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Abstract

This study investigates sedimentation processes and
associated submarine sliding on the floor of the Ryukyu
Trench. Three dive surveys were conducted using the
manned submersible Shinkai 6500 (hereafter 6K) in the
trench. The AD 1771 Meiwa tsunami was generated by a
giant submarine slide on the landward trench slope in this
region. Dive survey site 6K#1469 was located on a mouth
of the submarine canyon in the forearc basin. Dive survey
site 6K#1468 was located on the uppermost part of the
submarine slide, where steps and fissures were observed.

Dive survey site 6K#1467 was located at the toe of the
submarine slide, which is covered by a muddy sediment
layer. Core sample 6K#1467 measured 36.3 cm long and
comprised muddy sediments interlayered with silt and/or
sand laminations. The paleocurrent direction of the
laminated sediments is mostly from north to south,
indicating that they were not transported along with the
trench but were from the landward slope, probably via
repeated small submarine slides. The sedimentation rate
for sample 6K#1467 was estimated at 2.42 mm/year
using a depth profile of 210Pbex concentration within
10 cm deep and a date for the sediment of * 50 year
ago. Based on the sedimentation rate and the number of
laminae, the typical recurrence interval of the silt/sand
layers is calculated to be * 6 year. We interpret these
results as indicating that repeated small submarine slides
have occurred persistently (recurrence interval of * 6
year) at the toe of the investigated giant submarine slide
in the Ryukyu Trench over the last 50 year.
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1 Introduction

Numerous coralline and reef boulders are considered to have
been deposited by paleo-tsunamis on the Sakishima Islands
at the southeastern end of Japan (Goto et al., 2010; Hisa-
mitsu et al. 2014). Araoka et al. (2013) reported that eight
tsunamis have struck the Sakishima Islands during the
last * 2400 year (250 ± 100 BC, AD 200 ± 100, AD
550 ± 100, AD 800 ± 100, AD 1100 ± 100, AD
1400 ± 100, AD 1600 ± 100, and AD 1800 ± 100), as
inferred from radiocarbon dating of 92 Porites boulders. The
latter two events are consistent with historically recorded
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events that occurred in 1625 and 1771, respectively (Araoka
et al. 2013; Hisamitsu et al. 2014).

The giant 1771 Yaeyama tsunami (or 1771 Meiwa tsu-
nami) resulted in runups of up to 30 m and 12,000 deaths on
the Sakishima Islands in the southwestern Ryukyu Arc
(Nakamura et al. 2009; Okamura et al. 2018). Nakamura
et al. (2009) proposed that this tsunami was caused by an
earthquake of moment magnitude (Mw) 8.0 that occurred in
subducted sediments beneath the accretionary wedge.
However, Okamura et al. (2018) reported that a submarine
slide on the accretionary prism is a plausible source of the
1771 tsunami, based on a simple simulation and seismic
survey results.

Most such submarine slides occur on the hanging wall of
active thrust faults (Kawamura et al. 2009; Yamada et al.
2009), whereby the hanging wall is thrust upward during
fault motion which subsequently collapses to initiate a
submarine slide. A submarine slide results from slope
instability caused by steepening of the hanging wall through
cumulative thrust motion. The thrust events might be
recorded in downslope basins as submarine slide deposits.

In this study, we investigate the sedimentation processes
of turbidite layers in the Ryukyu Trench floor. Our results
show that these layers have resulted from repeated small
submarine slides originating from the landward trench slope
that are caused by small collapse of the hanging wall of the
frontal thrust. The recurrence interval of the slides is cal-
culated roughly at * 6 year. We conclude that the hanging
wall of the frontal thrust has collapsed by repeated retro-
gressive submarine slides for at least * 50 year ago.

2 Tsunamigenic Submarine Slides

Submarine slides are generally formed by source area, main
track and depositional area (Fig. 1). The source and depo-
sitional areas are formed by extensional and compressional
deformations, so that these are characterized by subsidence
and uplifting, respectively. These seabed vertical motions
could generate a tsunami. The size of the tsunami wave
would not only be controlled by its geological architecture,
but also by deformation speed, physical and mechanical
properties of seabed materials and water depth of the sub-
marine slides (Kawamura et al. 2017).

There are many historical accounts of tsunamigenic
submarine slides. We briefly introduce the representative
recent historical examples except for the 1777 Meiwa tsu-
nami mostly following Kawamura et al. (2014).

