
Marine Geology 267 (2009) 8–17

Contents lists available at ScienceDirect

Marine Geology

j ourna l homepage: www.e lsev ie r.com/ locate /margeo
Tidal and flood signatures of settling particles in the Gaoping submarine canyon
(SW Taiwan) revealed from radionuclide and flow measurements

Chih-An Huh a,⁎, James T. Liu b, Hui-Ling Lin b, J.P. Xu c

a Institute of Earth Sciences, Academia Sinica, Taipei, Taiwan, ROC
b Institute of Marine Geology and Chemistry, National Sun Yat-sen University, Kaohsiung, Taiwan, ROC
c US Geological Survey, Menlo Park, CA 94025, USA
⁎ Corresponding author. Tel.: +886 2 2783 9910 ext.
E-mail addresses: huh@earth.sinica.edu.tw (C.-A. Hu

(J.T. Liu), hllin@mail.nsysu.edu.tw (H.-L. Lin), jpx@usgs.

0025-3227/$ – see front matter © 2009 Elsevier B.V. A
doi:10.1016/j.margeo.2009.09.001
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 7 March 2009
Received in revised form 11 August 2009
Accepted 1 September 2009
Available online 11 September 2009

Communicated by D.J.W. Piper

Keywords:
Gaoping River
submarine canyon
sediment trap
sedimentation
210Pb
234Th
Sediment transport and sedimentation processes in the Gaoping submarine canyon were studied using
sediment trap and current meter moorings deployed at a location during the winter (January–March) and
the summer (July–September) months in 2008. At the end of each deployment, sediment cores were also
collected from the canyon floor at the mooring site. Samples from sediment traps and sediment cores were
analyzed for 210Pb and 234Th by gamma spectrometry. In conjunction with particle size and flow
measurements, the datasets suggest that sediment transport in the canyon is tidally-modulated in the drier
winter season and flood (river)-dominated in the wetter summer season. From the magnitude and temporal
variation of sediment flux in the canyon with respect to the burial flux and sediment budget on the open
shelf and slope region, we reaffirm that, on annual or longer timescales, the Gaoping submarine canyon is an
effective conduit transporting sediments from the Gaoping River's drainage basin (the source) to the deep
South China Sea (the ultimate sink).
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1. Introduction

Submarine canyons, especially those located at collisionmarginswith
narrow shelves, are effective pathways for the transport of sediments
from ocean margins to deep ocean basins (e.g., Shepard, 1981; Milliman
and Meade, 1983; Milliman, 1995; Woolfe et al., 1998; Walsh and
Nittrouer, 2003). This and other related issues have been explored for
numerous submarine canyons around the world, such as the Eel Canyon
off northernCalifornia (Puig et al., 2004;Mullenbach andNittrouer, 2000,
2006; Lamb et al., 2008), the Monterey Canyon off central California (Xu
et al., 2002), the Sepik Canyon off north PapuaNewGuinea (Kineke et al.,
2000), the “Swatch of No Ground” on the Bengal Shelf (Michels et al.,
2003; Kottke et al., 2003) and the Cap de Creus Canyon in the
northwestern Mediterranean (Palanques et al., 2008). The Gaoping
submarine canyon (GPSC) off southwestern Taiwan is similar to these
canyons in many ways. Not only is the GPSC a prominent geomorphic
feature, it is also a major conduit transporting fluvial sediments directly
from the mountainous Taiwan to the abyss in the South China Sea (Liu
et al., 2002, 2006; Yu et al., 2008; Huh et al., 2009).

As with the Sepik Canyon, which extends into the Sepik River's
mouth (Kineke et al., 2000), the GPSC (see Fig. 1) is nearly connected
to the Gaoping River (GPR). The GPR stems from the Jade Mountain
(3952 m; the highest mountain in Taiwan), meanders 171 km (the
second longest river in Taiwan) toward the southwest and drains the
Gaoping catchment (3257 km2; the largest drainage basin in Taiwan).
The climate in the GPR's basin is tropical to sub-tropical and is
influenced by the annual monsoon cycle and typhoons. Mean annual
rainfall in the basin is 3046 mm, which sustains an annual river
discharge of 8.5×109m3 (WRA, 1997). More than 70% of the basin's
annual rainfall and river discharge occurs fromMay to September, and
is closely linked with the occurrence of typhoons. Highly erodible
sedimentary and metamorphic rocks in the drainage basin, coupled
with a steep landscape, humid climate, frequent typhoons and
earthquakes, provide favorable conditions for physical and chemical
weathering/erosion in the basin (Li, 1976; You et al., 1988; Chung
et al., 2009).

Sediment load of theGaopingRiver is reported to range from36MT/
yr (WRA, 1997; Milliman and Kao, 2005) to 49 MT/yr (Dadson et al.,
2003), leading to a sediment yield of 1.1–1.5×104 ton km−2yr−1,
which is about an order of magnitude higher than similar but much
larger rivers such as the Eel River in Northern California
(1.7×103 ton km−2yr−1; highest in the conterminous United States;
Brown and Ritter, 1971) and the Sepik River in New Guinea (1.1–
1.3×103 ton km−2yr−1, Chappell, 1993; Syvitski and Morehead, 1999;
Walsh and Nittrouer, 2003). The much smaller spatial scale but higher
sediment yield and flux render the GPR and GPSC's source-to-sink
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Fig. 1. Map showing location of the T6KP and T7 KP moorings (indicated by the star), the Gaoping River and its headwater in the Jade Mt. (the triangle) and the bathymetry off
southwestern Taiwan.
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dispersal system an ideal one for studying sedimentation and transport
processes from a small mountainous river located at an active margin
with a submarine canyon near its mouth traversing a narrow shelf, a
condition more common during low stands of sea level in the
Pleistocene (Milliman, 1995; Woolfe et al., 1998; Syvitski and More-
head, 1999).

