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As a high-sedimentation rate depocenter along the path of the Kuroshio Current, the southwesternmost
part of the Okinawa Trough is a key area to understand the Kuroshio history and sediments transpor-
tation. A 34.17-m-long sediment core was obtained by the advanced piston corer of Marco Polo/IMAGES
XIl MARION DUFRESNE during the May 2005 from the Southern Okinawa Trough at site MD05-2908. The
recovered sediments were analyzed by AMS '“C dating, coarse size fraction (>63 um) extraction and
moisture content determination in order to study its sedimentation flux and provenance. The depth-age
relationship of core MD05-2908 was well constrained by 17 *C dating points. The sediments span
across the mid-Holocene (6.8 ka B.P.) and have remarkablely high sedimentation rates between 1.8 and
21.2 m ka™', which is well consistent with the modern observations from sediment traps. We identified
five 70—200 a periods of abnormally rapid sedimentation events at 6790—6600 a B.P., 5690—5600 a B.P.,
4820—4720 a B.P., 1090—880 a B.P., and 260—190 a B.P., during which the highest sedimentation rate is
up to 21.2 m/ka. In general, the lithology of the sediments were dominated by silt and clay, associated
with less than 5% coarse size fraction (>63 um). As the most significant sediment source, the Lanyang
River in northeastern Taiwan annually deliver about 10Mt materials to the coastal and offshore region
of northeast Taiwan, a portion of which could be carried northward by currents toward the study area.
Therefore, we concluded that the 5 abnormally rapid sedimentation events may be related to intensified
rainfall in Taiwan and thus increased materials to our study area at that time. However, a few ex-
treme-rapid sedimentation events cannot be explained by normal river runoff alone. The large earth-
quakes or typhoons induced hyperpycnal discharge of fluvial sediment to the ocean may also act as a
potential source supply to the Okinawa Trough.

Southwesternmost Okinawa Trough, mid-Holocene, sedimentation rates, sediment source

The sedimentary records from continental margins rep-
resent an ideal archive to study various sedimentary
processes as well as for deciphering the past fluctuations
in the climate system and possible forcing mechanisms.
Owing to its location, geomorphology and hydrody-
namic conditions, the southernmost part of the Southern
Okinawa Trough (SOT) acts as an efficient sink for
sediments from Taiwan and the East China Sea shelf.
The region is also known for the Kuroshio Current,
which turns northwestwards and branches off from its
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mainstream before continuing to flow to the North Pa-
cific. The abrupt change in seafloor topography further
causes the Kuroshio waters to intrude and upwell onto
the East China Sea continental slope. The region thus
provides an excellent opportunity to study the seawater
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exchange process and its associated nutrient transport
mechanism when Kuroshio waters intrudes into the East
China Sea™". One unusual feature of the SOT is that
high sedimentation rates are located approximately in
the lower trough, deeper than 1000 m (ranging from
0.25 t0 0.52 cm a ' estimated from the excess >'’Pb pro-
files of cores) while low sedimentation rates are gener-
ally in the upper trough, shallower than 1000 m-L.
Based on results from a site 1202 (24°48.24'N,
122°30.00'E) of ODP Leg 195 in the SOT, the sedimen-
tation rate has always been high, reaching 325 c¢m ka™’
(0.325 cm a ') since the late Holocene™2!. Therefore, the
SOT is apparently an area of high-sedimentation rate
depocenter along the path of the Kuroshio Current. Fur-
thermore, the lower slope (>1000 m) sediments consist
almost entirely of silty mud™; for instance, mud ac-
counts for over 97%%, while the upper slope (<1000 m)
sediments are composed of sand with little mud". The
large supply of terrestrial sediments from Taiwan and
China mainland appears to be sufficient to account for
the accumulation in the high-sedimentation-rate in the
SOT. Nevertheless, the issue about the source of the
SOT sediment has been debated for over two decades.
Earlier efforts to identify the sources (e.g. the Chang-
jiang or Taiwan’s rivers) and transport pathways of the
SOT sediment were based on diverse tools, e.g. chemical
characteristics, mineralogy and physical properties of the
sediments. Besides the primary production in the water
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column , the sediments of SOT originate from two
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major terrestrial sources, Chinese mainland"®2% anqd