The Lisbon earthquake of around Mw 8.5 occurred on
November 1, 1755 on the Sao Vincentre Fault, off the coast
of Portugal. Large tsunamis devastated Lisbon and other
North Atlantic coasts both in Europe and Africa. Gracia et al.

(2003) showed the probability for tsunamis genesis partly by
submarine slides on the hanging wall of the thrust fault.

On March 27, 1964, a moment magnitude Mw 9.2
earthquake generated large tsunamis of tsunami magnitude
(Mt) 9.1 in Alaska (Abe 1979). Plafker and Mayo (1965)
described localized tsunami waves excited by submarine
slides that occurred in river deltas, terminal moraines, and so
on. The tsunamis were approximately 3.0–4.5 m high and
hit many bay areas about 19–20 min after the earthquake.

On June 15, 1896, the Meiji Sanriku earthquake gener-
ated devastating tsunamis with a maximum run-up of 37 m,
and caused the worst tsunami disaster in Japanese history,
despite having a surface wave magnitude (Ms) of only 7.2
and a low seismic intensity (Tanioka and Satake 1996). Abe
(1979) showed that in spite of the low Ms, the Mt of this
event was up to 8.6. To explain the discrepancy between Ms
and Mt, the 1896 Sanriku earthquake has been variously
attributed to slow rupture along the fault (Kanamori 1972),
submarine slides (Kanamori and Kikuchi 1993), and addi-
tional rapid uplift of a sediment wedge (Tanioka and Seno
2001). Kawamura et al. (2012; 2014) supported the sub-
marine slide scenario on the basis of topographic analysis
and the geologic architecture.

On 1 April, 1946, Ms 7.1 earthquake occurred and gen-
erated large tsunamis (Mt = 9.3) along the Alaskan coastline
that killed 167 people. Fryer et al. (2004) suggested that
these tsunamis resulted from submarine slides (the Ugamak
Slide), with head scars at water depths of approximately
200 m in the coastal area.

On 17 July, 1998, tsunamis with maximum wave heights
of 15 m inundated Sissano in Papua New Guinea following
Mw 7.1 earthquake (Kawata et al. 1999). Based on detailed
seafloor mapping data, Tappin et al. (2001, 2008) concluded
that the large tsunami was caused by a submarine slide

Fig. 1 General topography and internal structure of submarine slides
(After Kawamura 2020)
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located offshore from the lagoon. This tsunami was rapidly
excited by the earthquake (Newman and Okal 1988), but it
was generated by subsequent submarine slides ( 2008).

On 12 January, 2010, the Haiti earthquake (Mw = 7.0)
exhibited a primarily strike–slip motion, it nevertheless
generated a tsunami (Hornbach et al. 2010). The earthquake
caused liquefaction in several river deltas, which prograded
rapidly and were prone to failure. It was concluded that the
earthquake initiated a slide-generated tsunami along the
shoreline.

Similar tsunamis occurred at Bay of Palu, induced by an
earthquake in Sulawesi Island of Indonesia on 28 September,
2018 (Mw = 7.5) (Sassa and Takagawa 2019). These were
excited by submarine slides along the bay due to liquefaction
of coastal regions (Sassa and Takagawa 2019). Maximum
run-up height was 11.3 m and average inundation distance
was * 200 m (Sassa and Takagawa 2019). The number of
casualties was 2000 and the number of missing persons
exceeds 5000.

In summary, all of these historical examples of tsunamis
induced by submarine slides and/or presumable ones were
excited by earthquake activity. These examples strongly
suggested that the preconditioning factors on submarine
slopes play an important role in excitation of the tsunami-
genic submarine landslides. Therefore, understanding the
preconditioning factors, not only using monitoring systems,
but also using topographic analyses are significant to reduce
the loss of the lives by tsunamis. Size and frequency of small
submarine landslides could demonstrate the state of the slope
stability.

