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Abstract

This study examines the influence of a submarine canyon on the dispersal of sediments discharged by a nearby river
and on the sediment movement on the inner shelf. The study area includes the head region of the Kao-ping Submarine
Canyon whose landward terminus is located approximately 1 km seaward from the mouth of the Kao-ping River in
southern Taiwan. Within the study area 143 surficial sediment samples were taken from the seafloor. Six hydrographic
surveys along the axis of the submarine canyon were also conducted over the span of 1 yr. Three different approaches
were used in the analysis of grain-size distribution pattern. They include (1) a combination of ‘filtering’ and the
empirical orthogonal (eigen) function (EOF) analysis technique, (2) the McLaren Model, and (3) the ‘transport vector’
technique. The results of the three methods not only agree with one another, they also complement one another. This
study reveals that the Kao-ping Submarine Canyon is relatively a stratified and statically stable environment. The
hydrographic characteristics of the canyon display seasonal variability controlled primarily by the temperature field and
the effluent of the Kao-ping River. The hydrographic condition and the bottom topography in the canyon suggest the
propagation of internal tides during the flood season (summer) of the Kao-ping River. The submarine canyon acts as a
trap and conduit for mud exchange between the Kao-ping River and offshore. Near the head of the canyon there is a
region of sediment transport convergence. This region is also characterized by high mud abundance on the seafloor that
coincides with the presence of high suspended sediment concentration (SSC) spots in the bottom nepheloid layer.
Outside the submarine canyon on the shelf where the evidence of wave reworking is strong, the northwestward
alongshore transport dominates over the southeastward transport, which is a common theme on the west coast in
southern Taiwan. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction continental margins worldwide (Baker and Hick-
ey, 1986; Durrieu de Madron, 1994; Gardner,

Submarine canyons are common features on 1989; Hagen et al., 1996; Hickey et al., 1986).
They are important natural conduits for the trans-
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Granata et al., 1999), and thus, preferential path-
ways for shelf-slope exchange (Durrieu de Ma-
dron, 1994). Submarine canyons are also loci of
high suspended sediment concentrations and en-
hanced accumulation of modern sediment (Car-
son et al., 1986), and depocenters (Granata et
al., 1999).

Submarine canyons are sometimes incorporated
into a larger depositional system. On the southern
coast of California, a type of repetitive coastal
depositional systems has been identified as dis-
crete sedimentation cells (Inman and Frautschy,
1966). Each cell contains a complete cycle of lit-
toral transport and sedimentation, with rivers
being the principal sources of sediments for the
cells and the chief sinks being the submarine can-
yons which bisect the California continental shelf
and intercept the sand as it moves along the beach
(Inman and Frautschy, 1966). In such a system,
there are a well-defined sediment source, a con-
duit, and a sink.

From a dynamics point of view, submarine can-
yons could be regions of enhanced mixing, and
thus of enhanced exchange of properties between
the shallow continental shelves and the deeper
regions of the continental slope and rise (Hotch-
kiss and Wunsch, 1982). Important dynamic pro-
cesses in canyons include internal waves, tides,
quasi-geostrophic flows, turbidity currents, and
storm-induced currents (Hotchkiss and Wunsch,
1982).

Sediment transport processes in submarine can-
yons are related to some of these processes. For
example, at Baltimore Canyon, the sediment
transport processes include resuspension events
generated by tidal energy. The plume of turbid
water then flows from the canyon along density
surfaces (Gardner, 1989).

The topography of submarine canyons and
coastal currents might interact to generate circu-
lation through the canyon resulting in upwelling
or downwelling near the canyon head (Freeland
and Denman, 1982; Granata et al., 1999; Kinsella
et al., 1987; Klink, 1996). When a submarine can-
yon is located near a river, the two systems often
interact. In the case of Quinault Submarine Can-
yon, it intercepts the dispersal path of modern
Columbia River sediments on the continental

shelf (Carson et al., 1986). In the case of Willapa
Canyon, it becomes a site of preferential accumu-
lation of Columbia River-derived particles (Baker,
1976). In the case of the littoral cells in southern
California, the submarine canyon, the river, and
the littoral system all have become an integral
part of the coastal depositional system. Since riv-
ers are major means for the introduction of ter-
restrial sediments into the coastal sea, and sub-
marine canyons are conduits for the transfer of
littoral sediments to the deep sea, it is of great
scientific significance to examine how the two de-
livery systems relate and interact.

Therefore, the goal of this study is to examine
how the existence of a submarine canyon affects
the dispersal of river sediment and nearshore sedi-
ment transport from the perspective of grain-size
distributions on the surface of the seafloor. Our
particular attention is given to the head region of
a submarine canyon located immediately seaward
of the mouth of a river.

2. Study area

Submarine canyons have been documented for
the waters around Taiwan (Yu et al., 1991, 1993;
Yu and Hong, 1993; Yu and Wen, 1991). Our
focus in this study is on the head region of the
Kao-ping Submarine Canyon located in southern
Taiwan. This submarine canyon extends almost
immediately seaward from the mouth of the
Kao-ping River down to the lower continental
slope over a distance of 240 km (Fig. 1, (Yu et
al., 1993). It eventually terminates in the north-
western corner of the South China Sea basin. This
submarine canyon was considered the seaward
continuation of the Kao-ping River (Yu et al.,
1991). The head of the canyon, located about
1 km from the shoreline, is characterized by
high and steep walls (Yu et al., 1993). The canyon
has relief exceeding 600 m, whose cross-sectional
geometry varies from V-shaped to broadly
U-shaped (Yu et al., 1991). Some evidence from
the canyon bottom topography suggests that the
effect of deposition outweighs that of down-cut-
ting (Yu et al., 1991). The origin and genesis of
the canyon have been speculated to be related to
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Fig. 1. (a) A schematic bathymetric relief map of the tip of southern Taiwan (provided by the National Center for Ocean Re-
search). The arrows mark the location of the Kao-ping Submarine Canyon. The region indicated by the box of dashed lines is
enlarged in (b) which shows the coastline of the study area including the confluence region of the Kao-ping River and Tung-
kang River, Kaohsiung Harbor, and Chi-jin Barrier. The insert is a larger-scaled map of Taiwan.
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subaerial erosion of the coastal plain at the last
sea level low-stand, and submarine mass move-
ments (Yu et al., 1991). However, a more recent
study reveals that the formation of this submarine
canyon is controlled by the tectonic evolution of
the arc—continent collision between the Chinese
continental margin and the Taiwan orogen. Con-
sequently, many structural deformations in the
Taiwan accretionary wedge were formed including
the Kao-ping Submarine Canyon (Liu et al.,
1997).