the Taiwan hinterland"-%21221
butions from the Ryukyu Island Arc. Nonetheless, stud-
ies conducted in the past have mainly based on surficial
sediments and particles collected by sediment traps, with

scant attention to the temporal variations of the prove-

, with negligible contri-

nance and transport pathways of fine-grained terri-
genous sediments. It is therefore the purpose of this
study to perform various measurements of a 34.2 m
sediment core collected from the SOT in order to (1)
determine the temporal variations in the sediment flux,
(2) examine the source and transport mechanisms of the
sediments, and (3) evaluate the significance of episodic
events (i.e. flood runoff and large earthquakes) as they
might be reflected in observed flux extremes. It is the
hope that results from this study can help delineate the
fate of particle transport in the region.

1 Material and methods

Between May 15 and June 8, 2005, the gravity core
MDO05-2908 used in this study was recovered from the
continental slope of southern Okinawa Trough during
the IMAGES XIV, MD-155-Marco Polo 2 cruise of the
R/V Marion Dufresne of the French Polar Institute
(IPEV). The core, 34.2 m in length, is located at
24°48.04'N, 122°29.35'E, with a water depth of 1275 m
(Figure 1). The sediments in core MD05-2908 consist of
homogenous dark gray hemipelagic clay and fine
silt-sized sediments.

A total of 854 samples were analyzed for water con-
tent at 4 cm sampling intervals. The percentage of the
coarse fraction (>63 um) in the sediments was analyzed
by 419 samples at 8 cm intervals: After being dreid at
60°C for 48 h, the samples were weighed, suspended in
deionized water and then wet-sieved through a
250-mesh screen to separate the coarse fraction and cal-
culate the percentage by weighting.

More than 4 mg specimens of surface water-dwelling
planktonic foraminifers, including G. sacculife and G.
ruber, from the >150 pum size fraction of 17 selected
intervals were sent to the NOSAMS, Institute of Woods
Hole Oceanographic Institution, USA for AMS dating
(Table 1). All "C ages were converted to “calendar
ages” using CALIB Program (version 5.0Y%. In the
conversion, we adopted a AR = 35+25 years (the local
difference in reservoir age from 400 years in the south-
ern Okinawa Trough) as determined from annually
banded corals of Ishigaki Island. The calibrated ages
were then converted into thousand years before present
(BP) (ka before AD1950).

2 Results

2.1 Core description and sedimentology study

The sediments of MD05-2908 are mainly composed of
fine terrestrial clay and silt. The coarse fraction (> 63
pm), made up chiefly of slate fragments, quartz grains,
chlorite and mica flakes, only accounts for ~2% of the
sediments. According to the changes of coarse fraction
content, the core was divided into 4 sections. The upper
section (0— 850 cm) is mainly composed of fine-grained
sediments, with thin interbedding of silty sand and sandy
silt. Sediments of 850—2300 cm section are exclusively
of hemipelagic mud without any visible silt-sand layer.
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Figure 1 Topography of the Southern Okinawa Trough and the location map of core MD05-2908.

Table 1 AMS ™C data of core MD05-2908 in the southernmost Okinawa Trough

Core depth (cm) AMS *C age (a)

Calendar age (a B.P.)