3 Detailed Bathymetry and Dive Surveys

The landward trench slope of the southwestern Ryukyu Arc
is composed of a steep upper slope, forearc basin, and
accretionary prism from north to south (Okamura et al. 2018;
Fig. 2). These forearc structures west of 122° 40′ E have
been disrupted owing to tectonic movements related to arc–
continent collision at Taiwan, back-arc rifting of the Oki-
nawa Trough, and the high subduction obliquity of the
Philippine Sea Plate (PSP), which contains ridges and sea-
mounts (Okamura et al. 2018) and is converging with the
Amur plate at a rate of 62–72 mm/year (Seno et al. 2005). At
the Amur plate, the prism has been sliding to the west, rel-
ative to the arc, along dextral strike-slip faults that are clearly
imaged by bathymetric mapping along the landward prism
margin (Okamura et al. 2018; Fig. 2). The fault motion is
interpreted to have been caused by slip-partitioning of the
oblique subduction of the PSP (Okamura et al. 2018).

We conducted three dive surveys using the manned
submersible Shinkai 6500 (hereafter 6K) in the Ryukyu
Trench region during cruise YK16-11 by the vessel

Fig. 2 Detailed topography and bathymetry in the study area. Upper
shows location of the study area (black square) using ETOPO1, and
lower shows dive locations using bathymetric survey data. Red lines
indicate the dive routes followed during surveys from the Shinkai 6500
vessel: 6K#1467, 6K#1468, and 6K#1469. Blue bars around Ishigaki
Island show the run-up height of the AD 1771 Meiwa Tsunami (after
Goto and Shimabukuro 2012). Broken lines demarcate the outline of
the presumed submarine slide (gray), the submarine slide (pink), and
the fault (red) identified by seismic surveys
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Yokosuka. The dive surveys are referred as 6K#1467,
6K#1468, and 6K#1469 (Figs. 2 and 3). Survey 6K#1467
was performed on 1 September 2016 on the Ryukyu Trench

floor at the foot of the landward trench slope. On the lower
slope at a water depth of 6350 m, we collected a sediment
core sample from the flat seafloor (sample 6K#1467MG)

Fig. 3 Detailed bathymetry in the dive survey areas: a 6K#1467, b 6K#1468, and c 6K#1469
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using the Monterey Bay and Aquarium Research Institute
(MBARI) type corer. At 6160 m water depth, we discovered
an outcrop comprising of three horizontal brown sediment
layers each of which measured * 20 cm in thickness. At
6115 m water depth, we collected a sediment core sample
from the landward trench slope (sample 6 K#1467MR)
using an MBARI corer, following which we left the seafloor
at 6093 m water depth (Figs. 3 and 4).

Survey 6K#1468 was conducted on 2 September 2016.
We landed on the seafloor at a depth of 3653 m at a site
located at the foot of a cliff that might represent a lateral wall
of submarine channel and/or headwall scar of the submarine
slide that generated the 1771 Meiwa tsunami (Okamura et al.
2018). The slope extends over a distance of * 1.8 km
from * 3600 to * 3100 m water depth. The entire slope is
covered with thick sediment, with no apparent faults,
microbial mats, or colonies of chemosynthetic organisms.
On the gentle slope extending from * 3100 to 2900 m
water depth, we observed several fault-related cliffs oriented
mostly E–W and small outcrops of layered sedimentary
rocks. The slope from * 2900 to 2500 m water depth was
not covered by fresh soft sediment, but instead comprised of
partially hardened mud rocks at the seafloor (Figs. 3 and 4).

Survey 6K#1469 was performed on 3 September 2016.
We landed at a water depth of about 2600 m, where the
seafloor was flat and gray-colored, with several small dunes.
We observed a step oriented NNE–SSW, which might rep-
resent the western wall of a shallow channel. The step has a
relief of * 1.0–1.5 m and exposes two units of strata.
Farther eastward, we observed the western wall of the
channel (Figs. 3 and 4).

4 Descriptions of Core Samples

Core sample 6K#1467MG was 35.5 cm long and was col-
lected at 23°13.3014ʹN, 124°9.0358ʹE in 6371 m of water
depth (Fig. 3). This core is composed of dark-olive-gray
(2.5Y3/1) ashy silty clay throughout. The clay contains
interbeds of fine- to medium-grained sand at 4, 8.4, 12, 14,
22, and 27 cm in core depth. A dark-olive-black (7.5Y2/2)
silty clay layer was observed at 5–6 cm, and a
yellowish-olive-black (10Y3/2) clay at 13.0–13.5 cm
(Fig. 5).

