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Abstract Using seismic and Chirp sonar profiles, this
paper tests the hypothesis that hyperpycnal flows are the
main factor controlling the formation and maintenance of
the meandering Kaoping submarine canyon off SW Taiwan.
Cross-section geometries, and erosional as well as deposi-
tional features vary along the canyon course. In the
proximal, sinuous part of the canyon, down-cutting into
the shelf strata has created a relief of 340 m. The cause of
this intense erosion of the seafloor is suggested to be the
frequent development of hyperpycnal flows. A seismic
section across a meander in the distal part of the canyon
shows levees formed by overspilled sediments at the outer
bend, and a terrace characterized by relatively flat stratified
facies at the inner bend. The geological setting and climatic
conditions in SW Taiwan (e.g. earthquakes, typhoons,
floods), as well as major river–canyon connections (for
example, direct input of highly concentrated suspended
sediment) would all promote hyperpycnal flow generation.
This causes axial incision, canyon wall slumping, and the
formation of levees by spill-over deposition in the upper
reach of the Kaoping Canyon.

Introduction

That turbidity currents play a major role in the formation of
meandering submarine channels has been proposed decades
ago. For example, Shepard (1966), after discovering
meandering submarine channels in the Monterey fan
valleys off California, suggested that the meanders were
created by incision in the course of turbidity current
activity, whereas spill-over of fine-grained sediments led
to the formation of levees along the meander belts.
Turbidity current action, as an important mechanism in
channel formation and canyon meandering, has been
emphasized also in more recent studies (e.g. Pirmez and
Imran 2003; Mulder et al. 2003, 2004).

Although terrestrial hyperpycnal flows have been known
to occur since the 1880s (Forel 1885), the existence of
marine hyperpycnal flows, and their role in forming
meandering channels and canyons have been reported only
more recently. Thus, Mulder et al. (1997) suggested that the
formation of the Var submarine canyon was closely related
to hyperpycnal activity.

In marine environments, hyperpycnal flows commonly
form during floods at the mouths of small to medium-size
rivers when the discharge of suspended sediment reaches
concentrations above a density threshold of 36 kg/m3

(Mulder et al. 2003). Tectonically active margins, such as
the Eel River margin in northern California (Sommerfield
and Nittrouer 1999), are characterized by small drainage
basins with high relief associated with small mountain
rivers carrying extremely high sediment loads. Therefore,
such rivers are considered good candidates for the
generation of hyperpycnal flows (Mulder and Syvitski
1995). They often discharge directly into submarine canyon
heads, and thereby increase the intensity of erosion in the
canyons due to frequent hyperpycnal flow events. As a
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consequence, meanders may be formed in submarine
channels and canyons in the course of time (Mulder et al.
2003). These findings led Mulder et al. (2003) to conclude
that marine hyperpycnal flows were excellent candidates to
explain the origin of meanders in deep submarine channels
and canyons.

Within this context, the purpose of this paper is to test
the hypothesis that hyperpycnal flows play an important
role in submarine canyon incision and channel meandering,
by using the Kaoping submarine canyon offshore SW
Taiwan as type locality.

Physical setting

Along the continental margin of south–west Taiwan,
numerous submarine canyons are incised into mostly
Pleistocene–Recent sediment successions. The Kaoping
Canyon, the largest in this region, begins at the mouth of
the Kaoping River, crosses the shelf and slope over a
distance of about 260 km, and eventually merges with the
northern Manila Trench (Fig. 1). The canyon winds its way
down-slope, its course showing two sharp bends en route

for the trench axis which subdivide it into three distinct
reaches (Chiang and Yu 2006).

The Kaoping submarine canyon is an ideal site for
investigating links between potential hyperpycnal flows and
canyon formation because of the favourable geological and
climatic settings. Thus, it is located along a tectonically
active continental margin, the Kaoping River being char-
acterized by a small drainage basin (<3,500 km2) with a
high relief (>3,000 m), adjacent to a very narrow shelf
(<10 km; Yu and Chiang 1997). The Kaoping is a typical,
small mountain river (Milliman and Syvitski 1992), drain-
ing the south–western coastal plain and flowing for about
100 km before emptying onto the inner Kaoping Shelf
(Fig. 1). It is moderately turbid, with a high suspension load
which could generate hyperpycnal flows at its mouth at a
rate of about one per 100 years (Mulder and Syvitski 1995).

