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Abstract The southwestern Ryukyu Trench near Taiwan is
an ideal place for source-to-sink studies because of the short
sediment transport route between the terrestrial sediment
source in Taiwan and the marine sink in the Ryukyu Trench.
Bathymetric and seismic reflection data and core samples
from the area around the southwestern Ryukyu Trench were
used to identify features of the trench–arc system, including
submarine canyons, the trenchwedge, bathymetric ridges, and
forearc basins, which together form two distinct sediment dis-
persal systems: a longitudinal (trench-parallel) system and a
transverse (trench-normal) system. The longitudinal sediment
dispersal system carries sediments eroded from the Taiwan
orogenic belt eastward, primarily along the Hualien Canyon
and a channel–terminal fan system at its mouth, and deposits
them in the southwestern end of the Ryukyu Trench. The
transverse sediment dispersal system carries sediments eroded
from the Ryukyu Islands downslope and deposits them in the
Hoping, Nanao, East Nanao, and Hateruma forearc basins,
behind the barrier formed by the E–W-trending Yaeyama
Ridge on the trench-slope break. The presence of pyrrhotite,
a characteristic component of sediments sourced fromTaiwan,
in a seafloor sample from the Ryukyu Trench and its absence

in a sample from the East Nanao forearc basin support the
view that the southwestern Ryukyu Trench is longitudinally
fed by sediment derived from Taiwan, whereas the trench-
slope forearc basins receive sediment transported transversely
downslope from the Ryukyu Islands.

Introduction

Oceanic trenches are the most significant elongate depressions
on the seafloor of large subduction zones; they can be thou-
sands of kilometers long, up to 8 km deep, and tens to hun-
dreds of kilometers wide (Jarrard 1986; Stern 2002). In sub-
duction zones, cross-sections of the tilted trenches illustrate
the surficial and crustal processes of subduction and the depo-
sition of deep-water turbiditic sediments in the trench (Karig
and Sharman 1975). Trench-fill sediments are derived mainly
from adjacent volcanic arcs and volcanic basins, and are
transported to the trench by transverse submarine canyons
(Karig and Sharman 1975; Underwood and Karig 1980).
Some such trenches are filled by large volumes of terrigenous
sediments. For example, the large trench wedge of the south-
ern Chile Trench containsmainly orogenic sediments fed from
the Andean continental margin by numerous submarine can-
yons transverse to the axis of the trench (Thornburg and Kulm
1987; Thornburg et al. 1990). Trenches are considered to be
the ultimate sink for sediment dispersal systems along active
margins such as the southern Chile Trench (Thornburg and
Kulm 1987; Thornburg et al. 1990), the east Nankai Trough
(Mountney andWestbrook 1996; Spinelli et al. 2007), and the
northernManila Trench (Yu et al. 2009; Hsiung and Yu 2011).

In general, the lateral terminations of trenches are formed
by the combined effects of tectonic and sedimentary forcing at
plate boundaries; most of them lie in areas that lack trench
morphology and where subduction processes have probably
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ceased. For instance, the western termination of the New
Guinea Trench is at the N-trending seafloor rise known as
the Mapia Ridge, and there is no clear indication there of
modern subduction along the northern margin of New
Guinea and insufficient data on the trench flanks to determine
whether subduction has ever occurred there (Milsom et al.
1992). Themorpho-sedimentary features at the ends of trench-
es reflect the combined effects of subduction, collision, and
sedimentation processes. In particular, the amounts of accre-
tion or erosion in modern convergent zones are determined
mainly by the rate of plate convergence, sediment supply, and
the topography of the subducting seafloor (Von Huene 1986).
Where deposition in trenches is prevalent, the trench-fill de-
posits are controlled mainly by the rate of plate convergence,
sediment supply, the presence of submarine canyons, and the
gradient of the trench axis (Lash 1985). Pickering and Hiscott
(2015) noted that trench-floor deposits are influenced by both
lateral and longitudinal sediment supply. The various types of
trench-fill deposits can be categorized according to their dif-
ferent settings and sediment transport paths (Macdonald 1993;
Pickering and Hiscott 2015), but the ending of trenches has
been overlooked. The wedge-shaped body of sediment (the
trench wedge) that develops on the lower trench slope in front
of the inner trench wall is a typical and distinct morpho-
sedimentary feature of subduction zone trenches
(Underwood and Karig 1980; Thornburg and Kulm 1987).
The sediments in these wedges are sourced not only from
the landward slope, but also by transport along the trench axis
in response to gradual changes in bathymetry or bottom cur-
rents. The part of the wedge that is proximal to the accretion-
ary prism is partly folded or thrust faulted and is later incor-
porated in the accretionary prism, which implies that tectonic
activity (i.e., subduction) prevails over sedimentation. The
lateral terminations of oceanic trenches can be investigated
by using bathymetric data and seismic reflection profiles,
which reveal the characteristic tectonic and sedimentary pro-
cesses and the resultant morpho-sedimentary features. They
have been used to define the northern limit of the Luzon
Trough (the northern extension of the Philippine Trench) off
the northeastern Philippine Islands (Hayes and Lewis 1984;
Lewis and Hayes 1989). Similarly, bathymetric and seismic
data have been used to identify the southern end of the South
Shetland Trench near the Antarctic Peninsula, where it is as-
sociated with an inactive oceanic subduction zone
(Maldonado et al. 1994; Gohl et al. 1997; Jabaloy et al. 2003).

Regional source-to-sink studies can facilitate an under-
standing of where and how terrestrial sediments are
transported and deposited in a sink via sediment transport
routes that entail various sedimentary processes. Oceanic
trenches play an important role in source-to-sink studies
(Sømme TO et al. 2009; Hinderer 2012). For example, the
northern end of the Manila Trench in the northeastern South
China Sea has been recognized as the ultimate sink of

sediment derived from the Taiwan orogeny. A morpho-
sedimentary feature developed there at water depths shallower
than 4,000 m has progressively buried the typical trench mor-
phology and laterally terminated the trench (Yu et al. 2009;
Hsiung and Yu 2011; Hsiung et al. 2015). A large field of
migrating sediment waves formed by turbidity currents covers
an area of about 25,000 km2 on the seaward slope of the
northern end of the Manila Trench, and indicates that turbidite
sedimentation prevails over subduction processes there
(Damuth 1979). Other tectonic and sedimentary criteria have
served to determine trench-end styles for, amongst others, the
western Philippine Trench (Nichols et al. 1990; Milsom et al.
1992), and the eastern Sunda and New Guinea trenches
(Milsom et al. 1992).

