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ABSTRACT

Despite high convergence velocity, the southern Ryukyu subduction has rel-
atively low and sparse instrumental seismicity, in contrast with the
Yaeyama Islands, hit by huge tsunamis over the last few thousand years.
This study explores the potential of deep marine sediments to record past
large earthquakes and tsunamis. During the MD214/EAGER cruise (2018),
four sediment cores (12 to 23 m long) were collected in the forearc area
(south of Yaeyama Islands), which is an efficient trap for gravity-flow
deposits. The chrono-stratigraphic framework is established with radiocar-
bon dating, §'®0 stratigraphy, U-series data and tephra analysis including
major/trace elements and Hf-Pb-Sr-Nd isotopes. In the basin floor, bulk sed-
imentation rates locally exceed 60 cm/ka, while hemipelagic sedimentation
rates range from 3 to 8 cm/ka, similar to values derived from U-series data
in recent sediments of the boxcores. Twenty-four gravity-flow deposits were
identified over the last 20 000 years, a frequency consistent with the past
tsunamis recorded in the coastal sediments over the last thousand years,
emphasising their interest as archives of earthquakes and major tsunamis.
At a regional scale, bulk sedimentation rates fall under 10cm/ka for 48
large-scale gravity-flow deposits over the last 200 000 years. With average
recurrence periods about 3500-4000 years, these regional events could be
triggered by subduction large earthquakes (M > 7). Finally, four exception-
ally large submarine gravity-flow events (mega-deposits) of unclear origin
have been documented over the last 200 000 years. This work provides an
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unprecedented time series of major submarine gravity instabilities, probably
initiated by great earthquakes on this active subduction. It implies that mil-
lennial recurrence periods of great earthquakes must be considered on sub-
duction segments where instrumental seismicity is relatively low and
underlines the importance of deep marine sediments in tracing these

events.

Keywords Deep-sea gravity flows, earthquake and tsunami records, isotope
geochemistry, subduction, tephrochronology, turbidites.

INTRODUCTION

Along subduction zones, the sedimentary record
of major submarine gravity-driven processes
(submarine landslides, turbidity currents) has
been the subject of much work in recent decades
to obtain time series of high-magnitude subduc-
tion earthquakes and potentially the most devas-
tating tsunamis (e.g. off Cascadia, Goldfinger
et al., 2003, 2012; Goldfinger, 2011; in the Cari-
bean area, Feuillet et al., 2011; Beck et al., 2012;
Seibert et al., 2024; off New-Zealand, Pouderoux
et al., 2014; Pizer et al., 2024; in Indonesian
area, Patton et al., 2015; and off Japan, Ikehara
et al., 2016, 2018; Usami et al., 2018; McHugh
et al., 2020; Kanamatsu et al., 2022). However,
linking major submarine gravity-flow deposits
with earthquakes is not straightforward, due to
the complexity of marine sedimentary systems,
their depth and the various factors controlling
deep-sea sedimentation (climate, ocean circula-
tion, sea-level, local morphology...) that blur the
seismo-tectonic signal (Stow et al., 1985; Cov-
ault & Graham, 2010). An accurate analysis of
the architecture of the sedimentary bodies, their
sediment supply and the possible triggering
mechanisms of seafloor instabilities is necessary
to select sampling targets (Goldfinger, 2011), also
considering the time interval to be explored and
the possibilities of obtaining dating or strati-
graphic data. Despite the difficulties, in some
cases, the sedimentary record of major cata-
strophic events can be deciphered, providing
important and unique information over long time-
scales of several thousand years for the assess-
ment of natural hazards (Goldfinger et al., 2012;
Pouderoux et al., 2014; Patton et al., 2015; Ikehara
et al., 2016; Seibert et al., 2024).

Estimating the seismic hazard along the Ryu-
kyu subduction zone has not been extensively
carried out, probably because of the lack of
instrumental M >8 earthquakes (Kao, 1998).