Based on radionuclide profiling of an extensive collection of box
cores off SW Taiwan around the GPSC, Huh et al. (2009) showed that
sediment deposited in the open shelf and slope region only accounted
for less than 20% of GPR's sediment load. The calculated budget,
coupled with the presence of short-lived 7Be and non-steady state
distribution and low levels of 210Pb in sediments along the GPSC,
suggests rapid transport of sediment from the GPR's watershed via the
GPSC to the deeper part of South China Sea via gravity-driven flows.

The speed of down-canyon sediment transport could be very high.
For instance, turbidityflowsgeneratedby the2006Pingtungearthquake
off SW Taiwan resulted in a sequential breakage along the GPSC of 11
submarine cables crossing the lower reaches of the canyon. From the
timing of cable break and traveling distance along the canyon, it is
calculated that turbidity current velocities varied from 20 to 3.7 ms−1

(correlatedpositivelywithbathymetric slope), and it tookmerely 8.47 h
for the involved turbidity current to advance 230 km from the
continental slope to the Manila Trench (Hsu et al., 2008). Thus, unlike
the open shelf and slope, the GPSC is a very dynamic environment in
which sediment transport, sedimentation and mass sediment move-
ments take place at much higher and variable rates.

As a component of the FATES program (Liu et al., 2009a,b), we
apply natural radionuclides as time and process tracers to study
sedimentation and particle dynamics. The purpose of this work is to
develop a better understanding of the processes responsible for
sediment transport and mass movements in the GPSC. This was done
by deploying sediment traps and making ancillary observations and
measurements so that processes of different timescales (from event to
seasonal) and their controlling factors, such as tides and turbidity
currents, can be quantitatively investigated.

2. Data collection

2.1. Sediment trap and current meter moorings

A sediment trap mooring was first deployed from January 10 to
March 20, 2008 (a dry season) at 650 m water depth in GPSC (Fig. 1).



Fig. 2. A sketch (not drawn to scale) of the USGS trap recovered from the T7KP mooring
showing the configuration of the intervalometer (the shaded area), the upper funnel,
and the lower core liner. Sediment was filled up to the upper funnel and partially buried
the intervalometer. Three subcores (a1, a2 and b) were inserted to collect sediment in
the funnel. The intervalometer was removed prior to the insertion of subcore b. The
lowermost part of the funnel and the “neck” connecting the funnel and the core liner
was not sampled (see text for details).
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The mooring is at a key location (22°21.239′N, 120°16.419′E) where
the canyon floor widens drastically and changes from V-shaped to U-
shaped,with intra-canyonmeandering in its lower reaches. Also, chirp
sonar records indicate canyon-wall slumping in this segment of the
canyon, known to be favorable for triggering gravity flows (Chiang,
Cheng-Shing, personal communication). This mooring, identified as
T6KP, is the 6th sediment trap deployment in the GPSC in the course of
the FATES program. It contains a USGS-type sediment trap (Rendigs
et al., 2009) placed at 597 m depth, or 53 m above the canyon floor,
and a Nortek current meter ∼5 m above the sediment trap.

The mooring site was reoccupied July 7–September 11, 2008 (a
wet season). On this mooring, identified as T7KP, were one USGS-type
sediment trap at 608 m depth (42 m above the bottom), a current
meter placed 12 m above the trap, at 596 mwater depth, and a PPS3/3
sediment trap (Hung and Chung, 1998) at 267 m depth near the
canyon rim. The upper trap was set to collect samples at a 5-day
interval for the 12 collection cups.

During the recovery cruises of the moorings, sediment cores were
also taken from canyon floor near the mooring site.

2.2. Sampling and analytical methods

To avoid potential overflow problem of the PPS3/3 sediment trap
during wet seasons when river floods and typhoons produce
extremely high concentration of suspended particles in GPSC (Liu
et al., 2006), USGS-type sediment traps were used near the canyon
floor in both T6KP and T7KP moorings. The sediment collector is a
fiberglass cone of ∼1 m in height and 25 cm in diameter on the top
opening. Below the cone is a PVC tube with a plastic core liner inside.
An intervalometer dispenses Teflon discs (the size of casino chips) at a
fixed time-interval to the collected sediment in the plastic core liner
as time markers. To prevent bioturbation of the collected sample
inside the liner supersaturated solution of seawater and sodium azide
is slowly introduced to top of the liner via a ‘dripping’ device. The
length of the plastic core liner used in this study is 1.5 m for dry-
season and 2 m for wet-season deployment.

At the recovery of the T6KP trap, 82 cm of the 1.5-m core liner was
filled with fluffy sediment. Due to natural compaction, however, the
length of the sediment shortened to 70 cm prior to extrusion and
sampling in the laboratory. The extrusion was done using a hydraulic
jack pushing the trap material up through the core liner at 1-cm
intervals. At the end of extrusion, the total samples added up to 62 cm.

The 2-m core liner of the USGS-type trap on the T7KPmooring was
completely filled during the wet season deployment. In addition, the
funnel collector was also loaded with sediment up to the position of
the intervalometer that was hung in the middle of the funnel (Fig. 2).
In order to sample the trap material for the construction of
radionuclide and other profiles upon which a sediment chronology
can be established, subcores were inserted to collect samples from the
trap funnel. Unfortunately, due to geometry of the trap design, it was
not possible to reach the bottom of the trap funnel, thus resulting in a
gap in the profiles. The trap material in the liner and the subcores
were sectioned at 1-cm intervals and put into plastic jars for drying
and subsequent analyses.

From sectioned sediment trap and core samples, small aliquotswere
taken for particle size analysis (Liu and Lin, 2004) and the remainder
were freeze-dried. Based on weight loss after freeze-drying, water
contents (hence, sediment porosity) of the wet samples were
determined. The trapped material from the PPS3/3 trap was processed
in the sameway as described in Liu and Lin (2004) and Lin et al. (2005).