Within the canyon there is strong evidence in-
dicating the existence of internal waves excited by
tidal energy at the shelf edge (Wang and Chern,
1996). These internal waves are linked to the
landward transport and coastal upwelling of cold-
er water from the deeper part of the canyon.
These internal waves could contribute to the
transport of suspended sediments in the canyon.
Wang and Chern (1996) also noticed that the
surge of cold water at the head of the Kao-ping
Submarine Canyon only occurred in late spring
and summer. It was seldom observed in fall and
winter. In a recent study, Wang et al. (2000) fur-
ther reveal some unique properties of the internal
tide inside the canyon. In the head region of
the canyon the accumulation of coprostanol,
which is a tracer for sewage pollution, suggests
that the Kao-ping Submarine Canyon could be
a trap for Kao-ping River sediments (Jeng et al.,
1996).

The Kao-ping River is the largest river in Tai-
wan in terms of drainage area (3257 km?), the
estimated mean annual runoff (8.46x10° m?),
and the second largest in terms of suspended sedi-
ment discharge (3.6 10" MT) (Water Resources
Bureau, 1998). Due to the influence of the mon-
soon, the annual discharge of the Kao-ping River
concentrates in the summer season and early fall,
culminating in August. On average, the amount
of discharge in June, July, August, and September
is equal to about 78% of the annual discharge of
the river. The suspended sediment load estimated
near the mouth of the river indicates that August
also has the highest amount of suspended sedi-
ment discharge (Water Resources Bureau, 1998).
The Tung-kang River is much smaller in terms of

the drainage area, runoff, and sediment discharge.
Therefore, in this study, the influence of the
Tung-kang River is ignored.

There is a common but unsubstantiated belief
that most of the sediments discharged by the
Kao-ping River will end up in the Kao-ping Sub-
marine Canyon due to its closeness to the river
mouth (Fig. 1). However, there is also indirect
evidence indicating that the barrier/inlet system
(Chi-jin/Kaohsiung Harbor) about 15 km north
of the Kao-ping River mouth is likely a sediment
sink for its fluvial sediments (Fig. 1). A study by
Liu and Hou (1997) on the sediment trapping and
by-passing characteristics around the north en-
trance of Kaohsiung Harbor shows that north-
ward sediment longshore transport is the domi-
nant mode of sediment movement off Chi-jin.
The sediments on the beaches of Chi-jin are
largely composed of fragments of metamorphic
rocks of the Central Mountain Range of Taiwan,
suggesting the Kao-ping River as the most likely
source.

The wave field offshore of Chi-jin is closely
coupled with the seasonal wind patterns (Wei et
al., 1988). In the summer time, waves are influ-
enced by southeasterly winds and typhoons,
which are characterized as having longer and
steeper waves (Wei et al., 1988). In the winter
time, the wave field is dominated by northwesterly
winds. However, the average wave height and
wave period are smaller. The incident waves in
both the summer and winter are more or less at
a right angle to the Chi-jin shore, but the summer
waves have more southerly components and the
winter waves have more northerly components.
The net littoral drift off Chi-jin is believed to be
northward (Wei et al., 1990). Some year-round
measurements of the flow field off the south en-
trance of Kaohsiung Harbor provided by the In-
stitute of Harbor and Marine Technology indicate
that the flows are predominantly longshore, hav-
ing strong tidal periodicities. Tides in this area are
probably of less importance with respect to coast-
al sediment dispersion. They are of mixed charac-
teristics with semidiurnal tides dominating. The
tidal range varies from 57 to 171 cm (Wei et al.,
1990).
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3. Data acquisition
3.1. Field work

3.1.1. Bathymetric survey

Two vessels were used in the bathymetric sur-
vey. Initially, a fishing boat was used for the sur-
vey between November 5 and 10, 1997 (Fig. 2).
An integrated system for real-time positioning
and water depth acquisition described by Liu et
al. (2000) was employed in this operation. How-
ever, due to the frequency (200 Hz) of our echo
sounder, the effective depth range was limited to
200 m. Consequently, no depth data were ac-
quired over the region of submarine canyon prop-
er where water depth exceeds 200 m.

In order to solve this problem, the R/V Ocean
Researcher III was used, since her on-board echo
sounder (Simrad EKS500, 38 Hz) has a greater
depth range. Subsequently, the second part of
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this operation was conducted on November 17
and 18 to cover the area where data points were
missing during the fishing boat survey (Fig. 2).
Only the ship’s GPS was used at this time, be-
cause of system incompatibility between our
data acquisition system and the positioning sys-
tem of the ship.