Core sample 6K#1467MR was a length of 37 cm and was
collected from a gentle slope with a thick cover of soft mud
at 23°14.2477ʹ N, 124° 9.2242ʹ E in 6115 m of water depth
(Fig. 3). This core is composed of olive-black (7.5Y3/1)
ashy clayey silt throughout. The clayey silt is massive above
16 cm and is interbedded with darker-colored laminae below
16 cm. An olive-black (5Y3/1) clay layer (2 mm thick)
occurs at 20 cm (Fig. 5). The bedding planes in this core

have a dip of 5–10°, as discovered during vertical penetra-
tion by the corer.

Core sample 6K#1468MG was 38 cm long and was
collected at 23° 37.8476ʹ N, 124° 25.4856ʹ E in 3653 m of
water depth (Fig. 3). The sampling site is characterized by
mud on a flat seafloor with small mounds of about 20 km in
diameter. The core sample is yellowish gray (2.5Y4/1) at 0–
6 cm, gradually becoming darker at 6–12 cm, dark grayish
yellow (2.5Y4/2) at 12–35 cm, and brownish black
(2.5Y3/2) at 35–38 cm (Fig. 5).

Core sample 6 K#1469MR was 26 cm long and was
collected at 23° 59.5252ʹ N, 124° 13.4547ʹ E in 2583 m of
water depth (Fig. 3). The seafloor at the sampling site is
characterized by a flat floor with small white mounds (10–
15 cm in diameter). The core sample is composed of bio-
turbated calcareous ooze, with numerous planktonic for-
aminifers and calcareous nannofossils throughout. The core
color changes gradually with depth, being dark olive (5Y4/3)
at 0–24 cm as a brownish surface oxidized layer, and dark
olive gray (2.5Y3/1) at 24–39 cm as a grayish anoxic layer.
The color at the boundary between these two layers is lighter
than the grayish layer at 18–22 cm and is pale gray at 24–
30 cm (Fig. 5).

5 Methods

5.1 Natural Gamma Radiation and Gamma-Ray
Densitometry

In order to detect chemical characteristics of lamina, Natural
gamma radiation (NGR) and gamma-ray attenuation
(GRA) bulk densities were measured over 2 cm intervals
using a multisensor core logger (MSCL). Here, we briefly
explain these measurement methods, details of which can be
found in Blum (1997).

Potassium (40K), thorium (232Th), and uranium (238U) are
radioisotopes that have a sufficiently long decay life to
produce an appreciable amount of gamma rays. Minerals
that fix K, U, and Th, such as clay minerals, are the principal
source of NGR. Other sources include arkosic silts and
sandstones, potassium salts, bituminous and alunitic schists,
phosphates, certain carbonates, some coals, and felsic or
mafic igneous rocks.

The bulk density of sediments and rocks is estimated
from the measurement of GRA. GRA data can provide a
precise and densely sampled record of bulk density, which is
an indicator of changes in lithology and porosity. GRA
records are frequently used for core-to-core correlation.
Another important application of GRA measurements is the
calculation of acoustic impedance and the construction of
synthetic seismograms.
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Fig. 4 Photographs taken during the dive surveys. The locations of the
photographs are shown in Fig. 3. A: Sediment core collected from
muddy seafloor in the Ryukyu Trench, 6K#1467. B: Parting lineations
on a deep-sea fan in the Ryukyu Trench, 6K#1467. C: An E–W step
with a height of * 1 m, 6K#1468. D: An E–W step with a height
of * 0.5 m, 6K#1468. E: An E–W headwall scarp with a height

of * 0.5 m and mudstone blocks measuring several centimeters in
diameter, 6K#1468. F: An E–W headwall scarp with a height
of * 0.5 m high and mudstone blocks measuring several centimeters
in diameter, 6K#1468 and G: Lateral wall with a height of * 1 m high
along a valley, 6K#1469
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Fig. 5 Core samples profiles: a 6K#1467MG, b 6K#1467MR,
c 6K#1468MG, and d 6K#1469MR. Columns (from left to right) are
core photograph, X-ray CT image, density measured by gamma-ray
attenuation (GRA), natural gamma ray (NGR), representative ITRAX

element profiles (Mn, K, Ca, and Al), magnetic susceptibility (MS),
AMS parameters (P, F, and L), Kmax declination (Kmax Dec.),
paleomagnetic inclination (Pmag Inc.), and grain size distribution
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5.2 Grain Size Determinations

Grain size distributions were determined using a Mastersizer
laser diffraction grain size analyzer (Sysmex Co. Ltd.).
Approximately 0.1 g of wet sediment sampled at a 1 cm
interval (2 cm interval for 6K#1468MG) was disaggregated
in boiling water in a glass beaker and then left for 24 h. Each
sample was further disaggregated by ultrasonic treatment for
30–60 s just before measurement.