However, the lateral extent of the subduction
interface (hundreds of kilometres) and the high
rate of convergence >10cm/yr mean that the
possibility of an earthquake of magnitude 8 or
even 9 cannot be excluded (Hsu & Sibuet, 2005).
Large past tsunamis were reported in the
Yaeyama Islands after trenching investigations
in the coastal sediments (Ando et al., 2018). The
last one is well-known, having occurred in
1771 CE (Goto et al., 2010a).

The Hateruma forearc basin is in the southern
part of the Ryukyu subduction zone (Fig. 1). Pre-
vious studies have shown that submarine
gravity-driven processes dominate the deep-sea
sedimentation of the Hateruma area, with sedi-
ment coming from the shelf and submarine
slope south of the Yaeyama Islands (Kanamatsu
et al., 2020; Ikehara et al, 2022). In specific
areas where the sedimentation rates are rela-
tively low (lower than 10cm/ka), it is possible
to access thousands of years of records using
only a few meters-long sediment cores and
the identification of many past submarine
gravity-flow deposits through sediment coring is
accessible (Xu & Ujiie, 1994; Uijiie et al., 1997;
Kanamatsu et al., 2020; Ikehara et al., 2022).

In 2018, new coring data were collected
with the R/V Marion Dufresne during the scien-
tific cruise MD214/EAGER (Babonneau & Rat-
zov, 2018). Four coring sites were investigated
with  geophysical data (bathymetry and
sub-bottom profiler), boxcore sampling and long
Calypso piston cores (up to 23.5m long). Cores
have been studied with a wide range of physi-
cal, chemical, dating and stratigraphic methods
to provide a complete record of submarine
gravity-flow processes in the most reliable
chrono-stratigraphic framework at time scales
from present-day and last centuries to some
hundreds of thousands of years.

The main scientific questions are as follows:
What are the different gravity-flow processes
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Fig. 1. (A) Bathymetric map
focused on the Southern Ryukyu
subduction zone, location of the
Hateruma forearc basin in the
centre of the black rectangle (see in N23°
Fig. 2). (B) General location map
showing the context of Taiwan at
the intersection of the Ryukyu and
the Luzon (Manila) subduction
zones, in collision with the Chinese

continental shelf. s

and the sediment sources at the scale of the
study area? What are the frequencies and
the sizes of the gravity-flow deposits at the dif-
ferent sites? How is it possible to establish a link
between these gravity-flow deposits and major
earthquakes and tsunamis? In such a context
dominated by tectonic and gravity-flow pro-
cesses, how is the deep-sea sedimentation influ-
enced by sea-level changes or climatic cycles?

REGIONAL SETTINGS

Submarine morphology, geodynamic and
regional seismicity

The Ryukyu Island arc is the result of subduc-
tion of the Philippine Sea plate beneath the Eur-
asian plate since the Miocene. The ~E-W
trending southern section of the Ryukyu
subduction zone propagated westward along a
STEP-fault during the last 8 to 10 Ma (Lalle-
mand et al., 2001), thanks to the westward roll-
back of the South China Sea slab along the
Manila Trench. The quasi-transform motion
between the Philippine Sea and the Yangtze
plates along the southern Ryukyu Trench turned
into a north-northwest-dipping subduction in
response to the ~N-S opening of the Southern
Okinawa Trough (Chen et al., 2021, 2022). Thus,
the relative oblique convergence rate between
the Philippine Sea plate and the southern

Ryukyu forearc varies from ~90 mm/yr near Tai-
wan up to ~140 mm/yr in the study area (Argus
et al., 2011). The accretionary wedge is migrat-
ing laterally toward Taiwan because of the high
obliquity of the plate convergence causing
strain partitioning (Lallemand et al., 1999).
The differential motion between the forearc
basins and the accretionary wedge is absorbed
along a cluster of ~E-W trending transcurrent
faults, accounting for a right-lateral motion of
37 £ 7mm/yr of the accretionary wedge sliver
(Dominguez et al., 1998) within a 10 to 15 km
wide shear zone running along the outer arc
high. The non-volcanic arc is represented by the
Yaeyama Islands including two main islands:
Iriomote and Ishigaki and several islets like
Hateruma located right north of our study area
(Fig. 1). Active magmatism is restricted to the
southern Okinawa Trough north of the morpho-
logical arc. The southern Ryukyu forearc area
appears highly segmented.

