and where the valley sides are controlled
by a threshold process—potentially landsliding—that maintains a
constant slope (Fig. 11). The tilt of the surface is brought about by
the older, northern basins having been uplifted for longer.

This simple interpretation of incision on a tilted surface can be
used to derive a relationship between the amount of tilt and the
asymmetry factor (Fig. 11, Appendix A). If the initial cross-channel
profile is symmetric and the channels are tilted up to the north there
will be an immediate asymmetry imposed in plan view; the overall
width of the basin will decrease and the catchments to the south of
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Figure 8. A cartoon illustrating the indentation of the Luzon Arc and deflection of the river outlets. Rivers 4–7 are shown by white arrowheads, the extent of
the shear zone is shown by the partially transparent box. Prominent topographic lows along the interfluves are marked by white arrowheads. The scene has four
times vertical exaggeration and is 50 km across from west to east.

the trunk stream will appear larger (Fig. 11b). The initial width of
the catchment is defined as 2w, the initial hillslope length as h, the
threshold angle at which the slopes reside as φ, and the tilt up to the
north as θ .

The tilt to the north oversteepens the angle of the northern hill-
slopes to φ + θ and understeepens the angle of the southern hill-
slopes to φ − θ . The hillslopes should readjust to their threshold
angle, φ, by processes of incision and landsliding, although this has
not yet been quantified in the field. The readjustment of the hill-
slopes increases the catchment area of the northern tributaries and
decreases the catchment area of the southern tributaries (Fig. 11c).
Our model is likely to oversimplify the true processes. Perhaps more
realistically, critical hillslope angles are maintained on both sides of
the river channel and variation in the rate of hillslope failure (as a
function of the driving channel incision rate) drives the divide mi-
gration seen in Fig. 12(c). However, the differences between these
two models are subtle. The asymmetry factor, AF, is calculated for
the southern drainage area.

We now have a first-order relationship between the amount of tilt
and the catchment asymmetry (Appendix A) and can produce a plot
for a given range of hillslope angles (Fig. 12). The asymmetry factor
is independent of the width of the catchment and the length of the
hillslopes; only if the hillslopes are below their threshold slope will
increased incision at the base of the channel lengthen the hillslopes
and alter the geometry of the basin.

From Fig. 12, it is clear that for an increasing amount of surface
tilt (θ ), the asymmetry factor increases roughly linearly. This result
is important; if the rivers were incising a uniformly tilted surface
they would have the same asymmetry factor. Even if there has been
no tilting of the surface, and the smooth increase in elevation of the

main drainage divide is caused simply by the northwards increase in
width of the Taiwan orogen (with wider mountains able to support
correspondingly higher peak elevations, e.g. Fig. 4) the asymmetry
of the catchments would remain identical to the geometry shown in
Fig. 11(b). For the asymmetry factor to increase northwards the tilt
of the surface must increase northwards. Therefore, the tilt of the
landscape is not only the result of the northern basins being older
and having been uplifted for longer, but also the result of differential
uplift rates between the southern tip of Taiwan and the indentation
point of the Luzon Arc. At the southern tip, the shortening is ac-
commodated as subduction, thrusting and uplift; along the length of
the Longitudinal Valley any remaining oceanic crust has been con-
sumed and the shortening must be absorbed as thrusting and uplift
alone (Shyu et al. 2005a). To the north of the indentation point of
the Luzon Arc, during the advanced stage of arc-continent collision
(Huang et al. 2006), the uplift rate may be constant. The actual val-
ues of tilt output from the model are inconsistent with observation.
An AF of 21 and a hillslope angle of 30◦ as is seen for basin 8, re-
quires a surface tilted at just over 20◦. A surface tilt of this amount
cannot be produced between basin 8 and 1 (a distance of ∼70 km)
over the ∼1 Myr since the area has been above sea level, assuming
that the present-day uplift rate at the southern tip of the Longitudi-
nal Valley of ∼10 mm yr−1 (Fig. 2b) is representative of the rate of
uplift averaged over the last million years.

The cartoon in Fig. 11 assumes the position of the interfluves
between adjacent valleys to be stable in space, and that the valley
floor shifts southwards to create the basin asymmetry. It is likely
that at least some of the asymmetry is caused by movement of the
divides themselves, as well as lateral movement of the river chan-
nels as they cut down. We suggest the readjustment of the northern
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Figure 9. (a) 40 m DEM of the southeast coast including basin 8 to the north. The drainage basins are shown in white and the synthetic drainage network in
blue. The black box outlines the extent of part (d) and lines I–I′ and II–II′ the profiles in part (b). (b) 5km cross-valley swath profiles I–I′ and II–II′. Note the
offset of the trunk stream to the south of the basins in the more northerly catchments. (c) and (d) Basin 8 may form part of the large-scale trend; the channel
profiles and asymmetry factor are included for completeness. The profile of the large north–south tributary is shown in blue and that of the main trunk stream
by a thin black line. The white dots in part (d) mark the headwaters and outlet of the tributary; the location of the channel knickpoint is shown by two white
arrowheads. AF = asymmetry factor (see text for details). (e) The mean hillslope angle north and south of each trunk stream. Basins 1, 4 and 8 are marked for
reference. Note that the southern values are not systematically greater or less than the northern values.