Taiwan’s natural setting of highmountains, steep gradients,
frequent earthquakes, erodible lithology, and heavy rainfall
produces large amounts of sediment that are ultimately
transported to the surrounding seas (Dadson et al. 2004,
2005; Milliman et al. 2007), including the adjacent southwest-
ern Ryukyu Trench. The southwestern Ryukyu Trench is con-
sidered to be a sediment sink containing large amounts of
sediment along the trench floor (Malatesta et al. 2013).
Among known active margins, the Taiwan orogen and the
nearby southwestern end of the Ryukyu Trench together pro-
vide an excellent area for source-to-sink studies. Much terres-
trial sediment from Taiwan is transported over a relatively
short distance and deposited in the adjacent Western
Philippine Sea Basin and southwest Ryukyu Trench, thus fa-
cilitating investigation of the linkage between terrestrial
source and marine sink (Fig. 1).

The aims of this studywere to examinemorpho-sedimentary
features at the southwestern end of the Ryukyu subduction
system and thereby elucidate sediment transport paths from
eastern Taiwan to the southwestern Ryukyu Trench, and thus
to contribute to a general model of trench sedimentation in
similar tectonic settings. Bathymetric data, seismic reflection
data, and sediment core analyses were used to achieve this
aim. Two sediment dispersal systems were identified: a longi-
tudinal (trench-parallel) system that carries sediments eroded
from the Taiwan orogenic belt eastward into the western end
of the Ryukyu Trench, primarily via submarine canyons; and a
transverse (trench-normal) sediment dispersal system that
carries sediments eroded from the Ryukyu Arc downslope
and deposits them in a series of forearc basins behind the barrier
provided by the Yaeyama Ridge on the shelf slope break.

Geological background

The Ryukyu Island Arc was formed as a consequence of sub-
duction of the Philippine Sea Plate beneath the Eurasia Plate
(Karig 1973; Angelier 1986). The Ryukyu subduction system
extends 2,200 km southwest from Kyushu Island, Japan, to
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northern Taiwan, and includes the Ryukyu Trench, the
Yaeyama accretionary prism, several forearc basins, the
Ryukyu Islands, and several backarc basins (Dominguez et al.
1998; Schnürle et al. 1998a). The Philippine Sea Plate is con-
verging with the Eurasia Plate at 61–78 mm/year from the
eastern Ryukyu Trench to Taiwan (Smoczyk et al. 2013). The
regional bathymetry at the western end of the Ryukyu Trench
(Fig. 2) is indented by the northern part of the Gagua Ridge,
which effectively closes the western end of the trench (Font
et al. 2001). The Gagua Ridge is a relic of a failed subduction
event during the Miocene in the western Philippine Sea Basin
(Deschamps et al. 1998; Eakin et al. 2015). The N–S-trending
Gagua Ridge extends along 123°E, is about 350 km long and
30 km wide, and separates the Huatung and West Philippine
Sea basins (Fig. 1). Collision of the northern end of the Gagua
Ridge with the forearc slope deformed the trench floor and
adjacent accretionary wedge so that the trench floor and nearby
accretionary prism were arched along a NW–SE axis (Fig. 1).
Uplift of the forearc basins north of the convergent zone was
also caused by the collision of the northern end of the Gagua
Ridge with the forearc slope (Dominguez et al. 1998).
Commonly cited examples of ridge–trench collisions in sub-
duction zones include the collisions of the New Hebrides
(Vanuatu) island arc with the North d’Entrecasteaux Ridge
and the Bougainville Guyot (Collot and Fisher 1991;

Underwood et al. 1995). The ridge–trench collision of the
Bougainville Guyot deformed a broad area of the trench slope
and uplifted the accretionary prism of the New Hebrides arc by
about 2 km (Collot and Fisher 1991). Similarly, the landward
slope of the southwestern Ryukyu Trench and the adjacent
Yaeyama Ridge were deformed and uplifted by the northward
collision of the Gagua Ridge. The southwestern Ryukyu
Trench terminates in a curved fan-shaped trench floor east of
the northern Gagua Ridge (Fig. 1). Subduction has ceased in
the westernmost part of the Ryukyu subduction system, west of
the Ryukyu Trench, although the oceanic crust of the northern
Huatung Basin west of the Gagua Ridge is still actively
subducting (Schnürle et al. 1998a).

The Taiwan orogenic belt (elevation 4,000 m), which lies at
the junction of the Ryukyu subduction system and the Luzon
arc, was formed by the oblique collision of the Luzon arc with
the Chinese margin, which began during the late Miocene to
early Pliocene (Suppe 1981; Ho 1986). The coastal range
between Hualien and Taitung in eastern Taiwan reaches an
elevation of about 1,500 m. Large volumes of orogenic sedi-
ments eroded from the Taiwan orogenic belt and the coastal
range are transported eastward into the Huatung Basin along a
network of submarine canyons that have deposited a thick
sequence of sediments (~4 km) in the confined Huatung
Basin (Yu 2003; Van Avendonk et al. 2014). The Taitung

Fig. 1 Regional bathymetric map
of the southwestern Ryukyu
subduction zone between Taiwan
and Iriomote Island. The
southwest Ryukyu Trench
(orange) terminates at the Gagua
Ridge, which separates the
Huatung and West Philippine Sea
basins. Several large canyons
(yellow dotted lines) incise the
narrow slope off eastern Taiwan
and extend into the Huatung
Basin. A small canyon links the
Hoping and Nanao basins. CR
Coastal range, HB Hoping Basin,
NB Nanao Basin, ENB East
Nanao Basin, HTB Hateruma
Basin, Ir Iriomote Island, Is
Ishigaki Island, HLC Hualien
Canyon, TTC Taitung Canyon, Lu
and La Lutao–Lanyu Ridge (i.e.,
Luzon arc)
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and Hualien canyons are two major submarine canyons that
originate at the mouths of rivers in eastern Taiwan (Dadson
et al. 2005; Lehu et al. 2015). Numerous smaller east-trending
submarine gullies provide a downslope drainage system on
the eastern flank of the Luzon arc (Malavieille et al. 2002;
Lehu et al. 2015). Other small canyons connected to minor
rivers flowing eastward from the coastal range incise the lower
western slope of the Huatung Basin (Lehu et al. 2015), and
merge in their lower reaches as they approach the northern
Gagua Ridge at the southwestern end of the Ryukyu Trench.
The Gagua Ridge obstructs further sediment dispersal by sub-
marine canyons off eastern Taiwan.