The raw bathymetric data from both parts of
the survey were checked for spikes and then cor-
rected for the tidal phase using tidal records
(based on the Kee-lung mean sea level) provided
by the Kaohsiung Harbor Bureau. Due to the
NW-SE orientation of the survey transects, the
coordinates of measured data positions (in easting
and northing) were first transformed to shore-nor-
mal and shore-parallel coordinates and then
gridded. The gridded data were contoured, which
was subsequently merged with digitized coastline
to render a detailed 2-D bathymetric map of the
surveyed area.
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Fig. 3. (a) Daily river discharge and suspended sediment concentration measured at the nearest gauging station (approximately
34 km) to the river mouth from January 1, 1999 to April 30, 2000. Vertical dashed lines indicate the dates (listed above) at which
six hydrographic surveys along the Kao-ping Submarine Canyon axis took place. The discharge and SSC data were provided by
the Water Resources Bureau. (b) Monthly mean river discharge for the same period as (a) plotted over the mean discharge aver-
aged over 41 years (1949-1990).
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3.1.2. Sediment sampling and grain-size frequency
analysis

From March to May, 1998, sediment samples
from the surface of the seafloor in the study area
were taken along seven shore-parallel transects
(from A to G, Fig. 2) starting on the seaward
side of the breaker point extending offshore,
having spacings of about 1.2 km apart. There
were 19 stations on each transect. Outside the
submarine canyon region, the sampling intervals
were approximately 0.8 km. Inside the submarine
canyon area, the intervals were approximately
0.5 km.

Sampling along the innermost transect (A) was
done using the same fishing boat with a custom-
made grab sampler. Samples were also taken in
the embayment area in which the mouths of both
the Kao-ping River and Tung-kang River join,
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and in the lower reaches of the Kao-ping River
(Fig. 2). The R/V Ocean Researcher III was used
for the rest of the sediment sampling using a Shi-
pek grab sampler.

All the 143 sediment samples were processed
and analyzed in a fashion similar to that de-
scribed by Liu and Hou (1997) and Liu et al.
(2000). Each sample was treated with 30% hydro-
gen peroxide solution to eliminate organic materi-
als, and then wet-sieved to separate gravel (coars-
er than 2 um, or —1¢), sand, and mud (finer than
0.063 um, or 4¢). No gravel was recorded. The
sand fraction was analyzed for grain-size fre-
quency distribution using a custom-built rapid
sediment analyzer (RSA), and recorded at quar-
ter-phi intervals on a host personal computer.
Twenty grain-size classes were registered (between
1.68 um and 0.063 um). The mud fraction was
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Fig. 4. The plot of the ship tracks for the six hydrographic surveys. The symbols indicate the positions of each profiling station.
The bathymetric contour is in meters. The box of dashed lines indicates region of exceedingly high mud concentration on the sur-
face of the seafloor, and high SSC in the lower water column (see text).
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also analyzed for the grain-size frequency distri-
bution by using a Coulter LS 100 particle ana-
lyzer, and recorded at 31 um (coarse-grained
silt), 4 wm (mid- to fine-grained silt), and finer
than 4 um (clay). Consequently, the data set
consisted of 23 grain sizes (20 sand classes plus
three mud classes). The abundance of each grain
size in the study area was then plotted over the
bathymetric contours following the same coordi-
nate transformation procedure so that the mor-
pho-textural characteristics can be fully visual-
ized.

3.1.3. Hydrographic survey and suspended
sediment concentration (SSC) analysis

Six hydrographic surveys along the axis of the
submarine canyon were conducted in 1999 and
2000. During the flood season of 1999, the surveys
were spaced roughly 1 month apart in June, July,
and August. During the ensuing dry season, the
surveys were spaced about 10 weeks apart in Oc-
tober, 1999, January and March, 2000 (Fig. 3a).
A comparison between the monthly discharge for
1999 and 2000 (up to March) and the 41-yr
(1949-1990) mean monthly discharge shows that
the river runoff in the flood season of 1999 was
higher than the mean, especially for August
(Fig. 3b), suggesting greater-than-average influ-
ence of the river on the coastal sea. There were
10 hydrographic stations on each survey (Fig. 4).
The spacing between the stations was about 2 km,
except in the middle section of the surveyed re-
gion where the spacing was 1 km. At each station,
profiles of conductivity, temperature, and light
transmission were measured using a Sea Bird
SBE 9/11 CTD system. Three water samples at
the surface, mid-depth, and 20 m from the sea-
floor were also taken.

Each seawater sample was filtered through a
pre-weighed membrane filter (Nucleopore PC,
1.2 um), driven by a peristaltic pump. After filtra-
tion, the residue on the filter was washed with
deionized distilled water to remove sea salt. The
washed filter was dried in an oven at 60°C and
then re-weighed with an electronic balance (Met-
tler AT20) to determine the concentration. Linear
regression analysis was performed between the
SSC values and the corresponding light transmis-

sion measurements to subsequently convert light
transmission values to SSC values in mg/l.

3.2. Field work results

3.2.1. Bathymetry

The bathymetric contours of the study area in-
dicate a meandering head region of the Kao-ping
Submarine Canyon incising into an otherwise gen-
tle-sloping shoreface and inner shelf (Fig. 5). The
landward terminus of the canyon starts at about
1 km seaward from the mouths of both rivers
where the water depth increases abruptly to ex-
ceed 100 m. The canyon is surrounded by steep
walls with jagged outlines. The floor of the can-
yon deepens seaward, and thus the drop between
the edge of the canyon and the canyon floor in-
creases seaward.