Material Sedimentation rate (cm a™)

13 470+30 57
105 600+45 191
213 650+30 262
413 900+25 489
613 1370+40 876
813 1570+25 1092
909 2080+40 1615

1309 2850+30 2571
1501 3200+35 2958
1853 3760+30 3648
2005 3980+25 3933
2253 455040 4715
2405 463030 4816
2621 5270+40 5599
2805 5370+35 5693
3005 6200+45 6600
3405 6360+40 6789

0.228
0.687
1.521
0.881
0.517
0.926
0.184
0.418
0.496
0.510
0.533
0.317
1.505
0.276
1.957
0.221
2.116

G. sacculife + G. ruber

2300—2750 cm section is composed of hemipelagic
mud with three insignificant thin layers of very fine sand
and silt. A fine sand layer in 2347—2350 cm, associated
with feldspar, quartz, chlorite and mica flakes could be
correlated with the other two sand layers in 2579—2584
cm section and 2728 —2735 cm section. The coarse
fraction of these three intervals increased to more than
13.12%, 9.28% and 10.30% with higher sedimentation
rates, and the scarcity of foraminifers in these intervals
due to dilution by enormous terrestrial material has
caused difficulty in obtaining enough specimens for '*C-

1236

dating and isotopic analysis. The lower section (2750—
3414 cm) is also mainly composed of fine-grained
sediments with less than ~2% coarse fraction (Figure
2(b)).

2.2 Age model and sedimentation rates

The depth-age relationship of core MD05-2908 is well
constrained by the 17 '*C-dating points (Figure 2(a)). An
age model was then obtained by linearly interpolating
between the control points. The 34.2 m core has a con-
tinuous record of the past 6800 years, and so high-reso-
lution record is a good material to research the millen-
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Figure 2 Sediment characteristics during the past 6800 years. (a) Depth-age relationship of core MD05-2908 based upon AMS **C-dating of
17 samples; (b) variation in percentage of coarse size fraction (>63 um); (c) accumulation rate; (d) sedimentation rate.

nial to decade scales of the historic climate change.
Sedimentation rates were integrated between depths of
'4C-datings using converted ages. They varied largely
from 1.84 to 21.16 m ka . Such high sedimentation
rates are unprecedented in the Okinawa Trough and
somewhat unexpected. Previously published results
from southern Okinawa Trough sites recorded sedimen-
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tation rates of about 50 cm ka '. For instance, Site
RN96-PC 1 at 24°58.5'N, 122°56.1'E records an average
rate of 40 cm ka "2 while at a northern site, core 255
(25°12'N, 123°07'E) has an average rate of 60 cm ka ™'
for the last 7.3 ka2, site 1202 of ODP Leg 195 shows
350 cm ka' since the Holocene™™. For the similar time
interval of the last 6.8 ka, MD05-2908 has accumulated
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34 m sediment, showing an average sedimentation rate,
one order higher than at other sites. The large accumula-
tion of sediments at this site suggests that MD05-2908 is
located at a localized deposition center. Present mass
fluxes near core MDO05-2908 are estimated to be 20 g
m dfl, well consistent with the sedimentation fluxes
calculated here (Figure 2(c)).

Based on the 17 "C dates, we also identified five
70—200 a periods of abnormally rapid sedimentation
events at 6790 — 6600 a B.P., 5690 — 5600 a B.P,
4820—4720 a B.P.,, 1090—880 a B.P.,, and 260—190 a
B.P., at 3405—3005 cm, 2805—2621 cm, 2405—2253
cm, 813—613 cm and 213—105 cm respectively. At

that time, the highest sedimentation rate is up to 21.2
m/ka.

3 Discussion

3.1 Sediments sources

Core MDO05-2908 lies at the southern Okinawa Trough
with a high sediment rate of about Sm/ka from the mid-
dle Holocene, which is much higher than those observed
in a similar marginal sea environment, such as the sub-
marine canyons off Washington shelf2?, the Baltimore
Canyon off the east US coast® the western Gulf of
Mediterranean Sea™**! and the SEEP area™!l As a
component of the Kuroshio Edge Exchange Processes
(KEEP, 1989—1994) and Kuroshio-East China Sea
Shelf Exchange Processes (KEEP II, 1994—1997) inte-
grated programs conducted in Taiwan, time-series sedi-
ment traps and current meters were deployed in, and re-
covered from the slope area between the southern ECS
shelf and the South Okinawa Trough for measurements
of particulate fluxes, particle size distributions, compo-
sitions, stable isotopes, radionuclides and currents. Re-
searchers have documented that the major components
of the trap samples are mainly composed of fine terres-
trial clay and silt"®. A large portion of the particulates
collected by traps in the canyon was probably trans-
ported along the isobaths or topographic contours from
the canyon outlet toward the southwest rather than di-
rectly into the trough based on the high mass fluxes ob-
served at the southwest of the Mien-Hwa Canyon and
the available current meter data. Based on profiles of
219pp and "*"Cs in 47 box cores collected from the SOT,
Huh et al."® had delineated spatial distribution of sedi-
mentation rates and calculated sediment budget in the