Forearc basins in the Ryukyu arc–trench system are impor-
tant sites for deposition of sediments derived from the arc.
Several forearc basins lie parallel to the southwestern Ryukyu
Trench between the slope break and the toe of the slope
(Fig. 1). Four of these are (from east to west) the Hoping,
Nanao, East Nanao, and Hateruma basins (Aiba and Sekiya
1979; Okada 1989; McIntosh and Nakamura 1998;
Lallemand et al. 1999). In the northeastern extension of this
chain of forearc basins, east of Miyako Island, there has been
rapid sedimentation (~360 cm/year) during the past ~150,000
years because of an enormous supply of sediment from the East
China Sea and Ryukyu Arc (Ujiie et al. 1991). In addition,

results from Holocene turbidite cores of the southern Ryukyu
Trench slope suggested that the turbidity currents were possibly
related to periodic earthquakes (Ujiie et al. 1997).

Materials and methods

The morpho-sedimentary features at the southwestern end
of the Ryukyu Trench were determined in this study main-
ly from seismic reflection profiles and bathymetric data
collected during the 1996 cruise of the Active Collision
in Taiwan project and stored in the Ocean Data Bank
(ODB) at the National Taiwan University, Taiwan. Eight
down-dip seismic profiles across the western Ryukyu
Trench and one profile parallel to the Ryukyu Trench axis
across the Nanao and East Nanao basins were used for
this study (Fig. 2). Nine bathymetric profiles across the
Hualien Canyon and one along its thalweg (Fig. 3) were
constructed from bathymetric data of ODB, Taiwan by
using Generic mapping tools software (Wessel et al.
2013), and served to investigate the morphology of the
seafloor at the western end of the trench. Swath bathymet-
ric data collected south of Iriomote and Ishigaki islands in
2015 (Fig. 4) during cruises YK15-01 and KR15-18 of

Fig. 2 Locations of nine seismic
reflection profiles used in this
study (cf. Fig. 1). The eight N–S
profiles cross the western end of
the Ryukyu Trench and
northeastern marginal area of the
Huatung Basin, and were used to
identify morpho-sedimentary
features and processes of regional
sediment transport. The E–W
profile crosses the Nanao and East
Nanao forearc basins. Yellow
circles Locations of five piston
core samples collected in 2015
during R/VKairei cruise KR15-18
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R/Vs Yokosuka and Kairei, respectively of the Japan
Agency for Marine-Earth Science and Technology were
used to improve mapping of the floor of the southwestern
Ryukyu Trench (Fig. 4).

Five piston cores (PC01 to PC05) were collected in and
north of the southwestern Ryukyu Trench during cruise
KR15-18 (Fig. 2). Site PC01 is in the East Nanao Basin
and site PC04 is in the western Ryukyu Trench (Fig. 2).
Samples from the top of cores PC01 and PC04 were an-
alyzed with a Quantum Design SQUID vibrating sample
magnetometer (SQUID-VSM) at the Institute of Earth
Sciences, Academia Sinica, Taiwan. SQUID analyses pro-
vide rapid identification of pyrrhotite in bulk samples on

the basis of its low-temperature magnetic transition at 34
K. To avoid contamination, the uppermost undisturbed
muddy intervals of each core were sampled. Samples
from PC01 and PC04 were from depths of 12.5 and
9.2 cm below the seafloor, respectively. Samples were
frozen, dried and weighted (ca. 0.2 g). To detect low-
temperature magnetic transitions, the samples were cooled
and their remanent magnetizations were measured from
300 K to 5 K in zero field in the SQUID-VSM. At 5 K,
a 5 T DC field was applied and then switched off to
impart a saturation isothermal remanent magnetization to
the samples. The magnetization was measured again dur-
ing warming in zero field.

Fig. 3 a Locations of nine bathymetric cross-sections (solid lines) across
the Hualien Canyon (yellow dotted line) and western end of the Ryukyu
Trench (cf. Fig. 1). b Sequential bathymetric profiles across the Hualien
Canyon showing progressive downstream changes of the route, width,
and depth of the canyon. The merging of the Hualien and Taitung

canyons west of the Gagua Ridge is also shown. c Longitudinal profile
along the thalweg of the Hualien Canyon and into the western end of the
Ryukyu Trench. Note the generally concave-up surface without a
knickpoint
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Results

Bathymetric features

The regional bathymetric map of the area offshore from eastern
Taiwan (Fig. 1) shows a possible link between the southwestern
end of the Ryukyu Trench and the Hualien Canyon, which
extends landward and northwestward to a shallow coastal shelf
near the city of Hualien. The longitudinal profile along the floor
of Hualien Canyon and into the southwestern Ryukyu Trench
(Fig. 3c) shows no definitive knickpoint at the transition from
canyon to trench, indicating that the Hualien Canyon and
southwestern end of the Ryukyu Trench are connected.