The head of the canyon is directly connected to the
mouth of the river, which would have amplified the
erosional capacity of hyperpycnal flows during the shaping
of the canyon. In addition, the occurrence of meanders in
the down-canyon segment immediately beyond the canyon
head facilitates investigating meander evolution in response

Fig. 1 Tectonic map of Taiwan, showing the Taiwan Mountain Belt
and the adjacent western Taiwan foreland basin. The small Kaoping
River drains mountainous south–western Taiwan, and discharges its
sediment load into the South China Sea. The Kaoping Canyon begins

at the mouth of the Kaoping River, crosses the shelf and slope region,
and eventually merges with the northern Manila Trench. Other
submarine canyons in the shelf–slope region off SW Taiwan are
marked by thick lines
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to possible hyperpycnal flow activity. Finally, the subtrop-
ical climate of Taiwan, with a mean annual precipitation of
2.5 m/year, an average of four typhoons per year, and the
occurrence of frequent earthquakes result in high erosion
rates (3–6 mm/year) and an average annual sediment yield
of about 115 Mt/year in south–western Taiwan (Fig. 2;
Dadson et al. 2003). The tectonic setting and subtropical
climate are associated with strong mechanical weathering
related to earthquakes and storms (Dadson et al. 2004), and
moderate chemical weathering (Selvaraj and Chen 2005).
Therefore, large earthquake-triggered suspended sediment
loads in rivers such as the Kaoping River would tend to be
episodically discharged into the ocean in the form of highly
concentrated hyperpycnal flows.

Regional geology

The fold-and-thrust belt of Taiwan was formed by oblique
collision between the Luzon Arc and the Chinese margin,
beginning in the late Miocene–early Pliocene (Suppe 1981;
Ho 1988). The foreland region of the Chinese margin was
down-flexed in response to the topographic loading of the
Taiwan orogen, forming an east-dipping, wedge-shaped
foreland basin flanking the Taiwan Mountain Belt (Covey
1984; Yu and Chou 2001), as shown in Fig. 1. Here, the
arc–continent collision is actively propagating southwards
(Suppe 1987), south–western Taiwan representing the
initial collision zone (Lallemand and Tsien 1997) which
receives sediment derived from the Taiwan orogen to form

Fig. 2 Map showing characteristic erosion rates, sediment dispersal
routes, and typhoon pathways in Taiwan (modified from Dadson et al.
2003). Erosion rates are high in SW Taiwan (~60 mm/year). Closed
arrows indicate mean annual coastal suspended sediment fluxes

(million tons/year) for river catchments exceeding 400 km2; again,
values are high for SW Taiwan. Open arrows indicate typhoon
pathways during the last 100 years. Note that 32% of typhoons passed
through SW Taiwan
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Fig. 3 Map of the study area,
including the Kaoping shelf and
slope bordered by the Pingtung
coastal plain in SW Taiwan.
Also shown are the tracks of the
13 seismic and accompanying
bathymetric profiles, and of the
two Chirp sonar profiles orient-
ed NW–SE normal to the axis of
the upper reach of the Kaoping
Canyon. Bathymetric cross sec-
tions to the lower right illustrate
the dimensions of the canyon
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a wedge-top depozone as part of the foreland basin system
(Chiang et al. 2004).

In south–western Taiwan, the Pingtung Plain lies west of
the Taiwan orogen and is filled by more than 5,000-m-thick
Pliocene–Pleistocene sediments derived from the Taiwan
orogen (Hsieh 1970). Seawards of the Pingtung Plain lies
the Kaoping Shelf. Beyond the Kaoping shelf edge, the
Kaoping Slope is a broad, steeply sloping region which
extends south–westwards to a water depth of about
3,500 m, where it merges with the northern extension of
the Manila Trench of the South China Sea Basin (Fig. 1).
Sediments derived from Taiwan have been deposited
progressively seawards beyond the Pingtung Plain to form
the Kaoping shelf and slope, today representing an under-
filled basin in its early evolutionary stage (Yu 2004).