2.3. Analysis of radionuclides by γ-spectrometry

This is the first time in the FATES program that sediment trap
samples were analyzed for radionuclides nondestructively by γ-
spectrometry prior to other chemical analyses. Using a 120% efficiency
(relative to 3×3 NaI) HPGe detector (ORTEC GMX-120230), the
samples were analyzed for 210Pb, 234Th and 214Pb based on photon
peaks centered at 46.52 keV, 63.29 keV and 351.99 keV, respectively.
Counting efficiencies of the detector for various photon energies were
calibrated using IAEA standards 133A and 327 for sample weight at
100 g as a reference, coupled with an in-house secondary standard for
various masses from 20 g to 250 g to calibrate the effect of sample
mass on γ-ray attenuation. Taking 20-g samples for example, absolute
efficiencies are 16.2% for 210Pb, 28.3% for 234Th, and 7.5% for 214Pb.

214Pb was used as an index of supported 210Pb whose activity
concentrationwas subtracted from that of themeasured, total 210Pb to
derive excess 210Pb (210Pbex). To determine the levels of supported
234Th, the samples were re-counted 5 months later following the
decay of excess 234Th (234Thex). The 210Pbex and 234Thex data reported
here were decay-corrected to the date of trap recovery for the USGS
trap or to the mid-point of each sampling interval for the PPS3/3 trap-
collected samples. All radionuclide data reported here are calculated
on salt-free dry weight basis. Error bars plotted on the figures
represent ±1σ from the mean based on counting statistics.

3. Results and discussion

3.1. Records of sedimentation and water flow at the depths of trap
deployments

3.1.1. The T6KP mooring deployed in a tide-dominated period
Fig. 3 shows a pronounced cyclic pattern with the activity

concentrations of both 210Pbex and 234Thex oscillating in phase with
wt.% of water content and b63-μm-size particles. Such correlation



Fig. 3. Profiles ofwater content (wt.%), particle size (wt.% clay+silt), and activities (dpm/g) of 210Pbex and 234Thex in the trap barrel fromthe T6KPmooring. Also shown is the time series of
along-canyon velocity recorded about 5 m above the trap. The velocity is positive up-canyon toward the canyon head and negative down-canyon.

Fig. 4. Profile of the 234Thex/210Pbex activity ratio in the trap barrel from the T6KP
mooring.
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reflects the fact that fine particles associated with higher sediment
porosity andwater contents aremore effective than sand-sizedparticles
in scavenging particle-reactive chemical species from seawater.

Also shown in Fig. 3 are the time series of along-canyon velocity
recorded at 5 m above the trap. The current meter measurements
indicate that, during the dry-season deployment, the topography-
steered flow along the canyon was dominated by tidal motions at
semidiurnal frequencies (Lee et al., 2009a,b; Wang et al., 2008).
Superimposed on the semidiurnal oscillation is a low-frequency
oscillation at a periodicity of approximately two weeks, as manifested
by changes in the amplitude of along-canyon velocity (Liu et al., in
review). Note that the timing of maximum and minimum amplitudes
in along-canyon velocity corresponds to that of spring tide and neap
tide, respectively. The temperature data (not shown here) also exhibit
strong semidiurnal fluctuations, with flood tide bringing in deeper
and colder offshore water up the canyon and ebb tide carrying
shallower and warmer inshore water down the canyon (Liu et al.,
2006; Wang et al., 2008). In general, daily mean temperature is lower
during neap tides than in spring tides. During spring tides, wider tidal
range leads to greater semidiurnal oscillation in along-canyon
velocity, thus providing a more energetic condition for the suspension
and dispersal of coarser grained particles (with lower 210Pbex and
234Thex) from the canyon wall and/or the open shelf and slope regions
(Liu et al. in review). Conversely, finer particles prevail in the less
energetic conditions during neap tides.

Profiles of 210Pbex and 234Thex in the trap barrel show that 210Pbex
fluctuated around 10 dpm/g (1σ=3 dpm/g) without any trend, while
234Thex decreasedwith depth by a factor ofmore than7. This difference
reflects that, during the deployment period of 70 days, the decay of
210Pb (T1/2=22.3 years) is negligible while that of 234Th (T1/2=
24.1 days), over almost three half-lives, is substantial. By normalizing
the activity concentration of 234Thex against that of 210Pbex, the particle
size effect is largely cancelled out, resulting in an exponential decrease
with depth of the 234Thex/210Pbex activity ratio (Fig. 4) that can be
simply explained by radioactive decay of both nuclides following
trapping of the sediment particles in the barrel; i.e.,

234Thex
210Pbex

=
ð234Th0

exÞe
−λ1

S Z

ð210Pb0exÞe
−λ2

S Z
=

234Th
0
ex

210Pb0ex
e
λ2−λ1

S Z
:

Where 234Thex and 210Pbex represent activities of excess 234Th and
210Pb, respectively, S is sedimentation rate, Z is depth in the trap
barrel, λ1 and λ2 are the decay constants of 234Th and 210Pb,
respectively, and the superscript zero refers to nuclide activity at
depth zero. From the slope of the depth profile, which is (λ2−λ1)/S,
linear sediment accumulation rate in the trap barrel (S) can be
calculated. The regression line shown in Fig. 4 suggests that, during
the trap deployment period, the flux of sediment to the trap was fairly
steady with a mean linear accumulation rate of 0.887 cm/d in the trap
barrel, in excellent agreement with that expected from the length
(62 cm) of the sectioned sediment material in the trap barrel and the
deployment time (70 days). The data suggest that, in this particular



Table 1
A summary of mass flux and nuclide activitiesa measured by sediment traps and cores from the study site.