The series of approximately N–S-aligned bathymetric pro-
files (B1 to B9, Fig. 3b) show progressive changes in the mor-
phology of the Hualien Canyon as it approaches and enters the
western end of the Ryukyu Trench. The canyon forms a V-
shaped valley about 3 km wide in profiles B1 to B3 (Fig. 3b).
The V-shaped valley of the neighboring Taitung Canyon flows
northward and merges with the Hualien Canyon between pro-
files B1 and B2. At profile B3, the V-shaped valley has wid-
ened and then becomes U-shaped and about 8 km wide on
profile B4. Farther downslope, profiles B5 and B6 show the
western Ryukyu Trench as a broad, roughly NW–SE-oriented
U-shaped trough about 15 km wide and at ~6,000 m water

depth, with a few shallow depressions along the axis of the
trough. Farther eastward, the southwestern Ryukyu Trench
widens (to ~20–30 km) to form an asymmetric trench with a
steeper northern wall (profiles B7 to B9). There are shallow
depressions along the trough axis, as indicated by the thalweg
profile (Fig. 3b). The relatively flat trench floor of profiles B7
to B9 is at water depths of 6,100 to 6,250 m, with a lower west-
to-east gradient than farther west and with only minor depres-
sions along the trench thalweg (Fig. 3b). The longitudinal pro-
file from the lower Hualien Canyon into the southwestern
Ryukyu Trench (Fig. 3c) shows a slightly concave-up profile
with minor irregularities.

The high-resolution swath bathymetric data collected south
of Iriomote and Ishigaki islands in 2015 (Fig. 4) provide fur-
ther strong evidence of a roughly trench-parallel canyon or
channel extending from the Hualien Canyon in the northeast-
ern Huatung Basin into the southwestern Ryukyu Trench, and
support an argument for lateral supply (west to east) of sedi-
ment to the western Ryukyu Trench. The eastern termination
of the slightly sinuous channel is at the edge of a flat fan-
shaped area that can be interpreted to represent a terminal
fan deposit. The distinct bathymetric characteristics of the
interconnected canyon–channel–fan system (Fig. 4) are not
evident in the older, lower-resolution bathymetric data
(Figs. 1, 2, and 3). The thalweg of the longitudinal canyon

Fig. 4 Bathymetric map (100 m
contours) derived from high-
resolution data acquired south of
the Iriomote and Ishigaki islands
in 2015. Red dotted line Route of
a canyon or channel about 100 km
long on the floor of the Ryukyu
Trench. Solid red lines Canyons
descending the northern slopes of
the East Nanao (ENB) and
Hateruma (HTB) forearc basins.
The Yaeyama Ridge, which is
parallel to the trench axis,
separates the forearc basins from
the Ryukyu Trench
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(red dashed line in Fig. 4) and linked deep-sea channel show
clear braided patterns in the swath bathymetric data (Fig. 4).

The linear E–W-trending Yaeyama Ridge lies parallel to the
trench at about 2,500 m water depth along the slope break
between the trench floor and the East Nanao and Hateruma
forearc basins. The maximum water depths of the East Nanao
and Hateruma basins are about 4,600 and 3,500 m, respective-
ly. Several submarine canyons extending from south of
Ishigaki Island are likely avenues for sediment transport from
the shallow continental shelf to the Nanao and East Nanao
basins. However, none of these canyons or gullies crosses the
trench-slope break (i.e., Yaeyama Ridge) in this region (Fig. 4).

Morpho-sedimentary features

This section summarizes interpretations of the eight N–S seis-
mic reflection profiles across the Hualien Canyon and south-
western Ryukyu Trench, and the single trench-parallel profile
across the Nanao and East Nanao basins. Lines 83 and 85
(Fig. 5) cross the Taitung and Hualien canyons and show
truncated reflectors at the canyon walls, which rise ~800 m
above the floor of the Taitung Canyon and ~550 m above that
of the Hualien Canyon. Truncation of almost flat, parallel
reflectors at the canyon walls (Fig. 5b and d) suggests that
the strata there crop out in the canyon walls, indicating that
the canyons were formed by erosional excavation of the shal-
low succession of the Huatung Basin. Stacked and contorted
reflectors under both canyon floors are interpreted as multiple
cut-and-fill features, implying multiple past erosion and depo-
sition events in the canyons (Fig. 5b and d). The shallow
successions along both profiles are layered and stratified seis-
mic facies that extend to about 1.5 s two-way-traveltime (twt)
below the seafloor in the northern part of the Huatung Basin
and to 0.7 s twt below the seafloor in its southern part (Fig. 5a
and c). The sediments thicken gradually northward and the
channel of the Taitung Canyon swings northward. The chaotic
seismic facies within the accretionary prism north of the
Hualien Canyon suggest that the sediments accreted there rep-
resent the proto-Ryukyu Trench.

Farther down the canyon and just west of the Gagua Ridge,
seismic lines 87 and 88 cross the mouth of the Hualien
Canyon (Fig. 6), which takes the form of an irregularly shaped
trough about 10 km wide. The canyon floor is characterized
by hyperbolic diffraction patterns and chaotic seismic facies.
On both profiles, the northern wall of the canyon is the sea-
ward sloping surface of the Yaeyama accretionary prism, rath-
er than the truncated strata of the Huatung Basin (Fig. 6a and
c). Line 87 shows dominantly flat and parallel reflections in
the shallow successions that extend to about 0.3 s twt below
the seafloor of the Huatung Basin (Fig. 6a). The enlargement
of the canyon mouth on line 87 shows multiple stacks of
swells and bulges that represent multiple erosion/deposition
events along the canyon floor (Fig. 6b). Line 88 shows that the

mouth of the Hualien Canyon is about 10 km wide and lies
between the northern end of the Gagua Ridge and the
Yaeyama accretionary prism. The Gagua Ridge has a highly
irregular topography as a result of its collision with the
Yaeyama accretionary prism (Fig. 6c). The enlargement of
the canyon mouth on line 88 (Fig. 6d) shows that the northern
canyon wall is the seaward-sloping surface of the Yaeyama
accretionary prism, whereas the southern canyon wall is the
northernmost sloping flank of the Gagua Ridge. There are no
truncated reflectors indicative of sediments cropping out on
either of the canyon walls. The seismic characteristics of the
canyon walls at the Hualien Canyon mouth imply that the
canyon was formed mainly by tectonic forcing, rather than
by erosional down-cutting of the sedimentary sequence
(Fig. 6d). The confluence of the Hualien and Taitung canyons
in the northeastern part of the Huatung Basin is a response to
the slope, down to the north, of the basement of the Huatung
Basin (Fig. 6a and c). Farther east on line 87 (Fig. 7a), the
elongate depression of the Hualien Canyon gradually merges
with a broader trough (~15 km wide) at the southwestern end
of the Ryukyu Trench.