5.3 Analysis of Element Contents

Element profiles were measured on the split face of the core
samples using an ITRAX XRF core scanner (Cox Analytical
Systems). First, a flat surface was made on each core sample,
following which element contents were measured at 0.2 mm
intervals, for 10 s at each point. The analytical conditions of
the scanner were 30 kV and 55 mA.

5.4 210Pbex measurements

210Pb is a natural radionuclide of the uranium decay series
and has a half-life of 22.3 year. In sediments, 210Pb origi-
nates from (1) the decay reaction of 226Ra within the mineral
matrix (supported fraction), and (2) the adsorption of 210Pb
atoms onto the surfaces of particles, derived from the decay
of 222Rn in the water column or from the atmosphere (un-
supported fraction) (Koide et al. 1972). Unsupported 210Pb,
also termed excess 210Pb or 210Pbex, can be used to deter-
mine mass accumulation rates over a time scale of about
100 year (e.g., Nittrouer et al. 1979). 137Cs (half-life of
30 year) is an artificial radionuclide dispersed into the nat-
ural environment mainly by nuclear bomb tests after 1953.
The maximum 137Cs fallout was recorded in 1963, with
fallout levels decreasing after the cessation of atmospheric
nuclear bomb tests. In the marine environment, 137Cs has
been supplied both by atmospheric fallout and by sediments
discharged by rivers (Smith and Ellis 1982; Ritchie and
McHenry 1990). Since 137Cs is used as a chronological
tracer, 137Cs profiles in sediment are commonly used in
conjunction with 210Pbex profiles to determine sediment
accumulation rates (e.g., Baskaran and Naidu 1995; Kato
et al. 2003).

5.5 Magnetic Fabric Analyses

To obtain an indication of the sedimentary fabric, we mea-
sured the anisotropy of magnetic susceptibility (AMS) using
an AGICO KLY-4S anisotropy magnetic susceptometer.

Test specimens were encased in plastic cubes with a volume
of 7 cm3. The resultant measurement interval through the
cores was therefore * 1.9 cm. The obtained AMS values
are represented by magnetic ellipsoids, of which the maxi-
mum, intermediate, and minimum axes are denoted by Kmax,
Kint, Kmin, respectively. In general, the magnetic ellipsoid
indicates the degree of alignment of magnetic particles in
sediments (i.e., the magnetic fabric; Tarling and Hrouda,
1993). In this study, we used the following parameters: P
(degree of anisotropy) = Kmax/Kmin, F (degree of folia-
tion) = Kint/Kmin, and L (degree of lineation) = Kmax/Kint.

Paleomagnetism was measured on the same AMS plastic
cube samples and using a superconductive magnetometer
(2G-Enterprises, CA, US). We conducted step-wise
alternating-field demagnetization during measurements of
paleomagnetism. Since declination data are gradually shifted
downward due to twisting to twisting during coring, mag-
netic north was corrected accordingly using the least-square
method to reconstruct the in situ north direction of the core.

6 Results

6.1 Physical Properties and Grain Size
Distribution

Core-sample density values based on the GRA measure-
ments range from 1.2 to 2.0 g/cm3 (Fig. 5). In the uppermost
4–5 cm, density values are mostly 1.5–1.6 g/cm3, reflecting
a high water content. Density values increase gradually with
burial depth, reflecting burial consolidation. NGR counts
increase with burial depth because of the increase in
radioactive nuclei in a given sample volume with increasing
burial consolidation.

Grain size distributions show a peak at * 10 µm diam-
eter in cores 6K#1467MG and 6K#1467MR. Due to the
presence of laminae, sand-sized particles are found in several
horizons in the core sediments. Grain size distributions show
mostly silty clay with peaks at * 5–10 µm diameter in
cores 6 K#1468MG and 6K#1469MR. In these cores, the
grain size of sediment in the shallow horizons (<* 5 cm
deep) is larger than that in the deeper horizons (>* 20 cm
deep).