T6KP
1/10/2008–3/20/2008

T7KP
7/8/2008–9/11/2008

Mass flux
(g m−2d−1)

210Pbex
(dpm g−1)

234Thex

(dpm g−1)
Mass flux
(g m−2d−1)

210Pbex
(dpm g−1)

234Thex

(dpm g−1)

267 m (upper trap) – – – 72 12.6 103
597–608 m (lower trap) 110 9.9 44.5 7 200 1.0 3.5
650 m (bottom core) 595 7.4 18 n.d. (high) 1.8 4

a Nuclide activities (dpm/g; 60 dpm=1 Bq) are decay-corrected mean activities in the trapped sediment material or at the top of sediment cores.
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setting and time period, 234Thex is an ideal, built-in time element for
tracing the migration and deposition of particles.

Dividing the measured accumulation rate in the trap barrel by
87.46, the ratio of the trap's collection area at the top (2002 cm2) to
the cross-sectional area of the core liner at the bottom (22.89 cm2),
we get the actual daily mean sedimentation rate, 0.0101 cm/d. If
corrected for sediment porosity, a mean mass accumulation rate of
114 gm−2d−1 is obtained. These (and other) data are summarized in
Table 1 for further discussion later.

3.1.2. The lower trap in the T7KP mooring deployed in a flood-dominated
period

During wet season deployment from July 7 to September 11, 2008,
two typhoons, Kalmaegi (July 17–18) and Fung Wong (July 26–29),
made land fall on Taiwan resulting in floods and extremely high
sediment fluxes in the GPSC. Consequently the core liner was
overfilled. Due to different diameters of the collection cone (varies
with height) and core liner (constant), the thickness of each sampling
interval was normalized relative to the trap's collection area at the
funnel opening; this was done by dividing the sampling layer's
thickness by a factor which is the ratio between the trap's collection
area and the cross-sectional area at the sampling interval's position in
the trap assembly. In so doing, we can obtain “areal normalized depth”
against which our measured data can be meaningfully plotted for the
following discussion. The gap between the core liner and the subcores
in the cone (Fig. 2) was bridged by interpolation.

Shown in Fig. 5 are profiles of water content, particle size, 210Pbex,
234Thex and the 234Thex/210Pbex activity ratio versus normalized depth for
the T7KP lower trap. To constrain chronology, six arrows are indicated on
Fig. 5. Profiles of water content (wt.%), particle size (wt.% clay+silt), 210Pbex and 234Thex acti
T7KP lower trap. Dates shown at the right are derived from a timing device and constraine
the 234Thex/210Pbex profile; the bottommost and topmost ones correspond
to the dates of trap deployment and recovery (July 7 and September 11),
respectively, while the other four arrows mark the time when the first
three timer discs settled in the trap (July 8, 13 and 18) and the timewhen
the intervalometer was buried and malfunctioned (August 2). From the
decreasewithdepth of 234Thex and 234Thex/210Pbex in theupper part of the
profiles, we calculated a linear sedimentation rate of ∼0.25 cm/d,
suggesting that sediment accumulated in the trap reached the bottom
of the timing device, thus shutting it off on August 2, 2008,∼40 days prior
to trap recovery. This is consistentwith the finding below the timer of the
4th and the 5th timer discs which were released on July 23 and July 28,
respectively.However,due tophysicaldisturbancecausedby the insertion
and retrieval of subcores in the trap funnel, exact location of these two
timer discs cannot be determined with certainty.

Progressive vectors (PV) derived from the current meters on both
moorings are plotted in Fig. 6. During the dry season the PV on T6KP
shows the normal pattern of water movements near the canyon floor
which include short-term tidal oscillations at semidiurnal frequencies
superimposed on a net landward movement (Fig. 6a). The beginning
of the wet season (T7KP) deployment, from July 7 to 17, was similarly
tide-dominated (Fig. 6b). Based on the finding of two timer chips
back-to-back near the bottom of the trap liner (Fig. 5), we calculated
the lowest sediment flux (∼0.08 cm/d or ∼0.1 g cm−2 d− 1)
corresponding to the highest 234Thex and 210Pbex activities prior to
July 13. After Typhoon Kalmaegi hit Taiwan on July 17, however,
sediment transport became dominated by down-canyon movements
of warmer water associated with likely the flood of the GPR in the
ensuing days. In this period, sediment flux was exceedingly high,
resulting in a substantial drawdown (due to dilution) of 210Pbex and
vity (dpm/g), and the 234Thex/210Pbex activity ratio versus areal normalized depth for the
d by profiles of 234Thex and 234Thex/210Pbex (see Section 3.1.2 for details).



Fig. 6. Progressive vector derived from current meters deployed near the T6KP (a) and T7KP (b) lower traps. The three dates/time marked on (b) separate four periods: an initially
tide-dominated period, a flood-dominated period following Typhoon Kalmaegi, a transition period from flood-dominated to tide-dominated, and a tide-dominated period at the end.

Fig. 7. Time series of 234Thex and 210Pbex activities and mass flux measured by the T7KP upper trap at 267 m.
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234Thex activities in the trapped material. In the second half of wet
season deployment, the system gradually switched from flood-
dominated mode back to tide-dominated mode, as revealed in the
turning of the PV andmore regular profiles of 210Pbex and 234Thex with
increased activities similar to those observed in the T6KP mooring.

From the T7KPmooring and the time controls discussed above, the
mean sedimentation rates were calculated to be 0.62 cm/d (or
7200 gm−2d−1) during the entire (66-day) period and 1.9 cm/d (or
21000 gm−2d−1) during the typhoon-affected period from July 17 to
August 2, 2008. These fluxes are ∼60 to 190 times that (0.0101 cm/d,
or 110 gm−2d−1) in the tide-dominated dry season estimated from
the T6KP mooring. It is important to note that, fine (b63 μm) particles
caught in the T7KP trap after July 18, 2008 were significantly higher
(90–95% in wt.%) than those near the bottom of the T7KP trap (70–
90%). However, the measured activities of both 210Pbex and 234Thex at
the top of the T7KP trap were considerably lower than those at its
bottom. If corrected for decay, the contrast is even greater for the
short-lived 234Th — one order of magnitude higher at the bottom
before the Kalmaegi-induced flood. This can only be explained by
either shorter residence time or higher SPM concentration in the
water column for fine particles caught in the upper part of the T7KP
trap. They could have deposited somewhere as an ephemeral flood
layer before being resuspended and transported to the trap site later.
Alternatively, fluvial particles may remain suspended from one to
several months in their pathways before settling down, as suggested
by 7Be data (Huh et al., 2009) and by earlier studies of Liu et al. (2002,
2006) which showed that a benthic nepheloid layer (BNL), oftenmore
Fig. 8. Progressive vector at different water depths at the trap site de
than 100 m above bottom, is present all year around along the
thalweg of the upper GPSC.