hillslopes is manifest as landslides at the drainage divide. The
northern tributaries cut back across the divide and capture the head-
waters of the neighbouring southern tributaries. The continued cap-
ture shifts the drainage divide northwards. For the divides to migrate
requires significant degradation along the interfluves, however this
is not a problem, as several kilometres of rock are likely to have been
removed from this region over the past ∼1 Myr (as discussed later).
A process of northward divide migration is consistent with both the
observed alignment of tributaries and the presence of topographic
lows across the interfluves (Fig. 8).

Both the hillslopes and the tributaries must respond to the in-
creasing slope imposed by the differential uplift. The slope of an
alluvial river bed is graded in order to maintain a delicate balance
between sediment supply and removal, and the minimum amount
of energy expended. Increasing a river channel gradient, even by a
fraction of a degree, will cause the river to meander more, increase
its length and readjust the slope to compensate. This process has

been observed for alluvial channels (e.g. Schumm 1985) but re-
cent work has suggested bedrock meanders are equally as important
and dynamic in Taiwan (Barbour et al. 2005). The greater sinuosity
we observe in the northern tributaries may be an adjustment to the
tilted surface that is concentrated at the tributary confluence before
migrating upstream (Schumm 1993).

It is difficult to account for the role of denudation as a whole in
shaping the basin geometry. The high uplift rates of the island of
Taiwan are countered by equally high erosion rates. Apatite fission
track age data from the southeast coast of Taiwan suggests exhuma-
tion rates of between 2 and 10 mm yr−1 (Dadson et al. 2003; Willett
et al. 2003), these are matched by river gauging station erosion es-
timates of 3–10 mm yr−1 (Dadson et al. 2005). If the erosion rates
have been relatively constant throughout the past 1 Myr, several
kilometres of sediment may have been removed from the region. It
is unlikely that sediment has been removed evenly throughout the
basin, especially if uplift rates are higher in the northern basins.
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Figure 10. (a) A cartoon of river valley cross-profiles showing the development of asymmetric hillslopes. Initially the hillslopes reside at their threshold value,
φ. Asymmetry can develop by increasing the elevation across the catchment, 1A, or by reducing the angle of the northern hillslopes, 2A. Localized faulting,
1B, or topographic growth, 1C, are possible causes of increasing elevation; the dip of the strata, a strong foliation or cleavage, 2B, or local climate variations,
2C, are possible causes of opposing hillslope angles.

A further complexity, and one that is equally difficult to incorpo-
rate in any model, is the northward linear increase in slope (Fig. 4c).
If the northern basins have a steeper threshold hillslope angle they
can support higher interfluves, and the elevation will increase north-
wards. Moreover, if the hillslope angle is increasing rapidly north-
wards and the river valleys are evenly spaced, the basins could de-
velop a marked asymmetry (Fig. 13). It is not clear why the threshold
angle should increase northwards. There are no significant litho-
logical variations shown on the geological map and the basins are
uniformly underlain by low-grade Miocene sediments. There may
be a more gradual increase in metamorphic grade from south to
north towards the culmination of the collision, as is seen on a larger
scale across Taiwan, that could result in more competent rocks in
the north.

Fig. 13 has a number of implicit assumptions and important de-
tails. First, we have assumed that the incision depth remains constant
between valleys, both at their outlets and along their lengths. This
assumption appears to be valid in southern Taiwan as profiles drawn
parallel to the coast show each river bed at roughly the same eleva-
tion (Fig. 13b). We have also assumed that the hillslopes are at their
maximum sustainable rock-slope angle, and the asymmetry factor
is constant for a linear increase in threshold slope. It is difficult to
assess the contribution of increasing hillslope angle to catchment
asymmetry. Observations suggest that the increase in threshold an-
gle is small, especially between catchments 6–8 (Fig. 5c), yet the
asymmetry continues to increase rapidly (Fig. 3b). Furthermore,
the hillslope angle will no doubt increase smoothly and not remain
constant within a particular basin. Nevertheless, although the sig-
nals are difficult to distinguish, it appears that the interaction of the
differential uplift and increasing hillslope angle is significant.

It is perhaps surprising that catchment asymmetry is not evident
in the drainage basins on the southwestern flank of the range. The
western flank of the range is dominated by north–south trending an-
ticlines in the Western Foothills fold-and-thrust belt and has a more
diffuse deformational style to the eastern Central Range. The west-
ern basins are farther from the indentation point of the Luzon Arc,

the region where uplift is likely to be concentrated, and the proximity
of the Chaochou Fault may be a more important boundary condition
to the drainage development. In a similar way, the asymmetry is
not evident farther north along the Central Range, where one might
expect the basins to record an earlier stage of deformation. The high
uplift and erosion rates in the Coastal Range would rapidly remove
the remnant signal.