SOT, the highest sedimentation fluxes lies at 24°50'N,
122°30'E, and the core MD05-2908 is situated very near
the depocenter.

Today, fluvial runoff from the mountain ranges of
Taiwan is the main source of detrital sediment supply to
the southern Okinawa Trough, resulting from high ero-
sional gradients and heavy summer rain falls®. In north-
ern Taiwan, drainage of the mountain areas is basically
achieved by the Lanyang River, whose mouth is directly
situated adjacent to the southern Okinawa Trough. An-
nual total sediment yield amounts to 10 Mt™2. Parts of the
fluvial suspensions are entrained and transported by the
Kuroshio Current and transferred to the deep by the suc-
tion effect of the cyclonic eddies north of Taiwan, making
it a major source of sediment supply to the trough222234,
Spatially, the sediment fluxes exhibit a seaward decline
from northeastern Taiwan to the central trough. On the
continental slope, however, the flux increases with water
depth, this was usually found in marginal seas, implying
strong lateral transport of lithogenic particles. The tem-
poral variation has a strong positive correlation with water
runoff from the Lanyang River, whereas the highest
fluxes were associated with typhoon-induced floods and,
occasionally, with large earthquakes?2. Furthermore, the
abnormally high fluxes observed on the lower slope north
to the I-Lan Shelf and Ridge demonstrated that the depos-
iting environment is very dynamic, which will always
cause sediment redistribution and then contribute suffi-
cient sediments to the SOT.

There are three major current systems involved in the
circulation of the ECS2%: (1) The Changjiang Coastal Cur-
rent (CCC) flows southward along the coast of mainland
China, the Changjiang annually delivers 478 Mt of
sediment onto the ECS shelf, and a substantial fraction
of the fine-grained sediments is transported southward
along by the CCC or tidal currents. In the northernmost
section of the Taiwan Strait, the sediments are trans-
ported eastward to enter the Okinawa Trough®2”. (2)
The Taiwan Warm Current (TWC) flows northward
along Taiwan Strait, it is relatively stronger in the sum-
mer and weaker in the winter. In summer, the strong
TWC is expected to bring fluvial sediments exported
from Changjiang and western Taiwan’s rivers to Oki-
nawa Trough. In winter, monsoon-driven CCC flows
southward and causes downwelling of nearshore waters,
whereas the northward-flowing TWC causes upwelling.
With these two vertical circulation cells, fine sediment
transport is constrained to areas shoreward of the up-
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welling regime[ﬁ’ﬁ1

. (3) The Kuroshio current, the main
part of the Kuroshio enters the Okinawa Trough north-
east of Taiwan across the I-Lan Ridge and delivers
sediments to the SOT[@], but low mean fluxes obtained
from sediment traps indicate that the Kuroshio water
was relatively “clean”™. As Kuroshio approaches
northeastern Taiwan, it impinges on the shoaling East
China Sea shelf; thereafter the Kuroshio mainstream
turns northeastward almost along the shelf break. Part of
the Kuroshio water intrudes onto the shelf above the
Mien-Hwa Canyon and forms a branch current, called
the Kuroshio Branch Current (Figure 1). On the western
side of the branch current, a cyclonic eddy (about 70 km
in diameter) is generated over the shelf-slope as a result
of the westward deflection of part of the branch current.
On the other hand, the upwelling and the eddy over the
canyon may facilitate offshore and down-slope transport
of sediments from the ECS shelf to the Okinawa Trough.
From this circulation pattern it becomes clear, core
MDO05-2908 receives such tremendous amounts of
clayey-silty sediments, as it lies at the end of the com-
plex local Kuroshio Current structure on the northern
slope of the I-Lan Ridge, where sediment transport en-
ergy gets lost and particulate loads settle out.