3.1.3. Divergent transport in the water column of GPSC
Fig. 7 shows the measured time series of 234Thex and 210Pbex

activities andmass flux from the upper trap (267 mwater depth) near
the canyon rim. The mean mass flux (72 gm−2d−1) is two orders of
magnitude lower, while the decay-corrected activities of both 234Thex

and 210Pbex are more than one order of magnitude higher than their
respective values measured from the lower trap (Fig. 5). The activities
of both nuclides, 234Thex and 210Pbex, correlate negatively with the
mass flux, suggesting that the production and availability of these
nuclides for scavenging are limited with respect to the supply of
sediment particles, thus causing a dilution of nuclides adsorbed on
sediment particles.

Besides the vast difference in mass flux between the upper and
lower traps, their temporal trends are also substantially different
(Figs. 5 and 7). The vertical structure of the flow field (Fig. 8)
measured by a long ranger ADCP deployed concurrently near the T7KP
mooring in the canyon reveals that the mean flows, hence the
sediment transport, near the canyon rim (267 m) were decoupled
from the canyon floor (608 m). This appears to indicate the existence
of a dispersal mechanism that contains a buoyant plume supplying
sediments to the open shelf and slope and a gravity-driven flow
transporting sediments down the canyon. Such a divergent transport
was also observed in the Monterey Canyon (Xu et al., 2002) and the
Sepik River's sediment dispersal (Kineke et al., 2000), and it may be a
rived from LADCP deployed during July 8–September 11, 2008.
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common phenomenon during periods of sea-level low stands, and for
collision-margin rivers during high river floods.

3.2. Comparison of trap-measured fluxes with in-situ production of
excess 234Th and 210Pb — implications for scavenging of particle-reactive
chemical species in the water column of GPSC

234Th and 210Pb are constantly produced in the water column from
radioactive decay of 238U and 226Ra, respectively. Atmospheric fallout is
an additional source for 210Pb. Both 234Th and 210Pb are removed from
seawater by adsorption onto particles followed by settling of particles,
causing their deficiency (relative to their respective progenitors) in the
water column and surplus in settling particles. Fluxes of excess 234Th
and 210Pb measured by sediment traps reflect the scavenging of these
two nuclides directly and that of other particle-reactive chemical
species indirectly.

Using the equation of Ku et al. (1977), the activity concentration of
238U in the mooring site (with a salinity of ∼34‰) is about 2.4 dpm/l,
which yields an integrated 234Th production of ∼4.1 dpm cm−2d−1

over a water column of 600 m (i.e., about the depth of the lower trap in
theT6KPandT7KPmoorings). Basedon thedata summarized in Table1,
trap-measured mean fluxes of excess 234Th during the T6KP and T7KP
moorings were 0.49 dpm cm−2d−1 and 2.52 dpm cm−2d−1, respec-
tively, which account for ∼12% to ∼61% of the 234Th production in the
overlyingwater column. It's quite conceivable that high suspended load
associated with typhoon floods would deplete dissolved 234Th in
seawater and this may very well be the cause for the lower 234Th
activity at the top (afterflood) comparedwith that at thebottom(before
flood) of the T7KP trap, as discussed earlier (in Section 3.1.2).

The same calculations can be done for excess 210Pb. Given a mean
226Ra activity concentration of 0.1–0.2 dpm/l (Chen, Weifang, personal
communication) in the 600 m water column above the trap, 210Pb
production in the water column is ∼0.2–0.4 dpm cm−2yr−1. From the
correlation between soil inventory of fallout nuclides and mean annual
rainfall in Taiwan (Huh and Su, 2004), atmospheric 210Pb flux off SW
Taiwan (given an annual rainfall in the range 2000–4000 mm) is
estimated to be ∼1–2 dpm cm−2yr−1. Thus, in-situ production of 210Pb
Fig. 9. Profiles of water content, 210Pbex, 234Thex and the 234Thex/210Pbex
is within 2.4 dpm cm−2yr−1, or ∼0.007 dpm cm−2d−1, which is very
trivial comparedwith the fluxes of excess 210Pbmeasured from the T6KP
and T7KP moorings (0.11 dpm cm−2d−1 and 0.72 dpm cm−2d−1,
respectively). This is clearly due to extra 210Pb delivered from GPR's
drainage basin and, even more importantly, boundary scavenging of
210Pb associated with the intrusion of Kuroshio water. As with the
passage of the Kuroshiomain streamover the southernOkinawa Trough,
a branch of Kuroshio water from the Luzon Strait flows over the sea off
SW Taiwan and up the Penghu Channel toward the northern Taiwan
Strait (Jan and Chao, 2003; Jan et al., 2006; Liang et al., 2003). The
advection of 210Pb-laden water from the open ocean through an ocean
margin area with large sediment supply would inevitably result in
enhanced particle scavenging and thus unusually high 210Pb removal
(Lee et al., 2004; Huh et al., 2006).