3.2.2. Grain-size distribution patterns

Only the plots of distribution patterns of six
representative grain sizes are presented to reveal
the full range of morpho-textural variations of
grain-size data (Fig. 6). Very coarse-grained sands
(represented by 1.41 mm) are relatively scarce in
the study area. They only appear in a small area
on the right-hand side (facing seaward) of the
Kao-ping River mouth near the head of the can-
yon. Coarse-grained sands (represented by 0.59
mm) are a little more abundant than the previous
fraction. They appear additionally on the shore-
face on the right-hand side of the river mouth,
and in the deeper (around 450 m) part of the
canyon. Medium-grained sands (represented by
0.30 mm) are mostly abundant on the shoreface
outside of the canyon. They also tend to be wider
distributed on the right-hand side of the river
mouth. Fine-grained sands (represented by 0.15
mm) are the most abundant group in the sand
fraction. They are virtually devoid inside the can-
yon. Very fine-grained sands (represented by
0.074 mm) are the most uniformly distributed
group in the sand fraction in the whole study
area. The abundance of mud shows that (1)
they have elevated concentrations (at certain
locations, exceeding 90% by weight) inside the
canyon, (2) they are more abundant in greater
depths in the canyon, and (3) their abundance
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displays a NW-SE trend following that of the
canyon axis.

Due to the overwhelming appearance of mud
inside the canyon, the abundance of mud was fur-
ther broken down into the distributions of the
coarse-grained silt (63 to 31 um), the medium- to
fine-grained silt (31 to 4 um), and clay (finer than
4 um). The results showed that the mud group is
dominated by medium- to fine-grained silt.

3.2.3. Seasonal hydrographic characteristics in the
Kao-ping Submarine Canyon

A distinct seasonal pattern can be established
within the surveyed area of the Kao-ping Sub-
marine Canyon based on the 7-S diagram for
each hydrographic survey (Fig. 7). The surveyed
salinity and temperature characteristics are basi-
cally caused by the presence of the warm, brack-
ish river effluent (Fig. 7b,c) and the cold, salty
canyon water (Fig. 7e,f). The 7-S characteristics
show a strong river signal in the August 1999
survey (Fig. 7¢c), which coincided with above-aver-
age monthly discharge of the Kao-ping River
(Fig. 3).

The distribution of SSC (whose abundance is
indicated by the color bar) and the seawater den-
sity structure (as sigma-¢ contours) for each sur-
vey are plotted in a 2-D frame representing a
vertical plane that zigzags along the axis of
the submarine canyon (Fig. 8). Since it usually
took 4-5 h to complete the entire hydrographic
transect, the sequential data collected along the
transect are influenced by different phases of
the tide in the canyon. Therefore, these plots
should be considered as tidally aliased quasi-snap-
shots of the canyon at six different times of the
year.

Despite of the seasonal difference, the Kao-ping
Submarine Canyon is a stratified environment as
indicated by isopycnals (Fig. 8). On several occa-
sions, density perturbations were observed as in-
dicated by loops of isopycnals (Fig. 8a,b,d). These
perturbations are associated with perturbations in
the temperature field caused by pools of cold
water (not shown).

Although the hydrographic surveys were con-
ducted during flood and dry seasons and at differ-
ent tidal stages, all the observed SSC distributions

share the following common characteristics. (1)
There are localized spots of high SSC in the bot-
tom nepheloid layer (Fig. 8). These locations gen-
erally fall within the shallower area of the canyon
indicated by the box in Fig. 4. (2) Higher SSC
values are generally in the lower part of the water
column. Except for the two flood season surveys
(Fig. 8a,b), higher SSC values also tend to occur
toward the seaward end of the canyon. During
the flood season, suspended sediments carried by
the river effluent are evident in the upper part of
the water column near the head of the canyon
(Fig. 8a—c). It is worth noting that the density
field and the SSC distributions seem to be cor-
related as indicated by the coincidence of con-
centrated SSC spots with density perturba-
tions (Fig. 8a,b). In addition, on one occasion
in July, 1999 (Fig. 8b), the distribution of sus-
pended sediment seems to follow the isopycnal
surfaces.

In general, the six hydrographic surveys have
reasonably established the intra-seasonal hydro-
graphic characteristics in the Kao-ping Submarine
Canyon. The canyon is filled with cold and salty
offshore water that is little affected by the change
of seasons. During the flood season of the Kao-
ping River, the river effluent expands seaward
over the canyon. However, no effective mixing
takes place between the two water masses. Be-
cause of the plume water, the density stratification
in the canyon region is intensified during the river
flood season.

3.2.4. Static stability in the Kao-ping Submarine
Canyon

Since the SSC field in the submarine canyon is
to some extent related to the density field, it is
important to quantify the density structure in
the canyon by computing the static stability (E)
according to (Knauss, 1978):

=—1/po(dp/dz) (1)

where p, is the reference density of seawater, and
dp/dz is the vertical density gradient. The com-
puted E value was then contoured and plotted
over the SSC distribution for comparison
(Fig. 9). Positive E values indicate static stability,
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(f) March 20, 2000.

negative E values indicate static instability in the
water column. Results show that the water col-
umn in the canyon has greater stability in the
summer (Fig. 9b,c). The whole water column is
less stable in the winter and spring (Fig. 9ef).
During the transition in the fall, the stability in
the upper water column remains high, yet the low-
er water column becomes less stable (Fig. 9d). It is
noticeable that near-bottom localized high SSC
spots are associated with regions of instability in
the summer (Fig. 9a—c) and fall (Fig. 9d) tran-
sects. As the overall stability of the water column
relaxes in the winter, the near-bottom localized
high SSC spots are no longer related to the water
column instability. This suggests a seasonal factor
that controls the coupling between these localized

high SSC features and the density structure in the
canyon.