Lanyang River

3.2 The five abnormally rapid sediment events

Apart from source strengths, a variety of factors have
been considered to be regulating the sediment fluxes in
the seas, such as primary production®%*2=*¥ the sup-
plies of storm-driven river sediment®, the re-suspen-
sion of sediments caused by the high-energy waves or
the tide™—*8 and the turbidity currents caused by large
earthquakes?. Owing to the natural forces mentioned
above, medium- to large-scale submarine mass move-
ments can occur and thus play a very important role in
transporting terrigenous sediment to deep sea basins. The
bathymetric map of the southern Okinawa Trough shows
that there are two submarine canyons (A and C in Figure
3). Between these two submarine channels, there is a con-
cave depression (B in Figure 3) due to slope failure. The
northern submarine canyon (C in Figure 3) is active to-
day and has a point-source following the onland Lan-
yang River which originates from the accretionary
wedge slate belt in the western part of Central Range of
northern Taiwan (Figure 3). The southern submarine
canyon (A in Figure 3) has no active source today. The
canyon A can be traced to the continental shelf (150 m
in depth). Since there is no major rivers except the Lan-
yang River north of 24°30'N, the submarine canyon A

24.6°N 24.8° 25.0°

25.2° 25.4° 25.6°

Figure 3 Topography of the Southern Okinawa Trough and northeast corner of Taiwan looking from the axis of the trough toward the Lan-
yang River and its delta plain on northeast Taiwan. The map was generated from the digital data compiled in Wei ™ with exaggerated eleva-
tion. The location of core MD05-2908 and Site 1202 are marked by the red circle-cross symbol. Three canyons (A, B, and C) indicate major

conduits that supply sediments to the southern Okinawa Trough.
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could represent a paleo-channel of this river during the
last glacial time before channel migration in the Holo-
cene due to sea-level rise. Therefore, the sediments
eroded from the Central Range were transported to the
site of core MD05-2908 by submarine channel transpor-
tation and/or slope failures, and then finally deposited in
the southern Okinawa Trough. Sediments carried by
rivers of eastern Taiwan could have deposited in the
shallow I-Lan shelf, water depth at which is less than
200 m (from Liu et al. unpublished records of thin stra-
tum section), and then transported to the deep sea basin
through submarine channel erosion or slope failures due
to frequent earthquakes induced by plate conver-
gence/collision and extension of the southwestern Oki-
nawa Trough off NE Taiwan. Because of strong dilution
of enormous terrestrial materials, the influence on the
change of sedimentation flux contributed by the primary
production, is very limited in the study area %1,
Usually, the'exceptional high sediment flux could be
attributed to episodic events, for example, typhoon pas-
sages, which always cause ample rainfall induced high
runoff and sediment discharge, and sediment fluxes that
were observed during typhoon passages accounted for
more than 50% of the long-term flux®**. Once ty-
phoons struck Taiwan, heavy rainfall always caused
high runoff together with huge sediment export from the
land, thus contributing to the source of settling sedi-
ments. As high uplift and denudation rates, Taiwan is an
important source for sediments to its around seas, and
about 75% sediments were transported during typhoon
passages®1. It is only 70 km far from the studying
area to the shore. Moreover, the three canyons are im-
portant conduits for sediments delivering from I-Lan
shelf to Okinawa Trough. Therefore, output of Lanyang
River could transit rapidly toward south of the Okinawa
Trough, and high energy wave could induce materials
which accumulate at [-Lan Continental Shelf and top of
continental slope to re-suspend and further transport
toward south of the Okinawa Trough. Thus we can see
that such episodic small-river floods could account for
much of the annual sediment flux to the continental shelf
and slope B2 Therefore, increase of sediment rate at the
core MD05-2908 more probably resulted from climate
events, such as typhoon, rainstorm or continual precipi-
tation. Seventeen AMS '“C data show that the sediment
rate between 6.8 ka B.P. and 4.0 ka B.P. is relatively low
and there are three obviously high rate sedimentation