Submarine canyons are major physiographic features on
the seafloor off south–west Taiwan, where five distinct
canyons incise along the shelf and slope (Fig. 1). The
Kaoping Canyon is the largest of these, and hence not only
the main pathway for sediments derived from the Taiwan
orogen to be delivered to the northern South China Sea, but
also the most important route for sediments removed from
the foreland basin off SW Taiwan and which infill the
northern extension of the Manila Trench.

Materials and methods

A series of 13 seismic sections were run mostly in a NW–
SE direction normal to the axis of the upper reach of the
Kaoping Canyon, from onboard the R/V Ocean Researcher
I of the National Taiwan University (Fig. 3). Accompa-

nying bathymetric profiles were recorded by means of a
Simrad EK 500 single-beam echo sounder. These profiles
cover most of the upper reach of the canyon, over a
distance of about 90 km and including several meanders.
An air-gun array was used as seismic sound source;
recording was on a 300-m-long, four-channel streamer in
Society of Exploration Geophysicists-Y format, coupled
with a Digital Field System-V digital seismic recorder.
The seismic reflection data were processed using SIOSEIS
and PROMAX software, following standard processing
procedures.

In addition, two high-resolution Chirp sonar profiles
were acquired in a selected section of the canyon, using a
BATHY-2000P Chirp sub-bottom profiler (Ocean Data
Equipment Corporation, Warwick). Chirp bandwidth
ranged from 3 to 11 kHz, with a sub-bottom resolution of
8 cm and a penetration of 100–200 m.

Results

The Kaoping Canyon head off the Kaoping River mouth is
represented by a relatively narrow, V-shaped valley, as
shown for profile 340-1 in Fig. 3. South of the head, the
canyon increases markedly in size, and becomes U-shaped
(profiles 340-2 through 340-5). Canyon width increases
from 2.8 km to about 6 km, and relief from 166 m at the
head to about 400 m near the shelf edge. On the upper
slope, the canyon meanders, and both the width and relief
increase substantially, resulting in variable cross-sectional
morphologies without distinct V- or U-shaped forms
(profiles 6 through 13).

Fig. 4 Seismic profile 340-4 (modified from Chiang and Yu 2006),
showing truncation of parallel reflectors against the steep western
wall, and down-cutting along an outer bend of the canyon (see Fig. 3
for location). Stepped and curved surfaces along the eastern wall

suggest that sliding or slumping of strata in the upper reach may have
resulted in gradual slope development along the inner bend of the
canyon
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Seismic profile 340-4 (Fig. 4) shows parallel reflectors
terminating against the western canyon wall with a smooth
sloping surface, indicating erosive truncation due to down-
cutting of the canyon. The eastern canyon wall, by contrast,
is characterized by stepped and curved surfaces, which can
be explained by sliding and/or slumping of the strata
forming the canyon wall. The seismic characteristics and
cross-sectional configuration together suggest that contin-
ued downward excavation of the canyon floor, and
slumping and/or sliding along the canyon wall have caused
the canyon to become deeper and wider on the upper slope,
contrasting with the canyon head.

Compared to profile 340-4, seismic profile 340-
8 (Fig. 5), located immediately south–west of a meander
on the upper slope at a water depth of about 600 m, shows
contrasting morphology and seismic facies. Here, the
canyon has a V-shaped cross section with a deep, narrow
thalweg, indicating active axial incision. The north–western
canyon wall is characterized by an elevated topographic
high consisting of chaotic seismic facies. To the west of the
topographic high, parallel horizontal reflectors unconform-
ably overlie the flank of the canyon. The chaotic facies of
the topographic high suggests this to be a levee without

stratified deposits, probably due to rapid deposition or mud
diapiric intrusion. The parallel horizontal reflectors along
the north–western flank of the canyon at this location are
thus interpreted as representing levee deposits of fine-
grained sediment formed by overspill of presumed hyper-
pycnal turbidity currents. The south–eastern canyon wall,
by contrast, is rimmed by a flat-topped terrace situated
about 350 m above the thalweg. Note that this flat structure
resembles a terrace only in a morphological sense.