3.2.5. Inferred generation and propagation of
internal tide in the canyon

Since the local topography (slope) of the shelf
affects the energy flux of the internal tide (Sher-
win and Taylor, 1990), different potential modes
of internal tide propagation in the Kao-ping Sub-
marine Canyon are investigated by the ratio be-
tween the slope of the canyon floor (&) and the
internal wave characteristics (Ribbe and Hollo-
way, 2001):

2o\ 1/2
== (s) @
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Fig. 8. Contoured isopycnals (sigma-7) plotted over the SSC (in mg/l), whose range is indicated by the color bar below, surveyed
on (a) June 4, (b) July 22, (c) August 17, (d) October 26, 1999, (e) January 12, and (f) March 20, 2000, along the Kao-ping Sub-
marine Canyon axis. The thick dashed curve delineates the upper and seaward boundary of the surveyed portion of the submar-
ine canyon. The horizontal distance in each plot is relative to the most landward hydrographic station on each transect (zero dis-
tance). The depth values used in the seafloor masking were the actually echo sounding depths recorded at the end of each
profiling operation by the drifting vessel. Arrows point to locations where high SSC spots in lower water column occurred.

where o is the frequency of the M, tide, f
(5.56x 107> s71) is the Coriolis parameter, and
N is the buoyancy frequency (N>=gE, g being
the gravitational acceleration). If o/s>1 (super-
critical bottom slope), much of the internal tide
energy is reflected back toward the sea, if ofs <1
(subcritical bottom slope), the canyon floor allows
the energy to propagate toward the head of can-
yon, and if o/s =1 (critical bottom slope), the gen-
eration of internal wave is the strongest (Baines,
1982; Ribbe and Holloway, 2001). Since there are
10 hydrographic stations on each transect, the
slope calculation of the canyon floor was
divided into nine segments. The sign for each
segment is positive for seaward-dipping slope
and negative for landward-dipping slope. The
value of N in Eq. 2 was computed based on
the interpreted values of E (Eq. 1) shown in
Fig. 9.

The results of o/s reveal seasonal variability of
the influence of seafloor topography on the inter-
nal tide generation and propagation in the Kao-
ping Submarine Canyon (Fig. 10). Critical and
supercritical conditions (positive values) only exist
in the middle section of the transect for the July,
and August, 1999 transects (Fig. 10b,c). This sug-
gests that (1) the presence of internal tide is more
likely in the flood season, and (2) the headward
propagating internal tide is more likely to be
reflected seaward in the middle section of the
surveyed canyon based on the slope of the canyon
floor. The negative supercritical slopes also sug-
gest the possibility of secondary reflection of
seaward-reflected internal tide. Furthermore, if
the effect of the canyon wall is taken into consid-
eration, the two-way reflection of internal tide in
this section would be even more likely due to the
orientation change of the canyon axis. The impli-
cation of the internal tide on the sediment dynam-

ics in the canyon will be discussed later in this
paper.

4. Methods for grain-size pattern analysis

4.1. Filtering concept and empirical orthogonal
(eigen) function (EOF) analysis

Conceptually, factors influencing the grain-size
distribution patterns in the study area fall into
two major categories, i.e. where the sediments
come from (sources) and how they are moved
about (sediment transport and deposition process-
es). The observed morpho-textural relationship
between grain-size patterns and the bathymetry
is the result of the interplay of the above two
categories through time (Liu and Hou, 1997;
Liu et al., 2000). The challenge at hand is to deci-
pher the meaningful information contained in the
observed grain-size information. Subsequently, we
propose several factors that might have exerted
influence on the observed grain-size patterns in
the study area. Within the study area, the Kao-
ping Submarine Canyon is likely a conduit for
both seaward and landward sediment transport.
Sediments delivered to the study area at the
northernmost and southernmost boundaries (via
southeastward and northwestward alongshore
sediment transports, respectively) are the effect
of in-situ wave sorting and reworking. In order
to minimize artificial variability, samples having
common distinctive grain-size characteristics
were carefully selected to represent each factor.
We will briefly discuss each of these factors.

4.1.1. Sediments discharged by the Kao-ping River
(a point source)
It is intuitive to assume that sediment dis-
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charged by the Kao-ping River would eventually
settle on the seafloor within the sampled area. The
grain-size composition of this hypothetical factor
is represented by the average grain-size frequency
composition of the sediment samples taken from
the river bed inside the river mouth. It is apparent
that the grain-size signal from the river is domi-
nated by fine-grained sediments whose mud (silt

and clay) content exceeds 50% by weight (Fig. 11).
The sand fraction of the river discharge is domi-
nated by fine- to very fine-grained sands.

4.1.2. Sediment entering the submarine canyon
from the seaward end (a point source)

This factor is represented by the average grain-
size composition of samples located at the sea-
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Fig. 11. Grain-size composition of the five hypothetical factors.

ward end of the submarine canyon in the study
area. The textural makeup of this factor contains
over 80% of mud (Fig. 11).

4.1.3. The effect of wave sorting (reworking)

The sorting by shoaling waves is the primary
mechanism for sediment reworking on wave-dom-
inated shoreface (Liu and Hou, 1997; Liu and
Zarillo, 1990; Liu et al.,, 2000). Wave sorting
can be visualized by the progressive changes in
the individual grain-size abundance pattern from
the beach seaward to the inner shelf (Liu and
Zarillo, 1989; Liu et al., 2000). In this study,
the effect of wave sorting can be visualized by
the variations of the grain-size composition in
all the 19 samples (last sample on each shore-par-
allel transect) (Fig. 2). The water depths at these
sample locations represent a typical profile of the
upward concave shoreface and gentle-sloping in-

ner shelf (Fig. 12a). There is the general trend of
decreasing sand content and increasing mud con-
tent in the seaward direction (Fig. 12b). Also,
within this general trend, the modal size in the
sand fraction becomes progressively finer
(Fig. 12b). Consequently, we took the average
of the grain-size frequency distributions of all
samples outside the canyon region that were shal-
lower than 10 m to represent the effect of wave
sorting. The resulting grain-size curve shows a
Gaussian distribution in the sand fraction and a
small mud ‘tail’ (Fig. 11), which is similar to what
Liu et al. (2000) found.