In summary, the increasing asymmetry of the eight drainage
basins is caused by the incision of river valleys in a region tilt-
ing up to the north. The uplift rate must increase northwards to the
latitude of the Longitudinal Valley and is likely to be combined with
an increasing threshold slope. The continuous response of the over-
steepened hillslopes is to cut back by landsliding, thus capturing the
drainage area of the neighbouring basin.

5 C O N C L U S I O N S

We have shown that the river systems of southeast Taiwan record
information on the active tectonic processes that shape the orogen.
Our remote sensing observations are consistent with field evidence
for pervasive left-lateral shear through this part of the island. In ad-
dition, we have been able to describe both the spatial distribution and
likely total magnitude of the regional strain, information that it is not
possible to glean from the field observations alone. Further testing
of our model could be performed by targeted GPS measurements of
the present-day deformation. We have also uncovered evidence pre-
served within the landscape for a rapid increase in uplift rate from
the southern tip of the island to the indentation point of the Luzon
Arc. We have no independent geological constraints on this process.
However, future measurements of the spatial pattern of erosion rate
may provide independent constraints on incision, and perhaps uplift,
which could be compared to our results. The rates of deformation
in Taiwan are very rapid, and hence the tectonic signals retained in
the rivers and landscape are very clear. However, the type of obser-
vations we have made should be applicable to any other region of
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Figure 11. (a) Symmetric hillslopes in cross-sectional and plan views. (b)
The asymmetry factor (AF) for a constant regional tilting of θ degrees, prior
to readjustment of the hillslope angle. (c) The asymmetry factor (AF) for
a constant regional tilting of θ degrees, after readjustment of the hillslope
angle.

Figure 12. A plot of the expected catchment asymmetry for a given amount
of tilt and a range of typical hillslope angles. The plot includes the asymmetry
imposed from initial tilt of the catchments and that from tilt and readjustment
of the hillslopes to their threshold angles. Note an asymmetry factor of 50
is a symmetric catchment.

Figure 13. (a) A cartoon showing incision into a surface where hills-
lope thresholds increase for each subsequent basin. The rivers incise to
the same depth, the interfluve elevation increases northwards, the asym-
metry of the basins is constant. (b) A topographic profile along line I–I′ in
Fig. 3. The rivers appear to incise to a roughly constant elevation along their
base.

mountain building with along-strike variations in deformation style
and rate.

A C K N O W L E D G M E N T S

First, we would like to thank Prof H. Chen and family who were very
supportive of our work in Taiwan. Prof Char-shine Liu provided
access to the bathymetric data used in Figs 1 and 2, and Miss Char-
Min provided help in organizing the logistics. This paper benefited
from discussions with various people including, R. Bendick, H.-T.
Chu, S.J. Dadson, A.J. Haines, N. Hovius, M.-L. Hsieh, E. Kirby,
J.-C. Lee, F. Pazzaglia, J.B.H. Shyu and A.J. West. Colin Stark, Ed

C© 2007 The Authors, GJI

Journal compilation C© 2007 RAS



June 1, 2007 10:53 Geophysical Journal International gji˙3444

Active tectonics of southern Taiwan 15

Keller, Cindy Ebinger, Mike Leeder, Mike Bickle and an anony-
mous reviewer are all thanked for detailed comments. This is Cam-
bridge Earth Sciences contribution No. 8766 and is supported by
NERC in the form of the COMET research centre and a studentship
to LAR. Additional fieldwork costs were met by Trinity College,
Cambridge.

R E F E R E N C E S

Angelier, J., Chun, H.-T. & Lee, J.-C., 1997. Shear concentration in a col-
lision zone: kinematics of the Chihshang Fault as revealed by outcrop-
scale quantification of active faulting, Longitudinal Valley, eastern Tai-
wan, Tectonophysics, 274, 117–143.

Barbour, J.R., Stark, C.P., Hsieh, M.-L., Hovius, N., Jen, C.-H. & Chen,
M.-C., 2005. Meandering mountain rivers of the western North Pacific
cyclone basin, in European Geosciences Union General Assembly,.

Barrier, E. & Angelier, J., 1986. Active collision in eastern Taiwan:
the Coastal Range, Tectonophysics, 125, 39–72, doi:10.1016/0040-
1951(86)90006-5.

Biq, C., 1965. The east Taiwan rift, Petrol. Geol. Taiwan, 4, 93–106.
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A P P E N D I X A : D E R I VAT I O N O F
A S Y M M E T RY FA C T O R

Refer to Fig. 11(b)
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Refer to Fig. 11(c)
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