6.2 Element Profiles

We measured 56 elements, of which four representative
element (Mn, K, Ca, and Al) profiles are presented in Fig. 5.
These profiles enabled two types of parallel bands to be
identified in cores 6K#1467MG and 6K#1467MR. One type
is low-Computed Tomography (CT)-value bands, which are
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characterized by high Mn and K, and low Ca and Al values,
as depicted by broken red lines (three lines for sample
6 K#1467MG) in Fig. 5a. The other type is high-CT-value
bands, which are characterized by low Mn, high K, relatively
high Ca, and moderate Al values, as shown by broken gray
lines (28 lines for sample 6K#1467MG and 8 lines for
6K#1467MR) in Fig. 5a, b.

6.3 210Pbex Measurements

210Pbex concentrations measured in the sediments and a
depth for sample 6K#1467MG were presented in Fig. 6 and
Table 1. The 210Pbex concentration was * 666 Bq/kg at 0–
1 cm depth and gradually decreased with increasing burial
depth to * 200 Bq/kg at 7–8 cm depth. The trend in
210Pbex concentration showed a constant exponential decline
with burial depth without any vertical mixing related to
bioturbation. The absence of significant sediment mixing
was also supported by X-ray CT images (Fig. 5b).

6.4 Magnetic Fabrics

Most of the magnetic susceptibility values in the studied
cores lie between 0.1 � 10−3 and 1.5 � 10−3 SI units. There
are sharp peaks in the range of * 2.0–3.0 � 10−3 SI units
in silt layers (Fig. 5).

Paleomagnetic directions in all of the core samples were
mostly stable from 50 to 800 G during the stepwise alter-
ation of field demagnetization. In this study, we used
declination and inclination data under 200 G conditions.
Paleomagnetic inclinations are mostly 40–50° downward for
the Brunhes chron, but those of 6K#1467MR vary from 70
to 5° downward.

The magnetic susceptibility of the samples is 4–9 � 10−4

SI throughout the cores (Fig. 5). This range reflects differ-
ences in the content, type, and/or amount of magnetic min-
eral grains. Following Tarling and Hrouda (1993), the
magnetic minerals contributing to the magnetic susceptibility
and its anisotropy in our samples were assumed to be fer-
rimagnetic and paramagnetic mineral grains.

Values of P, F, and L for samples 6K#1468MG and
6K#1469MR are mostly 1.02 throughout the cores (Fig. 5).
These values indicate that the magnetic mineral grains are
arranged with a low degree of preferred orientation (almost
random) in the sediment, most likely as a result of intense
bioturbation. In contrast, values of P and F in 6K#1467MG
and 6K#1467MR change from 1.03 to 1.10 downward, but L
values are low throughout the cores (Fig. 5). This pattern of
values shows that the magnetic mineral grains are arranged
with a strong preferred orientation, most likely as a result of
the parallel laminae in the core sediments.

Fig. 6 Lower-hemisphere stereoplots of Kmax (solid squares),
Kint (open triangles), and Kmin (solid circles) for core samples
a 6K#1467MG, b 6K#1467MR, c 6K#1468MG, and d 6 K#1469MR.
In (b), gray points indicate original data, and black points depict
data that were rotated mostly parallel to a slope of about 10° tilted
southward
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7 Discussion

As mentioned above, core samples 6K#1467MG and
6K#1467MR are characterized by two types of sediment
bands. One is three low-CT value bands of clay layers, and
the other is high-CT-value of sandy and silty laminae. The
total number of laminae can be counted 28 sandy and silty
laminae using element profiles as shown in Fig. 5. The
sedimentary grains in the thick laminae could be supplied
from a shallower slope than the carbonate compensate depth,
because these consist of relative high Ca at 5, 15, 22, and
25 cm deep. In contrast to these thick laminae, thin laminae
without high Ca might be formed by sedimentary grains
supplied from a slope area directly above the trench floor.

7.1 Paleocurrent Analysis of the Core Samples

We used paleomagnetic north directions in each core under
200 G AF demagnetization conditions because these mea-
surements are stable. We corrected the Kmax directions of the
AMS using paleomagnetic north in each core following the
method of Kawamura et al. (2002). The corrected data,
magnetic susceptibilities, and AMS data for each core are
illustrated in Fig. 6 with respect to present-day north as a
reference frame.