The seismic facies of this structure is characterized by
stratified layers in its upper section and chaotic facies at its
base, probably resulting from the deposition of fine particles
concentrated at the top of turbidity currents spilling over the
canyon wall. Genetically, this terrace is considered to be
equivalent to a levee formed by fine sediments spilling over
the canyon wall, where they settle out.

Chirp sonar profile C-1 from the distal part of the
sinuous segment shows non-deposition of overspilled
levees on the seabed of the canyon edges (Fig. 6). By
contrast, Chirp sonar profile C-2 from the distal part of the
meandering segment shows stratified sediment accumula-
tion of levees along the south–eastern outer bend of the
canyon (Fig. 7).

Fig. 5 Seismic profile 340-8,
showing down-cutting along
the canyon thalweg, and depo-
sition of overspilled sediments
along an outer bend, resulting in
a terrace characterized by a
relatively flat stratified facies
along the eastern wall (see Fig.
3 for location)

Fig. 6 Chirp sonar profile C-1,
showing few diffuse sub-bottom
echoes, and a flat or gently
sloping relief along the canyon
edges, suggesting shallow-
marine shelf sedimentation (see
Fig. 3 for location)
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Discussion and conclusions

In the following, we discuss canyon morphology, seismic
expressions of erosive and depositional features, and
relations to presumed hyperpycnal flows within the upper
reach of the Kaoping Canyon. We have presented evidence
of deeply cut canyon thalwegs and slumping features in the
deposits of the shallow and flat continental shelf, and levees
of stratified facies spilled over the canyon bank possibly by
hyperpycnal flows at a meander on the upper slope. These
observations suggest that canyon meandering would occur
with hyperpycnal flows in the course of time.

Along active margins, the location and orientation of
canyons is controlled by tectonics but, in general, all
canyons form by down-slope erosion, along both active as
well as passive margins. Erosional processes excavate and
enlarge a canyon (Shepard 1981). Indeed, the variable
cross-sectional morphologies along the course of the
Kaoping Canyon indicate differential effects of erosional
and depositional events.

In analogy with the Kaoping River, the small Eel River
in mountainous northern California is also characterized by

very high suspended sediment concentrations estimated to
be associated with hyperpycnal flows at a rate of one per
100-year flood events (Mulder et al. 2003). It discharges
onto a narrow shelf (10–20 km wide), and hyperpycnal
flows travel into the adjacent Eel Canyon. Having geolog-
ical and climatic characteristics similar to those of the Eel
River, the Kaoping River is likely to also produce hyper-
pycnal flows at its mouth during major flood events. Such
concentrated flows would easily reach the head of the
Kaoping Canyon because of the direct river–canyon
connection (Fig. 1). Notably, Liu et al. (2006) reported an
episodic flushing of suspended particles into the canyon
head area during a typhoon, which most probably generated
a turbidity current in the head area.

Hyperpycnal flows would have instantly eroded the
seabed in the proximal part of the Kaoping Canyon.
Continued and long-duration hyperpycnal flows would
eventually have cut a deep canyon into the Kaoping Shelf,
as illustrated by profile 340-4. Down-cutting of the flat
shelf strata, and the formation of a very deep canyon
segment with a relief exceeding 340 m indicate intensive
erosion in the Kaoping Canyon head region, one order of

Fig. 7 Chirp sonar profile C-2,
showing parallel reflectors pos-
sibly resulting from overspilling
of a hyperpycnal flow along the
canyon edges (see Fig. 3 for
location). The top of the levee
along the eastern side (outer
bends) is higher than that along
the western side (inner bends), a
difference of about 30 m. Note
that the parallel reflectors over
the canyon edges occur along
meanders (not shown in profile
C-1)

Fig. 8 Inferred hyperpycnal flows in the sinuous and meandering
Kaoping Canyon segments. a The canyon course is largely sinuous
(sinuosity=1.3) for the first 25.2 km from the canyon head,

subsequently gradually becoming meandering (sinuosity=2.02; see
Fig. 3 for location). b Sinuosity of the head region of the Kaoping
Canyon
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magnitude greater than values of only tens of meters of
incision commonly reported for valleys crossing continental
shelves (Talling 1998). This would imply powerful erosion
by hyperpycnal flows within the canyon.