3.3. Observations from sediment cores collected under the lower traps:
implications for sediment transport in the canyon

Gamma spectrometric analysis was also performed on core samples
taken from the canyon floor near the mooring site during the recovery
cruises. Fig. 9 shows the data obtained from a multi-core collected near
the trap site (at 22°21.407′N, 120°16.430′E, water depth: 661 m) at the
end of the T6KP deployment. Compared with trap-collected sediments,
the sediments from the canyon floor have similar porosity and 210Pbex
activity, but substantially lower 234Thex activities at the sediment–water
interface. Thisdowncoredecreaseof 234Thex (or 234Thex /210Pbex) indicates
a fairly steady sedimentation rate of 0.057 cm/d (or 600 gcm−2d−1) in
the past ∼6 months (i.e., prior to March 20, 2008), which is 4–5 times
higher than deposition rate measured at the trap (T6KP) 53 m above the
canyon floor. This implies the presence of a BNL, commonly observed not
only in theGSC (Liu et al., 2002) but inother canyons (e.g., Xu et al., 2002),
that suppliesmore sediment to the floor than to the sediment trap due to
vertical gradient of sediment concentration.

In contrast, the bottom core collected at the end of the wet season
deployment (at 22°21.212′N, 120°16.455′E, water depth: 634 m)
showed a very different result (Fig. 10). The activities of 210Pbex and
234Thex are much lower than observed in the dry-season core, and
activity ratio in a sediment core collected below the T6KP mooring.



Fig. 10. Profiles of water content, 210Pbex, 234Thex and the 234Thex/210Pbex activity ratio in a sediment core collected below the T7KP mooring.
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there is no clear trend of variation with depth. This similarity to the
trapped material 42 m above the bottom coupled with deep
penetration of low but detectable 234Thex in the core, clearly suggests
rapid deposition of flood-derived sediments.

Both the trap-measured and core-derived sedimentation rates
discussed above are seemingly inconsistent with the observation of
Huh et al. (2009) which, based on the distribution of 210Pb-derived
sedimentation rates and the calculated budget of sediment off
southwestern Taiwan, suggested that the GPSCwas an effective conduit
rather than a sink of sediment in this sediment dispersal system. The
time-scale difference between sediment trap and sediment core data is
likely an explanation for this paradox. The sediment trap data reported
here represent a time series of slightly over 2 months at an
approximately daily resolution. Previous studies (Liu et al., 2002,
2004, 2006) showed evidence for a net landward particle transport by
tidal currents inside the canyon on daily to monthly timescales. In
contrast, sedimentation records from the seafloor represent net results
over amuch longer period of time, although theymay still be ephemeral
in a dynamic setting like the GPSC. Based on the presence of 7Be, a short-
lived tracer for flood deposits, in surficial sediments following episodic
events, and the non-steady-state and low levels of 210Pb along the GPSC
thalweg, Huh et al. (2009) suggested a rapid transport of sediments
from the GPR's mountainous watershed via the canyon to the deep
South China Sea. Conceivably, sediments deposited in a more regular
fashion under less energetic conditions during the dry season can be
easily disturbed and replaced by gravity-driven flows during flood or
typhoon seasons. The V-shaped cross section in the upper reaches of the
GPSC suggests that, over time, erosion tends to counterbalance
deposition in the canyon (Yu et al., 2008). In other words, although
the canyonmay serve as a temporary sink for sedimentswithin a season,
in long term it functions more like a conduit for the transport of
terrigenous sediments to deep ocean basins.

4. Conclusions

Sediment trap and bottom sediment core samples were collected
from the GPSC in two contrasting (dry versus wet) seasons in 2008 and
analyzed for two particle-reactive radionuclides, 210Pb and 234Th. The
data were interpreted in conjunction with current meter and ADCP
observationswith a view to develop a quantitative understanding of the
sedimentation and sediment transport processes in the most dynamic
setting of a sediment source-to-sink dispersal systemoff SWTaiwan. An
overview of themeasured quantities discussed above and recapitulated
in Table 1 leads us to the following conclusions:

(1) Sediment flux at ∼600 m water depth (thalweg depth 650 m)
in the GPSC varied between 114 gm−2d−1 in the dry, tide-
dominated season and 7200 gm−2d−1 in the wet, flood-
dominated season in 2008. Even in the dry season, the
measured flux was one order of magnitude higher than mean
sedimentation rate observed in the open shelf and slope
regions around the canyon (Huh et al., 2009).

(2) In the flood-dominated season, sediment flux measured by the
upper trap (at 267 mwater depth) near the canyon rimswas two
orders of magnitude lower than that measured by the lower trap
inside the canyon. Vertical structure of the flow field revealed
divergent transport of sediment at the two depth levels.

(3) The inverse correlation between sediment flux and activities of
both 210Pb and 234Th in trap samples suggests a very rapid down-
canyon transport (hence short residence time in seawater) of
sediment particles associated with typhoon and river floods.

(4) Based on the depth profile of 234Thex (as well as 234Thex/
210Pbex) in a sediment core collected near the T6KP (dry
season) mooring, sedimentation rate at the bottom during the
past ∼6 months was ∼5 times that measured by the sediment
trap 50 m above, suggesting the existence of a bottom
nepheloid layer in the tide-dominated season. During the
flood-dominated season (i.e., the T7KP deployment), sedimen-
tation rate at the bottom cannot be determined with certainty.
However, the presence of excess 234Th deep in the sediment
core taken near the wet season mooring indicates an even
higher sediment flux, probably driven by gravity. When
coupled with longer-term sediment budget elucidated from
Huh et al. (2009), these data suggest that far more sediments
are exported via the canyon than deposited either in the
canyon or on the open shelf and slope region.
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(5) T7KP data reveal a type of typhoon-related disturbance that is
not easily detected without the combination of measurements
of sinking particles and deposited sediment.

Acknowledgements

We are thankful to the captain and crew of R/V Ocean Researcher III
for their service at sea. We also thank Tzu-Chi Yeh, Bor-Jiun Huang,
Weifang Chen, Ray Hsu, Fanta Hsu, Jeff Huang, Francy Kuo, Taichun
Lin, Rick Yang and Tony Hsu for their assistance in the field and/or in
the laboratory. Comments from two anonymous reviewers greatly
improved this manuscript. This work is supported by NSC Grants 96-
2611-M-001-002 and 97-2611-M-001-002-MY3 to CAH, 96-2611-M-
110-010 and 97-2745-M-110-002 to JTL and 96-2611-M-110-009 and
97-2745-M-110-001 to HLL.