Line 89 traverses obliquely across the axis of the south-
western end of the Ryukyu Trench, and shows a tilted trench
wedge confined between the Gagua Ridge and the Yaeyama
accretionary prism (Fig. 7a). A small and shallow surface
incision near the middle of the trench wedge indicates that
there has been active erosional excavation of the trench floor
there (Fig. 7a). On line 90 (Fig. 7b), the West Philippine Sea
Basin is shown as a smooth, concordant and relatively flat
succession that extends to about 0.5 s twt below the seafloor
and thickens gradually northward. North of the West
Philippine Sea Basin, there is a tilted trench wedge about
25 km wide with an irregular surface. The trench wedge suc-
cession south of the Yaeyama accretionary prism extends to
about 1 s twt below the seafloor with a small and shallow
erosional incision on its surface that is similar to, but wider
than, the incision on line 89.

Lines 91 and 92 cross the floor of the Ryukyu Trench east
of the Gagua Ridge, and show that the tilted trench wedge is
confined between the Yaeyama accretionary prism to the north
and the West Philippine Sea Basin to the south (Fig. 8). The
trench wedge sediments extend to about 1.1–1.2 s twt (red
lines on Fig. 8) below the seafloor. The relatively flat surface
of the trench wedge is cut by a small erosional channel, indi-
cating minor erosion and active sediment transport (Fig. 8a).
The shallow and thin succession of the West Philippine Sea
Basin extends to about 0.5 s twt below the seafloor and is
erratically punctuated by volcanic intrusions (Fig. 8a). The
trench wedge as shown on line 92 (Fig. 8b) is similar but
thicker than on line 91; the sedimentary succession there ex-
tends to about 2 s twt below the seafloor. It has a relatively flat
surface and is again cut by an erosional incision (Fig. 8b). The
northern part of the trench wedge has been folded and partly
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incorporated in the lower trench slope of the Yaeyama accre-
tionary prism, indicating the effect of tectonic compression
(Fig. 8b). East of the Gagua Ridge, the sedimentary wedge
is clearly and continuously developed along the trench axis at
the base of the trench slope (Figs. 7 and 8).

The eight trench-normal seismic profiles across the
southwestern end of the Ryukyu Trench clearly identify
two distinct morpho-sedimentary features with different
dominant processes: (1) in its lower reaches, the dominant
processes along the Hualien Canyon west of the Gagua
Ridge are erosion and transportation; (2) east of the
Gagua Ridge, the dominant process is deposition to form
the sedimentary wedge. The shallow sedimentary succes-
sion of the Huatung Basin extends to about 1.5 s twt

below the seafloor and is considerably thicker than the
succession of the West Philippine Sea Basin, which ex-
tends to only about 0.5 s twt below the seafloor.

Seismic line 81, north of the Ryukyu Trench and parallel to
the strike of the southwest Ryukyu subduction system (Figs. 2
and 9), reveals the seismic characteristics and sedimentary
features of the Nanao and East Nanao forearc basins
(Fig. 9). The floors of the Nanao and East Nanao basins are
at water depths of 3,700 and 4,600 m, respectively. The basin
sequences are characterized by smooth and roughly parallel
flat reflections that onlap the basement at the basin margins.
The stratified sedimentary successions of the Nanao and East
Nanao basins extend to about 1.2 and 0.8 s twt, respectively
below the seafloor (Fig. 9).

Fig. 5 Seismic reflection profiles along lines 83 and 85 in the Huatung
Basin parallel to the Gagua Ridge and crossing the Hualien and Taitung
canyons. a Line 83 and b an enlargement showing that the Hualien
Canyon is about 3 km wide with walls about 550 m high. c Line 85

and d an enlargement showing that the Taitung Canyon is about 5 km
wide with walls about 800 m high. For locations of seismic profiles, see
Fig. 2
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SQUID-VSM measurements

Detrital pyrrhotite can be used as a tracer in investigations of the
processes of sediment transport from terrestrial landmasses to
submarine basins (Horng and Roberts 2006; Horng et al. 2012).
Detrital pyrrhotite episodically eroded from the Taiwan orogen-
ic belt during the Plio-Pleistocene may be preserved in adjacent
marine sedimentary basins (Horng et al. 2012). Piston core
samples from the East Nanao Basin and Ryukyu Trench floor
were analyzed to test the hypothesis that sediments eroded from
the Taiwan orogenic belt have been transported to and deposit-
ed in the southwestern Ryukyu Trench.

The results of magnetic susceptibility analyses of core sam-
ples from the East Nanao Basin (core PC01, 4,577 m water
depth, Fig. 2) and the western Ryukyu Trench (core PC04,
6,147 m water depth) are shown in Fig. 10. The core recovery
is 5.04 mbsf for PC01 and 3.23 mbsf for PC04. Both analyses
show clear peaks indicative of the low-temperature transition
of magnetite at 119 K (Abrahams and Calhoun 1953). For
core PC01, the peak is not at exactly 119 K (Fig. 10b), which
can be attributed to the low density of magnetic clay minerals.
A low-temperature magnetic transition at 34 K provides pos-
itive evidence of the presence of monoclinic pyrrhotite
(Rochette 1987; Dekkers et al. 1989); this transition is clearly

shown in the analyses of the sample from core PC04 from the
Ryukyu Trench (Fig. 10c and d), but is absent for the sample
from core PC01 from the East Nanao Basin (Fig. 10a and b).

Discussion

Longitudinal sediment dispersal

The bathymetric mapping and interpreted seismic profiles pre-
sented here show strong evidence of a previously unknown
regional along-strike seafloor sediment transport route be-
tween the deepest part of the seafloor along the Ryukyu sub-
duction zone and the Taiwan collision zone (Fig. 3). The
southwestern end of the Ryukyu Trench appears to receive
sediment from the mouth of the Hualian Canyon, which ex-
tends northwestward and landward to the northern end of the
coastal range in eastern Taiwan (Fig. 1). In the context of
source-to-sink analysis (MARGINS 2004; Sømme TO et al.
2009; Covault et al. 2011), the Ryukyu Trench wedge is the
ultimate sink of sediments fed longitudinally along the
Hualien Canyon, which is the major sediment conduit within
a longitudinal sediment dispersal system along the Taiwan–
Ryukyu subduction system.