The corrected Kmax directions show some consistency
(Fig. 6). Kmax directions are concentrated along NW–SW for
6K#1468MR and WNW–ESE for 6K#1469MR, and are
sub-parallel to the slope direction, whereas those for
6K#1467MG dip to the south at � 10°, suggesting imbri-
cation of the sedimentary grains.

In contrast, Kmax directions for sample 6K#1467MR dip
south at * 5° and paleomagnetic inclinations are 40–50°
downward, whereas the inclinations of sample 6K#1467MR
are shallower with increasing burial depth owing to the
downslope gradient of the bedding plane. Therefore, we
tilted the dataset of 6K#1467MR by 10° southward to adjust
for the downslope gradient. As a result, the post-rotation
plots are similar to those for 6K#1467MG (Fig. 6b).

According to Kawamura et al. (2002), the paleocurrent
directions for 6K#1467MG and 6K#1467MR can be inter-
preted as indicating flow from north to south.

7.2 Mass Accumulation Rates on the Trench
Floor

Figure 7 presents a 210Pbex profile for sample 6K#1467MG.
The cumulative mass for 210Pbex was calculated as:

W ¼
Z

qrdD

whereW is the cumulative mass of sediment (g/cm2), q is the
dry bulk density of the sediment (g/cm3), and D is the depth
from the top of the core (cm).

Mass accumulation rates were calculated from the 210Pbex
profile (Fig. 7). To consider compaction of the sediment
buried, the mass accumulation rate was expressed in g/cm2/
year using 210Pbex concentration and cumulative mass
(g/cm2). For sample 6 K#1467MG, exponential mass accu-
mulation curves were fitted (Koide et al. 1972). The calcu-
lated mass accumulation rate was 2.42 g/cm2/year.

7.3 Submarine Sliding at the Toe of the Ryukyu
Accretionary Prism

The paleocurrent direction of the laminated sediments is
estimated to have been from north to south, indicating that

Table 1 210Pbex profile data for
sample 6K#1467MG

Depth (cm) excessPb (Bq/kg)

0–1 666.1 ± 11.2

1–2 555.9 ± 8.5

2–3 388.8 ± 5.6

4–5 296.6±5.0

7–8 204.2±3.9

Fig. 7 210Pbex profile for sample 6K#1467MG
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the sediments were not transported along the trench but
rather from the landward slope, probably from repeated
submarine slides. The mean sedimentation rate for
6K#1467MG was calculated at 2.42 mm/year using 210Pbex
concentration measurements and an age for the 10 cm
horizon of roughly 50 year ago. Using the estimated sedi-
mentation rate and the total number of laminae detected
using element profiles within 10 cm deep (8 laminae as
shown in Fig. 5), we simply calculated that the recurrence
interval of the silt/sand layers is typically * 6 year for
sample 6K#1467MG. These results indicate that
repeated * 6-year-interval submarine slides have occurred
continuously at the toe of the landward trench slope in the
Ryukyu Trench over the last * 50 year, suggesting that the
toe of the accretionary wedge is in a continually unstable
state with respect to the triggering of submarine slides.

8 Summary

(1) We performed three dive surveys using the 6K manned
submersible in the Ryukyu Trench. These dive sites
were near a large submarine slide that generated the AD
1771 Meiwa tsunami.

(2) Dive site 6K#1468 was on the uppermost part of the
submarine slide, where recent steps and fissures were
observed. Dive site 6K#1467 was located at the toe of
the submarine slide, which was covered by a muddy
sediment layer. No chemosynthetic biocommunities
were observed. Core sample 6K#1467MG comprised
muddy sediments interlayered with silt and/or sand
laminations.

(3) The paleocurrent direction of the laminated sediments
was from north to south, indicating that the sediments
were not transported along the trench but rather from
the landward slope, probably as a result of the occur-
rence of repeated small submarine slides.

(4) The sedimentation rate for core sample 6K#1467MG
was calculated as 2.42 mm/year by 210Pbex measure-
ments through the core and an age for the 10 cm
horizon of * 50 year ago.

(5) We infer that small submarine slides repeated at an
interval of * 6 year have occurred persistently at the
toe of the landward trench slope in the Ryukyu Trench
during the last * 50 year.
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