4.1.4. Northwestward alongshore transport
(a line source)

As suggested by the seasonality of the incident
wave field and nearshore current field (Fig. 2),
both northwestward and southeastward sediment
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transports are likely to take place. Therefore, sedi-
ment patterns in the study area could be influ-
enced by the transport of sediments that entered
the study area at the southernmost boundary.
This possible source is largely composed of fine-
grained materials (Fig. 11).

4.1.5. Southeastward alongshore transport
(a line source)

By the same token, sediments that enter the
study area at the northernmost boundary are
also a likely source. This hypothetical source is
characterized by an overall bi-modal distribution,
very different from the hypothetical source from
the south (Fig. 11).

To test the above hypotheses and minimize this
complexity, an analytical methodology using the

combination of ‘filtering’ and the EOF analysis
technique (Liu and Hou, 1997; Liu and Zarillo,
1990; Liu et al., 2000) was used (Fig. 13).

4.2. McLaren Model and transport vector method

McLaren (1981) pointed out that trends in the
spatial variations of mean grain size, sorting, and
skewness (in phi units) can be useful to identify
both the probable source and the probable depos-
it, which in turn, can infer the net sediment trans-
port paths. McLaren and Bowles (1985) take this
concept further to develop a statistical model (re-
ferred to as the McLaren Model thereafter) that
determines the transport direction by all possible
pairs in a data set.

Another analysis technique of grain-size trends



376

J.T. Liu et al. | Marine Geology 181 (2002) 357-386

Data Analysis Flow Chart

0 Subtraction of Average Grain-size Data Desienati
R Hypothesis Frequency ata Designation
I Distribution of Selected Samples E
G _ - . R . o
1 Riverine Sediments From inside the river mouth River -filtered Deviation F
N
A Sediments Located at the seaward A
tering th ) _fi iati N
L _* enoi:lrlsnega Wsrggilon _.‘ end of the surveyed canyon _’ Canyon-filtered Deviation _.» A
D L
A Wave Sorting Effect From water depths shallower Wave-filtered Deviati Y
T (Across-shelf Transport) than 10 m outside the ave-filtered Deviation S
A canyon é
S Northeastward Along the southernmost NE-ward-filtered Deviation
E Along-shelf Transport shore-normal sampling line
T
Southwestward Along the northernmost SW-ward-filtered Deviation
Along-shelf Transport shore-normal sampling line

Fig. 13. The flow chart for the grain-size analysis using filtering and EOF technique.

using ‘transport vectors’ (Gao and Collins, 1992,
1994; Gao et al., 1994) was also used. This tech-
nique evaluates the existence of transport direc-
tion between a particular sample (site) with its
neighboring samples (sites) the same way as the
McLaren Model does. If either of the two trans-
port cases exists between a pair of samples, a
dimensionless ‘trend’ vector of unit length is de-
fined (Gao and Collins, 1992, 1994; Gao et al.,
1994). In the case where there was more than one
unit length vector at one sample site, the vectorial
sum of all the vectors is then produced. A trans-
port vector is further produced by averaging over
neighboring sites to represent residual pattern of
transport direction (Gao and Collins, 1992). In

this study, a neighboring site is defined to be a
sample site that is less than 1.2 km (the character-
istic distance) away from the site of interest.

5. Results
5.1. EOF analysis

The deviations explained by the first two ei-
genmodes of all deviation fields are listed in
Table 1. When judged by the first mode alone,
the deviation fields of wave-sorting effect, sedi-
ments are the seaward end of the canyon, and
the northwestward alongshore transport has no-

Table 1

Percentage of data explained by the first two eigenmodes

Deviation field First mode Second mode Cumulative
Across-shelf transport (wave sorting) 88.2 6.3 94.5
Sediments on the seaward end of the canyon 87.7 5.4 93.1
Northwestward alongshore transport 81.9 8.3 90.2
Southeastward alongshore transport 74.9 15.1 90.0

River sediment discharge 72.6 11.8 84.4
Unfiltered data 74.1 10.9 85.0
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ticeably improved correlation over the original
unfiltered data set. The deviation field of the
southeastward alongshore transport has a slight
improvement, and that of the river sediment dis-
charge actually becomes degraded (explains less
amount of data than the unfiltered). When both
modes are concerned, the wave-sorting effect and
the sediments at the seaward end of the canyon
are the two most important factors influencing the
observed grain-size patterns. This implies that the
agitation of the seafloor by shoaling waves is the
most important mechanism affecting the move-
ment and transport of grain sizes in the study
area. Sediments (mostly mud) entering the sub-
marine canyon at the seaward opening is the
most important sediment source in the study
area. The northwestward direction is the domi-
nant direction of alongshore sediment transport
in the study area. It was unexpected that the sedi-
ments discharged by the Kao-ping River turned
out not to be the most important influencing fac-
tor in the study area.

The eigen characteristics of the three most
important deviations are plotted in Fig. 14. The
first three panels are the plot of eigenvectors for
the wave sorting (Fig. 14a), sediment influence at
the seaward end of the canyon (Fig. 14b), and
northwestward alongshore transport (Fig. 14c),
respectively. In all these three deviation fields,
the eigenvectors divide the 23 grain-size classes
into two groups according to the sign. The pos-
itive group includes the mud, and the negative
group is dominated by the fine-grained sand frac-
tion. The spatial correspondence of these two
groups is visualized by the contour plot of eigen-
weightings (Fig. 14d-f). The positively weighted
group is contoured by solid lines, and the nega-
tively weighted group is contoured by dashed
lines.