The lack of tectonic uplift or structural tilting of the
Kaoping Shelf suggests that the relatively steep canyon
slope of about 1.7° in the head region is mainly the result of
axial incision of down-slope sediment flows. As a general
rule, incision at the base of turbidity currents is enhanced
when velocity increases on steeper canyon slopes. Steeper
slopes of canyon segments induced by uplift accelerate
sediment flows and promote incision. This is not the case
for the Kaoping Canyon. In other words, incision of this
canyon is considered to be due mainly to the action of
hyperpycnal flows. Although direct evidence of hyper-
pycnal plumes at the river mouth is not yet available,
hyperpycnal flows at the Kaoping river mouth–canyon
connection are here proposed as being the main mechanism
controlling the canyon gradient and down-cutting into shelf
sediments, eventually forming the Kaoping Canyon.

The terrace flanking the south–eastern wall of a meander
bend (Fig. 5) is similar to the terrace and overspilled levees
observed in a seismic profile across the Capbreton Canyon
off the coast of France and Spain (Mulder et al. 2004).
Super-elevation of turbidity currents overtopping the
canyon wall at meanders is common in submarine channels
(Hay 1987; Peakall et al. 2000). It is suggested that
presumed hyperpycnal flows in the upper reach of the
Kaoping Canyon could be super-elevated in the outer part
of the meander, resulting in overflowing of the canyon wall
and the deposition of fine-grained sediments to form levees.
Terraces have been observed also in other meandering
canyons or channels: e.g. the Golo Canyon (Pichevin et al.
2003), submarine channels of the southern Barbados prism
(Huyghe et al. 2004), the Capbreton Canyon (Mulder et al.
2004) and the Cap Timiris Canyon (Antobreh and Krastel
2006).

Our seismic profiles indicate that the sinuous canyon
segment proximal to the canyon head is dominated by
erosion associated with inferred hyperpycnal flows or
turbidity currents (Fig. 8a), but that both erosion and
deposition are prevalent along the meandering canyon
segment farther down-canyon (Fig. 8b). This is consistent
with the Chirp sonar data suggesting that hyperpycnal flows
have eroded the proximal part, and sediments are deposited
in the meandering part. Liu et al. (2006) proposed that the
recent typhoon event of Nakri in 2002 generated strong
transport in terms of down-canyon flushing of suspended
particles. No sediment was deposited in the Kaoping
Canyon head area and up to about 20 km further offshore.
Our study results are in agreement with those of Liu et al.
(2006), i.e. down-slope sediment flows eroded the floor and
flanks of the sinuous canyon segment. After entering the

meandering canyon segment, deposition occurred either by
overspilling onto levees outside the canyon or on terraces
within the canyon. Indeed, our observations of erosion and
deposition along the path of down-slope sediment flows in
the Kaoping Canyon are similar to those modelled by
Mulder et al. (1998) for the Saguenay Fjord hyperpycnal
event of 1663 A.D. in Quebec (Canada). This similarity of
sedimentary processes between the Kaoping Canyon and
the Saguenay Fjord decreases with distance from the river
mouth. This implies the restriction of hyperpycnal flow-
induced erosion mainly to the head region of the canyon.
Erosion of sediments on the relatively shallow and flat shelf
to form a deeply cut canyon with a 340 m relief close to the
river mouth would imply multiple hyperpycnal flow events
occurring in the Kaoping Canyon for a long time period.
Deposition of overspill sediments to form the levees at the
meander bend suggests that presumed hyperpycnal flows in
the meandering segments of the canyon could be super-
elevated in the outer part of the meander, resulting in
overflowing of the canyon wall and depositing fine-grained
sediments to form levees.

Observations from seismic sections and Chirp sonar
profiles across the sinuous and meandering segments of the
Kaoping Canyon suggest that hyperpycnal flows or
turbidity currents are most likely to occur during flood
events, accounting for the erosive and depositional features
varying with distance in the canyon head region. Cross-
section geometries and erosional and depositional features
vary along the canyon course. An analogy can be drawn
between hyperpycnal flows operating in the head region of
the Kaoping Canyon and the 1663 hyperpycnal event in the
Saguenay Fjord, Canada.
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