Fig. 6 Seismic reflection profiles along lines 87 and 88 (locations in
Fig. 2), which cross the lower Hualien Canyon and canyon mouth west
of and parallel to the Gagua Ridge. a Line 87 and b an enlargement
showing the canyon mouth to be about 10 km wide with cut-and-fill
features on the canyon floor. Swells (red dotted lines) on and under the
canyon floor suggest multiple erosion and deposition events. c Line 88

and d an enlargement showing that the canyon mouth is about 10 km
wide, and that the Gagua Ridge and Yaeyama accretionary prism form the
southern and northern canyon walls, respectively, suggesting that the
canyon formed in response to tectonic forcing. In d, chaotic seismic facies
are observed within both canyon walls
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The merging of the Taitung Canyon with the lower Hualien
Canyon is an important component of lateral supply of sedi-
ment to the longitudinal dispersal system. River-connected can-
yons off the east coast of Taiwan, such as the Hualien River–
Hualien Canyon, Hsiukuluan River–Chimei Canyon, and
Peinan River–Taitung Canyon (Dadson et al. 2005), are very
effective sediment conduits that supply large volumes of terres-
trial sediment by simple downslope processes or along subma-
rine canyons that traverse the slope offshore from the coastal
range to the Huatung Basin (Malavieille et al. 2002; Lehu et al.
2015). These large canyons form a drainage network within the
Huatung Basin, where they erode surface sediments on the
seafloor, move them downslope, and provide effective path-
ways for transport and deposition of sediments from Taiwan.

The Hualien Canyon provides the major longitudinal route
for delivery of terrestrial sediments from the Taiwan orogenic
belt to the southwestern end of the Ryukyu Trench (Fig. 11).

Longitudinal transport is an important component of sediment
dispersal from mountain sources to oceanic sinks (i.e., trench-
es) in subduction systems along convergent margins (Su et al.
2015). For example, in the Solomon Sea, the Markham can-
yon–channel system merges with the southwestern New
Britain Trench, and feeds sediments derived from the
Finisterre Range longitudinally to the trench (Whitmore et al.
1999; Hsiung and Yu 2013). In both the Taiwan Orogen–South
China Sea and Finisterre Range–Solomon Sea regions, sedi-
ments from a terrigenous source are transported mainly longi-
tudinally to an oceanic trench via a canyon–channel system. In
its upper reaches, the Hualien Canyon is oriented generally N–
S before turning sharply to the southeast at a water depth of
~2,000 m; the canyon then continues southeastward until it
merges with the western end of the Ryukyu Trench at a water
depth of ~6,000 m. Near Taiwan, the northern wall of the
Hualien Canyon is confined by the curved frontal slope of the

Fig. 7 Seismic reflection profiles
along lines 89 and 90 across the
southwest end of the Ryukyu
Trench. a Line 89 obliquely
crosses the end of the Ryukyu
Trench, showing the trench
wedge to be about 20 km wide
and 1 s twt thick. A relatively
small axial incision appears on the
trench wedge floor, indicating
minor erosion and active
sediment transport. b The trench
wedge appearing on line 90 is
about 25 km wide and about 1 s
twt thickwith an irregular surface.
The trench wedge bottom (red
line) gradually merges southward
to the floor of the West Philippine
Sea Basin. Several starved trench-
slope basins occur on the
Yaeyama accretionary prism
north of the trench wedge. Dotted
black line Basement
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Yaeyama accretionary prism (Fig. 1). Recurring failures of
deep-water cables crossing the Huatung Basin suggest there
may be periodic flows of turbidity currents in the submarine
canyons on the slope offshore from eastern Taiwan; thesemight
accelerate transport of sediments from eastern Taiwan to the
Huatung Basin (Soh et al. 2004). Similarly, turbidity currents
in the lower reaches of the Hualien Canyon might deliver sed-
iments to the western Ryukyu Trench.

The course of the Taitung Canyon is strongly influ-
enced by the topography of the seafloor of the Huatung
Basin. From its head, the Taitung Canyon extends east-
ward toward the sea for about 170 km, and then swings
sharply south to follow the southward-tilted western flank
of the N–S-trending Lutao–Lanyu Ridge. It then swings
to the east, crosses the Lutao–Lanyu Ridge, and then
maintains a roughly northeastward course into the

Fig. 8 Seismic reflection profiles
along lines 91 and 92 (locations in
Fig. 2) across the Ryukyu Trench
east of the Gagua Ridge. a Line
91 shows a typical trench wedge
south of the Yaeyama
accretionary prism that thins
toward the outer trench slope. The
trench wedge has a relatively flat
surface with a clearly defined
thalweg, is about 30 kmwide, and
the sedimentary succession
extends to about 1.1 s twt below
the seafloor. b Line 92 shows the
trench wedge to be about 20 km
wide with the sedimentary
succession extending to about
1.2 s twt below the seafloor. The
sediments close to the
accretionary prism are folded and
thrust faulted, and have been
incorporated in the Yaeyama
accretionary prism. The surface of
the West Philippine Sea Basin is
punctuated by intrusions
manifested as irregular peaks on
the seafloor. Red line Base of
trench wedge, black dotted line
basement, black solid line thrust
faults

Fig. 9 Trench-parallel seismic reflection profile along line 81 across the
Nanao and East Nanao basins (location in Fig. 2). The stratified basin-fill
sediments extend to about 1.2 and 0.8 s twt below the seafloor in the

Nanao and East Nanao basins, respectively. The basin-fill successions are
characterized by smooth, mainly flat and roughly parallel reflections that
onlap on the basement at the basin margins
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Huatung Basin deep before turning sharply north and
merging with the lower reaches of the Hualien Canyon
(Schnürle et al. 1998b). The abrupt change in direction
from northeast to north appears to be a response to a
change of the downward slope of the basin floor from
northeast to north. The network of submarine canyons
off the eastern coast of Taiwan allows terrestrial sedi-
ments from the Peinan River drainage basin in the south-
ernmost coastal range near the city of Taitung to be
transported deep into the Huatung Basin.