The spatial eigen characteristics of the wave-
sorting deviation field (Fig. 14d) suggest that the
deviations are primarily caused by the presence of
mud (positive group) in the study area. On the
other hand, the fine-grained sand group is the
primary cause in the landward canyon transport
deviations field (Fig. 14e). The absence of contour
lines inside the canyon and in the shoreface region
north of the canyon suggests homogeneity. There

is a clear spatial demarcation of the two groups in
the northwestward alongshore transport deviation
field (Fig. 14f). The mud group is closely associ-
ated with the submarine canyon, whereas the fine
sand group is associated with the shelf regions
outside the canyon.

5.2. Transport directions based on the
McLaren Model

In a schematic diagram of the study area
(Fig. 15), the existence of transport directions
for the submarine canyon region and the regions
of the shelf on the northwest and southeast sides
of the canyon are represented by arrows. Each
line of arrows were based on nine pairs of sam-
ples, respectively. Along the axis of the canyon,
both low energy and high energy landward trans-
port exist (Fig. 15). Only low energy transport
exists in the seaward direction. On the shelf out-
side the canyon, only transports in shore-parallel
directions were examined by the transect. On the
northwest side of the canyon, both high and low
energy transport in the northwestward direction
exist on the lower shoreface and upper inner shelf.
For the two occurrences that southeastward direc-
tion does exist, they are only in low energy trans-
port. In general, the northwestward transport di-
rection dominates. On the south side of the
canyon, transport only exists on the deepest part
of the study area, and the probability of north-
westward transport is slightly greater than the
southeastward transport.

5.3. Transport vector

The transport vector at each sampling site is
plotted over the bathymetric contours in the study
area (Fig. 16). In the landward region of the sur-
veyed submarine canyon, transport vectors are
predominantly pointing seaward. On the other
hand, in the seaward region, the vectors are
mostly pointing landward. There is a zone of con-
vergence that separates these opposing arrows
that corresponds to the dashed box in Fig. 4.
Northward pointing arrows appear at all depths
in the section northwest of the canyon. The vec-
tors in the section southeast of the canyon are less
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coherent in the longshore direction than its coun- 6. Discussion

terpart. There is a slight indication of seaward

transport in the upper shoreface and strong like- It should be emphasized at the outset that both
lihood of seaward transport in waters deeper than the EOF technique and the McLaren Model, of

40 m. which the transport vector method is a derivative,
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are statistical methods. Both methods require a
priori knowledge of the system and make intelli-
gent yet subjective assumptions such as the influ-
encing factors and possible sediment transport di-
rections. The success of using the two methods
depends not only on making the ‘right’ assump-
tions, but also on the inhomogeneity of the data
set. If there was little spatial variability (trend) in
the data, in other words, there was no contrast in
the data set, either method would work. Further-
more, the EOF approach is empirical or data-

driven. The McLaren Model, however, is based
on a number of assumptions (McLaren and
Bowles, 1985).

The results of the these two approaches in our
study not only agree with one another, but also
complement one another. The filtering and EOF
method is able to rank the importance of different
factors that influence the overall textural charac-
teristics of the study area, which cannot be
achieved by the McLaren Model. It also can dis-
tinguish the ‘behavior’ of different grain-size
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Fig. 16. Plot of transport vectors for each sampling site. The bathymetry is presented by unmarked contours.

groups and how the influencing factor in question
affects their spatial characteristics. Yet, this meth-
od is unable to provide detailed inferred sediment
transport pathways.

Although the McLaren Model is able to deter-
mine the existence of transport direction in the
pre-determined orientation, the results are still
vague. The transport vector method is, however,
able to produce a map that makes the abstract
findings intuitive. The plot of arrows also enables
one to visualize the different transport pathways,
which in turn, makes it easier to interpret with
known or referred sediment transport processes.

All the three methods affirm that the Kao-ping
Submarine Canyon is a sediment conduit that
traps mud. The EOF method suggests that the
sediment entering the canyon at the seaward end
is more important than that discharged by the
river. It also points out that the mud group is
highly weighted in the submarine canyon, imply-

ing that the submarine is a trap for mud. The
McLaren Model suggests that the landward trans-
port is more likely than the seaward transport in
the canyon. This supports the EOF finding that
the sediment at the seaward end of the canyon is
an important source. The transport vectors indi-
cate seaward sediment transport from the land-
ward end and landward transport from the sea-
ward end of the canyon, converging in the region
where the observed mud abundance on the sea-
floor is the greatest and also high SSC spots often
are observed near the sea bed. Furthermore, the
spatial coincidence between the observed high
SSC spots in the water column and maximum
abundance of mud on the surface of the seafloor
suggests some kind of coupling between the water
column and the sea bed. The convergence and the
SSC-mud coupling suggests a depocenter of mud
inside the canyon.

A simple hypothesis is proposed to explain the
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Fig. 17. Schematic diagram depicting the hypothesis regarding the hydrographic characteristics and the formation of high SSC
spots inside the stratified Kao-ping Submarine Canyon for (a) flood season, and (b) dry season of the Kao-ping River.

seasonal variability of the hydrography and asso-
ciated SSC in the Kao-ping Submarine Canyon
(Fig. 17). The effects of barotropic tidal and sub-
tidal flows, which might be important, are not
considered at this point. The all-year-round strat-
ification inside the canyon creates an overall stat-
ically stable environment that generally inhibits
the agitation of sediments even as fine as mud,
which is conducive to their trapping. During the
flood season (summer), the sediment-laden river
effluent delivers sediments (largely mud) to the
coast and the head of the submarine canyon.
Since the mean annual SSC of the Kao-ping River
is 4.2 kg/m?® (believed to be an overestimation),
which is much smaller than the required value
for forming hyperpycnal plumes (35-45 kg/m?,
(Skene et al., 1997), the effluent exits the river
mouth most likely as the buoyant plume
(Fig. 17a), similar to what we observed on June
4 and July 22, 1999 (Fig. 8a,b). The turbid yet
buoyant plume water moves seaward sometimes
following the isopycnal surfaces inside the can-
yon. As the river effluent diffuses, sediments settle
gradually to the deeper part of the canyon and
remain trapped.