events during this period, i..6790—6600 a B.P., 5690 —
5600 a B.P.,, 4820—4720 a B.P. respectively. The sedi-
mentation rate during the period of 4.0—1.1 ka B.P. is
relatively steady. Sedimentation rate apparently in-
creased around 1000 a B.P., reflecting the evolution of
the Lanyang estuary and increased land erosion due to
human activities, such as farming and deforestation.
There are two high sediment rate values during 1090—
880 a B.P. and 260— 190 a B.P.

The five abnormally rapid sediment events are well
corresponding with rich precipitation in Taiwan. The
rapid accumulation event of 6790— 6600 a B.P. possi-
bly occurs under the condition of Climate Warm Period
in the Holocene. Pollen data of mountain area in the
middle of Taiwan show that during the period of
6900—6800 a B.P., peak value of spore maybe indi-
cates an event with high precipitation*, AMS 'C data
of paleo-tree in Gezhouba, Yichang indicate that there
was a flood during the period of 6570+£110 a B.p.°4,
The period of 5690—5600 a B.P. was a high frequency
flood stage in the lower reaches of Changjiang River>.
Multi-proxies including pollen, granularity, the scan-
ning electric microscope of sediment from the Bao-
huashan area and embedding paleo-tree indicate that
there was a mountainous flood during the period of
5720+80 a B.P.2%L The period of 4820—4720 a B.P. in
the pre-history in China is characterized with the high
frequency occurrence of flood. 1090—880 a B.P. is a
period from Emperor Tang Yizong (859—873 AD) to
Emperor Song Shenzong (1067— 1085 AD). Historical
materials show that the Song and Yuan Dynasties (960 —
1368 AD) were an unstable period when the climate fluc-
tuated continually, and the period of 1000—800 a B.P.
was the third cold stage in China, in which eighteen flood
events occurred. 260—190 a B.P. is just between the
period of the so-called Little Ice Age (LIA). Moreover,
historical materials showed that in the period of 500 —
100 a B.P. there were 52 floods events, 40 of which
occurred in the LIA.

Located in the collision zone between the Europe-
Asia Continental Plate and Philippine Sea Plate, high
frequencies of structure and earthquake activities oc-
curred in Taiwan, and about ten earthquakes with mag-
nitude M, > 5 occurred in the study area per year. More-
over, because the slope north of the I-Lan Shelf is very
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very steep (>3°), the surface sediment on the slope is
readily unstable and then subject to resuspension or
slumping once large earthquakes strike. High frequency
earthquake activities maybe have a direct or indirect
influence on the sedimentation in the study area, making
sediment accumulated in the continental shelf and con-
tinental slope resuspend and transmit toward deep-water
area®
MDO05-2908. However, several coarse-grained interbed-
dings with different thickness were observed in the core.
Moisture content data show that it is low in the inter-

. There are no obvious turbidity layers in core

layer and decades of little coarse-grained veins can be
identified by the change of moisture content, which is
coincident with the results by grain size analysis. This
confirms that decades-scale high-rate sedimentation
events recorded in the MDO05-2908 core since the
mid-Holocene may be caused by earthquakes, storms or
tsunamis.

4 Conclusions

With sedimentation rates substantially higher than those
observed elsewhere in the Okinawa Trough along the
route of Kuroshio, the SOT area is probably the most
effective sink of sediments from Taiwan and the East
China Sea shelf. With core MD05-2908 from the SOT,
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mis.
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