The N–S-trending Gagua Ridge is a significant barrier
within the sediment dispersal system of the southwestern
Ryukyu Trench; it blocks the transport of terrestrial sediments
derived from the Taiwan orogenic belt into the West
Philippine Sea Basin. Consequently, most of those sediments
are deposited within the Huatung Basin. East of the Gagua
Ridge, the floor of the West Philippine Sea Basin is almost
devoid of sediments derived from the Taiwan orogenic belt.
The only route for transport of sediments eastward out of the
Huatung Basin is via the Hualien Canyon and the channel that
connects it to the southwestern Ryukyu Trench.

Trench wedge sedimentation

Oceanic trenches can be filled with sediments by a variety
of sedimentary processes (Underwood and Karig 1980;
Thornburg and Kulm 1987; Thornburg et al. 1990;
Underwood et al. 1995; Pickering and Hiscott 2015).
Gullies, closely spaced across the trench slope, deposit
sediments directly onto the trench floor at the base of
the trench slope. The mouths of large submarine canyons
can act as point sources that deliver terrigenous sediments
directly to the trench floor, bypassing depositional sites
such as trench-slope basins along the lower slope. Much
of the sediment on the trench slope is transported by
downslope processes and mass-wasting perpendicularly
to the trench floor. Trench-floor sediments can be
transported along the trench axis by channels that follow
the regional longitudinal gradient. In addition to longitu-
dinal sediment transport in channels along the axis of the
trench (e.g., Chile Trench; Thornburg and Kulm 1987),
large volumes of sediment can be laterally fed to the ends
of trenches by channels or canyons. For example, the

Fig. 10 Results of magnetic susceptibility analyses of bulk marine
sediments from cores PC01 (East Nanao Basin) and PC04
(southwestern Ryukyu Trench floor) measured by SQUID VSM over
temperatures from 5 K to room temperature. Both heating and cooling
rates were 3 K/min. The magnetic susceptibility scale (emu) on the left-
hand of each plot has been converted to ΔM/ΔT on the right-hand side.

The magnetic transitions at 119 K indicate that there is magnetite (Mg) in
the sediments from both cores. The magnetic transition at 34 K for only
the sample from PC04 indicates that there is pyrrhotite (Py) in the
sediments of the southwestern Ryukyu Trench, but not in those from
the East Nanao Basin
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northern end of the Manila Trench is connected to the
Penghu canyon–channel system, which provides a longi-
tudinal source of sediments derived from the Taiwan oro-
genic belt to the northern Manila Trench in the South
China Sea (Hsiung and Yu 2011); this shows the impor-
tance of the longitudinal supply of sediments that form
trench wedges. It appears that seafloor topography, sedi-
ment supply, the presence or absence of submarine can-
yons and channels, the locations and orientations of sub-
marine canyons, and the gradient along the trench axis are
the major factors that control deposition in trenches and
the formation of trench wedges in subduction zones. For
example, the Hikurangi Channel along the axis of the
Hikurangi Trench east of New Zealand forms a 1,500-
km-long sediment conduit that feeds sediment into the
southwest Pacific Basin (Lewis 1994). In the northern
Philippine Sea Basin, the Zenisu deep-sea channel along
the trough axis provides a pathway for terrigenous and
shallow-marine sediments from central Japan to be
transported to the Zenisu Trough (Wu et al. 2005). Both
of these examples show the significance of longitudinal
sediment transport for the deposition of trench wedges.

At the western end of the Ryukyu Trench, east of the Gagua
Ridge, a continuous and distinctly wedge-shaped sediment
body has developed on the trench floor (Figs. 7 and 8). The
trench wedge is 20–30 km wide and contains a sedimentary
sequence that extends to 0.5–1.2 s twt below the seafloor, and
is bounded to the north by the Yaeyama accretionary prism
and to the south by the Western Philippine Sea Basin. The
trenchwedge within the southwestern Ryukyu Trench appears
to contain sediments from two sources: the major component
is terrestrial sediments fromTaiwan that have been transported
from the Huatung Basin, with a minor component of pelagic
sediments from the West Philippine Sea Basin.

A schematic representation of the relationships among the
factors that control sedimentation in the southwestern Ryukyu
Trench is provided in Fig. 11. There are no submarine canyons
or channels to provide sediment pathways across the Yaeyama
accretionary prism and forearc basins to the trench (Fig. 1), so
only little sediment from the proximal sources of the Ryukyu
islands and Yaeyama accretionary prism could be transported
to the trench by these means. However, several small, starved
trench-slope basins on the lower slope of the Yaeyama accre-
tionary prism (Figs. 7 and 8) indicate that small amounts of

Fig. 11 a Source-to-sink diagram
showing the two sediment
dispersal systems in the
southwestern Ryukyu subduction
system: longitudinal transport of
sediments along the trench, and
transverse transport of sediments
into forearc basins. b 3-D image of
seafloor topography showing the
interconnected Hoping (HB),
Nanao (NB), East Nanao (ENB),
and Hateruma (HTB) forearc
basins, which are aligned parallel to
the plate boundary. The Yaeyama
Ridge follows the trench-slope
break at the 2,500 m bathymetric
contour (blue dashed line) and
separates the forearc basins from
the Ryukyu Trench. The ridge
provides a barrier to downslope
transport of sediments derived
from theRyukyuArc (pink arrows)
into the trench and Huatung Basin.
Most of the sediments derived from
the Taiwan orogenic belt (yellow
arrows) are transported
longitudinally to the Ryukyu
Trench. Yellow shading
Distribution of pyrrhotite in surface
sediments of Taiwan,HLCHualien
Canyon, TTC Taitung Canyon
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sediment are transported downslope (e.g., by mass-wasting),
some of which may reach the trench floor to form hemipelagic
deposits. The trench-parallel, linear Yaeyama Ridge provides
a barrier to downslope transport of sediments sourced from the
Ryukyu Islands, which are instead trapped behind the ridge,
where they form forearc basins (Fig. 11), and further restrict
the supply of sediment to the starved trench-slope basins far-
ther downslope. The low-lying seafloor of the Western
Philippine Sea Basin south of the Ryukyu Trench is draped
by a thin sheet pelagic facies (Fig. 8a and b), which is rela-
tively stable and, in the absence of submarine canyons, not
easily eroded and transported to the Ryukyu Trench floor.