Due to the well-developed stratification in the
flood season, internal tides excited at the seaward
end of the canyon or at the shelf break propagate
landward through the canyon along isopycnal
surfaces. Internal tides have been shown not
only to create and maintain a nepheloid layer,
they are also able to transport suspended sedi-
ments (Friedrichs and Wright, 1995). Under crit-
ical slope conditions, resuspension, deposition,
and on-shelf sediment transport associated inter-
nal tides are the largest (Ribbe and Holloway,
2001). Therefore in the Kao-ping Submarine Can-
yon, internal tides could transport colder water
and suspended sediments headward from the
deeper part of the canyon. It is likely that some
internal tide energy is trapped within the middle
section of the canyon due to its geometry and
bottom slope (Fig. 10). This high energy pocket

not only could cause perturbation (instability) in
the density field, but also cause the SSC to con-
centrate forming the observed spots of high val-
ues. Consequently, internal tides and their trap-
ping could provide an explanation for the
observed concentration of mud on the seafloor,
and the possibility of the depocenter (conver-
gence) as suggested by the transport vector meth-
od. Furthermore, the on-shelf sediment transport
by internal tides could also explain the dominant
landward sediment transport inside the canyon
suggested by the EOF method and McLaren
Model.

During winter time (dry season thus little sedi-
ment input from the river), due to the deepening
of the surface mixed layer, the water column in
the canyon is less stratified. Consequently, inter-
nal tide-related transport is less pronounced. On
the other hand, the relaxation of stratification is
probably less inhibitive to the vertical transfer of
momentum, which leads to localized resuspension
of bottom sediment (Fig. 17b). This is probably a
period of quiescence for sediment movement and
transport.

A brief comparison is made with a similar study
on the Tseng-wen River in southern Taiwan that
also uses the EOF method (Liu et al., 2000).
There are many physical similarities between the
settings of the two study sites, including the mag-
nitude and grain-size makeup (mud domination)
of the river sediment discharge, the annual hydro-
logical pattern of the river, the coastal tidal flow
characteristics, and the wave climate (Liu et al.,
1998; Liu et al., 2000). Yet the Tseng-wen River
sediment discharge is found to have the greatest
influence on the textural characteristics in the
nearshore region off the river mouth. A major
difference between the two settings, however, is
in the seafloor topography seaward of the river
mouth. The Tseng-wen River sediments are dis-
persed over a broad and shallow submarine plat-
form of relict sediments so that the textural char-
acteristics of the river sediments (textural signal),
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including the mud portion, are widely spread over
the study area. At the mouth of the Kao-ping
River, however, the Kao-ping Submarine Canyon
acts as a trap for the sediments, especially the
mud portion. In other words, the diagnostic
signal of the river sediment discharge is confined
to the submarine canyon region, which in a sta-
tistical sense, is less correlated with the rest of the
study area (data set). In addition, the stronger
presence of mud at the seaward end of the canyon
further reduces the influences of the river mud in
comparison. This finding, which is only applicable
within the study area, does not imply that the
Kao-ping River is not an important source for
sand on the Kao-ping coast. Excluding mud, the
sand fraction, especially fine- to very fine-grained
sand, is believed to be an important sediment
source for the adjacent coast (Liu and Hou,
1997).

Both studies do share one significant finding
that the northward direction is the dominant di-
rection of sediment transport. Liu et al. (2000)
have shown that the measured tidally averaged
sediment flux at the mouth of Tseng-wen River
is northward. In a numerical modeling study of
sediment dispersal by the Tseng-wen River plume,
Liu et al. (2002) discover that the river plume
dynamics favors the transport of river sediment
to the right-hand side (north) of the river mouth.
A similar set of hydrodynamic conditions also
apply to the Kao-ping River mouth. Additionally,
Liu and Hou (1997) also find that northward di-
rection is the dominant direction of longshore
sediment transport off the wave-dominated Chi-
jin coast. Since the Chi-jin Barrier is located in
between the Kao-ping River and Tseng-wen River
in southern Taiwan, the agreement suggests that
on the west coast of southern Taiwan, sediments
are moving predominantly in the northward direc-
tion.

7. Conclusions and future work

The Kao-ping Submarine Canyon is relatively a
stratified and statically stable environment. The
hydrographic characteristics of the canyon display
seasonal variability controlled primarily by the

temperature field and the effluent of the Kao-
ping River. The hydrographic condition and the
bottom topography in the canyon suggest the
propagation of internal tides during the flood sea-
son (summer) of the Kao-ping River. The sub-
marine canyon acts as a trap and conduit for
mud exchange between the Kao-ping River and
offshore. Near the head of the canyon there is a
region of sediment transport convergence. This
region is also characterized by high mud abun-
dance on the seafloor that coincides with the pres-
ence of high SSC spots in the bottom nepheloid
layer. Outside the submarine canyon on the shelf
where the evidence of wave reworking is strong,
the northwestward alongshore transport domi-
nates over the southeastward transport. There
are ongoing studies to examine the relationship
between the flow field inside the canyon and the
flow field on the shelf, as well as to quantify the
suspended sediment dynamics at the mouth of the
Kao-ping River and inside the Kao-ping Submar-
ine Canyon. We hope, through the findings of
these studies, a picture of river—canyon interaction
will gradually emerge.
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