References

Brown, W.M., Ritter, J.R., 1971. Sediment Transport and Turbidity in the Eel River Basin,
California. U. S. Geol. Surv. Water Supply Pap. 1986, p. 70.

Chappell, J., 1993. Contrasting Holocene sedimentary geologies of lower Daly River,
northern Australia, and lower Sepik-Ramu, Papua New Guinea. Sedimentary
Geology 83, 339–358.

Chung, C.-H., You, C.-F., Chu, H.-Y., 2009. Weathering sources in the Gaoping (Kaoping)
river catchments, southwestern Taiwan: insights frommajor elements, Sr isotopes,
and rare earth elements. Journal of Marine Systems 76, 433–443.

Dadson, S.J., Hovius, N., Chen, Y.G., Dade, W.B., Hsieh, M.-L., Willett, S.D., Hu, J.-C., et al.,
2003. Links between erosion, runoff variability and seismicity in the Taiwan
orogen. Nature 426, 648–651.

Hsu, S.-K., Kuo, J., Lo, C.-L., Tsai, C.-H., Doo, W.-B., Ku, C.-Y., Sibuet, J.-C., 2008. Turbidity
currents, submarine landslides and the 2006 Pingtung earthquake off SW Taiwan.
Terr. Atmospheric and Oceanographic Sciences 19, 767–772.

Huh, C.-A., Su, C.-C., 2004. Distribution of fallout radionuclides (7Be, 137Cs, 210Pb and
239, 240Pu) in soils of Taiwan. Journal of Environmental Radioactivity 77, 87–100.

Huh, C.-A., Su, C.-C., Wang, C.-H., Lee, S.-Y., Lin, I.-T.I.-T.wascapturedasthefirstname-
whileLinasthesurname.Pleasecheckifappropriate.Otherwise,kindlyprovidethespe-
cificdetails., 2006. Sedimentation in the Southern Okinawa trough — rates,
turbidites and a sediment budget. Marine Geology 231, 129–139.

Huh, C.-A., Lin, H.-L., Lin, S.-W., Huang, Y.-W., 2009. Modern accumulation rates and a
budget of sediment off the Gaoping (Kaoping) River, SW Taiwan: a tidal and flood
dominated depositional environment around a submarine canyon. Journal of
Marine Systems 76, 405–416.

Hung, G.-W., Chung, Y.-C., 1998. Particulate fluxes, 210Pb and 210Po measured from
sediment trap samples in a canyon off northeastern Taiwan. Continental Shelf
Research 18, 1475–1491.

Jan, S., Chao, S.-Y., 2003. Seasonal variation of volume transport in the major inflow
region of the Taiwan Strait: the Penghu Channel. Deep-Sea Research. Part II 50,
1117–1126.

Jan, S., Sheu, D.D., Kuo, H.-M., 2006. Water mass and throughflow transport variability
in the Taiwan Strait. Journal of Geophysical Research 111, C12012. doi:10.1029/
2006JC003656, 2006.

Kineke, G.C., Woofe, K.J., Kuehl, S.A., Milliman, J.D., Dellapenna, T.M., Purdon, R.G., 2000.
Sediment export from the Sepik River, Papua New Guinea: evidence for a divergent
sediment transport. Continental Shelf Research 20, 2239–2266.

Kottke, B., Schwenk, T., Breitzke, M., Wiedicke, M., Kudrass, H.R., Spiess, V., 2003.
Acoustic facies and depositional processes in the upper submarine canyon Swatch
of No Ground (Bay of Bengal). Deep-Sea Research Pt II 50, 979–1001.

Ku, T.-L., Knauss, K.G., Mathiew, G.G., 1977. Uranium in open ocean: concentration and
isotopic composition. Deep-Sea Research 24, 1005–1017.

Lamb, M.P., Parsons, J.D., Mullenbach, B.L., Finlayson, D.P., Orange, D.L., Nittrouer, C.A.,
2008. Evidence for superelevation, channel incision, and formation of cyclic steps
by turbidity currents in Eel Canyon. California. Geol. Soc. Am. Bull. 120, 463–475.

Lee, I.-H., Lien, R.-C., Liu, J.T., Chuang, W.-S., 2009a. Turbulent mixing and internal tides
in Gaoping (Kaoping) Submarine Canyon, Taiwan. Journal of Marine Systems 76,
383–396.

Lee, I.-H., Wang, Y.-H., Liu, J.T., Chuang, W.-S., Xu, J.P., 2009b. Internal tidal currents in
the Gaoping (Kaoping) submarine canyon. Journal of Marine Systems 76, 397–404.
Lee, S.-Y., Huh, C.-A., Su, C.-C., You, C.-F., 2004. Sedimentation in the Southern Okinawa
trough: enhanced particle scavenging and teleconnection between the equatorial
Pacific and western Pacific margins. Deep-Sea Research. Pt I 51, 1769–1780.

Li, Y.-H., 1976. Denudation of Taiwan Island since the Pleistocene epoch. Geology 4,
105–107.

Liang, W.-D., Tang, T.-Y., Yang, Y.-J., Ko, M.-T., Chang, W.-S., 2003. Upper-ocean currents
around Taiwan. Deep-Sea Research Pt II 50, 1085–1105.

Lin, H.-L., Liu, J.T., Hung, G.W., 2005. Foraminiferal shells in sediment traps: implications
of biogenic particle transport in the Kao-ping submarine canyon. Taiwan. Cont.
Shelf Res. 25, 2261–2272.

Liu, J.T., Lin, H.-L., 2004. Sediment dynamics in a submarine canyon: a case of river–sea
interaction. Marine Geology 207, 55–81.

Liu, J.T., Liu, K.-J., Huang, J.C., 2002. The effect of a submarine canyon on the river
sediment dispersal and inner shelf sediment movements in southern Taiwan.
Marine Geology 181, 357–386.