The source and transport route for sediments in the
trench wedge in the southwestern Ryukyu Trench are
quite different from those of trench wedges in the
Middle America Trench (Underwood and Karig 1980)
and southern Chile Trench (Thornburg and Kulm 1987;
Thornburg et al. 1990), where the trench wedges receive
sediments from large individual submarine canyons, or
closely spaced smaller channels, which cross the trench
slope and deliver sediments directly (laterally) to the
trench floor. In contrast, much of the sediment derived
from the Taiwan orogenic belt is transported longitudinal-
ly to the western end of Ryukyu Trench by the Hualien
Canyon, which itself receives sediment laterally from the
Taitung Canyon. Only minor amounts of sediments from
the West Philippine Sea Basin, or from the Ryukyu
Islands, are transported transversely to the southwestern
Ryukyu Trench floor.

Transverse sediment dispersal

The elevation above the seafloor of the Yaeyama Ridge, at
~2,500 m below sea level (bsl), is higher than the seafloor in
the parallel, E–W-trending series of forearc basins on the
Yaeyama accretionary prism to its north: theHoping (depocenter
at ~3,000 m bsl), Nanao (~3,700 m bsl), East Nanao (~4,600 m
bsl), and Hateruma (~3,500 m bsl) basins (Figs. 1 and 11). The
Yaeyama Ridge is therefore a barrier to transport of sediments
derived from the Ryukyu Islands downslope to the Ryukyu
Trench; most of those sediments are mainly in the four forearc
basins (Fig. 11). The post-Pleistocene sediments of the south-
west Ryukyu Islands are mainly carbonate and siliciclastic rocks
(Sagawa et al. 2001), and these have probably been transported
transversely from north to south to fill the forearc basins
(Fig. 11). The only known periods of metamorphism were dur-
ing the Jurassic and Paleocene–Eocene in the Ryukyu Islands
(Kizaki 1986), indicating that sediments derived from them
would have little volcanic content.

Moreover, there are no prominent gullies or submarine
canyons on the Yaeyama accretionary prism that cross or
bypass the Yaeyama Ridge. The starved trench-slope ba-
sins north of the trench wedges (Figs. 8 and 9) provide

indirect evidence that little or no sediment has bypassed
the linear Yaeyama Ridge to be deposited in the trench
wedge. No pyrrhotite derived from the Taiwan orogenic
belt was found in surface sediment samples from the East
Nanao Basin (Fig. 10a and b), indicating that sediments
from the Taiwan orogenic belt are not presently being
longitudinally transported to the East Nanao Basin.
However, it is likely to find such pyrrhotite-bearing sed-
iments in the Hoping and Nanao basins that are adjacent
to Taiwan Island (Fig. 11).

Supporting evidence for two dispersal systems

In Taiwan, pyrrhotite is found in greenschist facies assem-
blages in rocks in the epizone in the central range, but not
in coastal range rocks, which are primarily volcanic
(Horng et al. 2012). Detrital pyrrhotite with a magnetic
signature strongly indicative of origin from metamorphic
rocks in the Taiwan orogenic belt was identified in a pis-
ton core from the trench wedge, but not in a core from the
East Nanao Basin, which demonstrates the importance of
the role of the large, river-connected submarine canyons
(Hualien and Taitung) in the far-field delivery of terrestri-
al sediments from Taiwan to the southwestern Ryukyu
Trench. Sediments derived from metamorphic facies con-
taining pyrrhotite in the central range (shaded yellow in
Fig. 11b) are transported by mainly fluvial processes to
the Hualien and Peinan rivers (Dadson et al. 2005; Horng
et al. 2012), which deliver those sediments to the heads of
the Hualien and Taitung canyons, which in turn transport
them for final deposition in the southwestern end of the
Ryukyu Trench. The evidence of absence of pyrrhotite in
the East Nanao Basin supports the notion that generally
the sediment dispersal was separated into longitudinal and
transverse systems in the southwestern Ryukyu arc–trench
system by the Yaeyama Ridge at the present day. Usage of
isotopes of minerals as a tracer of Taiwan terrigenous
sources is also possible. The Pb–Sr and Zn isotope com-
positions of marine cores indicate the provenance of ter-
rigenous detritus (Bentahila et al. 2008). The isotope re-
sults from core analysis and the presence of detrital pyr-
rhotite can be considered as supporting evidence to deter-
mine the percentage of the Taiwan orogenic source.

Conclusions

Bathymetric data, seismic profiles, and piston core sediment
samples were used to identify two coexisting sediment dispers-
al systems in the southwestern Ryukyu arc–trench system.
Deposition of sediments at the southwestern end of the trench
is the end result of a longitudinal sediment dispersal system that
carries sediments eroded from the Taiwan orogenic belt
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eastward along the Hualien Canyon, with additional lateral
supply of sediment from the Taitung Canyon. This demon-
strates the important role of large submarine canyons in
transporting terrestrial sediments from the Taiwan orogenic belt
over long distances and delivering them to the western Ryukyu
Trench. In contrast, deposition in the Hoping, Nanao, East
Nanao, and Hateruma forearc basins is mainly a consequence
of transverse downslope sediment transport from the Ryukyu
Islands being blocked by the Yaeyama Ridge, which trends E–
Walong the trench-slope break. Pyrrhotite is a distinctive com-
ponent of sediments derived from the Taiwan orogenic belt. Its
presence in sediments from the trench, and its absence in sed-
iments from the East Nanao Basin, support the view that the
bulk of sediments deposited in the southwestern end of the
Ryukyu Trench are derived from the Taiwan orogenic belt,
and that those in the forearc basins are derived mostly from
the Ryukyu Islands and the Yaeyama accretionary prism.
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