Liu, J.T., Lin, H.-L., Hung, J.-J., 2006. A submarine canyon conduit under typhoon
conditions off Southern Taiwan. Deep-Sea Research Pt I 53, 223–240.

Liu, J.T., Huh, C.-A., You, C.-F., 2009a. Fate of terrestrial substances in the Gaoping
(formerly spelled Kaoping) submarine canyon. Journal of Marine Systems 76,
367–368.

Liu, J.T., Hung, J.-J., Lin, H.-L., Huh, C.-A., Lee, C.-L., Hsu, R.T., Huang, Y.-W., Chu, J.C.,
2009b. From suspended particles to strata: the fate of terrestrial substances in the
Gaoping (Kaoping) Submarine Canyon. Journal of Marine Systems 76, 417–432.

Liu, J.T., Wang, Y.H., and Lee, I.-H. Tidal signatures of the benthic nepheloid layer in
Gaoping Submarine Canyon in southern Taiwan (submitted to Marine Geology).

Michels, K.H., Suckow, A., Breitzke, M., Kudrass, H.R., Kottke, B., 2003. Sediment
transport in the shelf canyon “Swatch of No Ground” (Bay of Bengal). Deep-Sea
Research Pt II 50, 1003–1022.

Milliman, J.D., 1995. Sediment discharge to the ocean from small mountainous rivers:
the New Guinea example. Geo-Marine Letters 15, 127–133.

Milliman, J.D., Meade, R.H., 1983. World-wide delivery of river sediment to the oceans.
The Journal of Geology 91, 1–21.

Milliman, J.D., Kao, S.-J., 2005. Hyperpycnal discharge of fluvial sediment to the ocean:
impact of super-typhoon Herb (1996) on Taiwanese Rivers. J. Geol. 113, 503–516.

Mullenbach, B.L., Nittrouer, C.A., 2000. Rapid deposition of fluvial sediment in the Eel
Canyon, northern California. Continental Shelf Research 20, 2191–2212.

Mullenbach, B.L., Nittrouer, C.A., 2006. Decadal record of sediment export to the deep
sea via Eel Canyon. Continental Shelf Research 26, 2157–2177.

Palanques, A., Guillén, J., Puig, P., Durrieu de Madron, X., 2008. Storm-driven shelf-to-
canyon suspended sediment transport at the southwestern Gulf of Lions.
Continental Shelf Research 28, 1947–1956.

Puig, P., Ogston, A.S., Mullenbach, B.L., Nittrouer, C.A., Parsons, J.D., Sternberg, R.W.,
2004. Storm-induced sediment gravity flows at the head of the Eel submarine
canyon, northern California margin. Journal of Geophysical Research 109, C03019.
doi:10.1029/2003JC001918.

Rendigs, R. R., Anderson, J. P., Xu, J. P., Davis, R. E., Bergeron, E., 2009. The partition
Intervalometer: a programmable underwater timer for marking accumulated
sediment profiles collected in sediment traps: development, operation, testing
procedures, and field results. USGS Open-File Report 2009-1101.

Shepard, F.P., 1981. Submarine canyons: multiple causes and longtime persistence.
American Association of Geologists Bulletin 65, 1062–1077.

Syvitski, J.P., Morehead, M.D., 1999. Estimating river-sediment discharge to the ocean:
application to the Eel margin, Northern California. Marine Geology 154, 13–28.

Walsh, J.P., Nittrouer, C.A., 2003. Contrasting styles of off-shelf sediment accumulation
in New Guinea. Marine Geology 196, 105–125.

Wang, Y.-H., Lee, I.-H., Liu, J.T., 2008. Observation of internal tidal currents in the
Kaoping Canyon off southwestern Taiwan. Estuar., Coast. Shelf Science 80,
153–160.

WRA (Water Resources Agency), 1997. Hydrological Year Book of Taiwan, Republic of
China, 1996. Ministry of Economic Affairs, Taiwan. 415 pp.

Woolfe, K.J., Larcombe, P., Naish, T., Purdpn, R.G., 1998. Lowstand rivers need not incise
the shelf: an example from the Greater Barrier Reef, Australia, with implications for
sequence stratigraphic models. Geology 26, 75–78.

Xu, J.P., Noble, M., Eitteim, S.L., Rosenfeld, L.K., Schwing, F.B., Pilskaln, C.H., 2002.
Distribution and transport of suspended particulate in Monterey Canyon.
California. Mar. Geol. 181, 215–234.

You, C.-F., Lee, T., Brown, L., Shen, J.J., Chen, J.C., 1988. 10Be study of rapid erosion in
Taiwan. Geochimica et Cosmochimica Acta 52, 2687–2691.

Yu, H.-S., Chiang, C.-S., Shen, S.-M., 2008. Tectonically active sediment dispersal system
in SW Taiwanmargin with emphasis on the Gaoping (Kaoping) Submarine Canyon.
Journal of Marine Systems 76, 369–382.

http://dx.doi.org/10.1029/2006JC003656, 2006
http://dx.doi.org/10.1029/2006JC003656, 2006
http://dx.doi.org/10.1029/2003JC001918

	Tidal and flood signatures of settling particles in the Gaoping submarine canyon (SW Taiwan) re.....
	Introduction
	Data collection
	Sediment trap and current meter moorings
	Sampling and analytical methods
	Analysis of radionuclides by γ-spectrometry

	Results and discussion
	Records of sedimentation and water flow at the depths of trap deployments
	The T6KP mooring deployed in a tide-dominated period
	The lower trap in the T7KP mooring deployed in a flood-dominated period
	Divergent transport in the water column of GPSC

	Comparison of trap-measured fluxes with in-situ production of excess 234Th and 210Pb — implicat.....
	Observations from sediment cores collected under the lower traps: implications for sediment tra.....

	Conclusions
	Acknowledgements
	References