Several forearc basins are trapped between
the southern arc slope and the accretionary
wedge, separated by basement highs (Lallemand
et al., 1999, 2013). The study area comprises sev-
eral basins; from west to east, the Hoping and
Nanao basin floors are respectively at 3000 m
and 3700m depth, then the 4600m deep East
Nanao basin and the ca 3500 m deep Hateruma
basin (Figs 1 and 2). A crescent-shaped ridge cul-
minating at 3000 m of water depth separates the
East Nanao basin and the Hateruma basin.
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Resulting from the arc-continent collision in
Taiwan, the seismicity rate is high near the
southernmost termination of the Ryukyu sub-
duction zone. However, despite the fast conver-
gence rate, no great magnitude earthquakes (M,
> 8) were reported. The magnitude of the great-
est instrumental event, which occurred close to
Taiwan in the Hoping Basin region, was
re-estimated by Theunissen et al. (2010) at M,,
7.7. Further away from Taiwan toward the East,
the seismic coupling between the Philippines
and Eurasian plates is poorly constrained and
probably low but still hotly debated (Arai
et al., 2016; Ando et al., 2018; Doo et al., 2018),
implying different recurrence times of large mag-
nitude plate interface earthquakes that could
exceed 1000 years and could also generate great
tsunamis.

Onland records of past tsunamis

The Meiwa tsunami was reported in the
Yaeyama Islands in April 1771 CE and caused
more than 12 000 casualties (Goto et al., 2010a,
2010b, 2013). This tsunami seems to be a local
phenomenon with a run-up from 3.4 to 27.2m
in the Ryukyu Island (Ando et al, 2018) but
was not reported along the east coast of Taiwan.
This still traumatic event remains puzzling; its
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Fig. 2. Bathymetric map focused on
the Hateruma forearc basin. The
contours of the Hateruma basin and
the adjacent mini-basin located at
the top of the outer arc high are the
tight dotted line. Possible
trajectories for gravity-driven flows
are indicated with the blue arrows.
M214-EAGER sediment cores and
Chirp profiles used in this study are
in red. A selection of published
sediment cores used for the
comparison of the EAGER data is
also located in this map.

source is highly debated among subduction
interface earthquakes (Nakamura, 2009), splay
fault branched on the plate interface (Hsu
et al., 2013), shallow upper plate earthquakes
inducing submarine landslides (Miyazawa
et al., 2012) or a large gravity collapse of the
accretionary wedge (Okamura et al., 2018; Kawa-
mura et al., 2023).

Studies of past tsunamis were based firstly on
transported coastal boulders (mostly coral skele-
ton boulders). They were conducted along the
coast of the Yaeyama Islands and the Miyako
Islands (Fujiwara et al., 2020b). Many boulders
were linked to the 1771 CE event according to
radiocarbon dating (Kawana & Nakata, 1994;
Suzuki et al.,, 2008). Some boulders are esti-
mated to be older than 1771 CE and are inter-
preted as repeated past tsunamis during the
thousand years (Kawana & Nakata, 1994; Araoka
et al.,, 2010, 2013; Omoto, 2012). But the diffi-
culties in discriminating between tsunami boul-
ders and storm boulders and in obtaining
accurate dating reliable to tsunami age remain
high, and this tsunami record remains quite
uncertain (Fujiwara et al., 2020b).

The second approach to access to past tsu-
nami records was based on the identification of
sandy tsunami deposits in the coastal environ-
ments of the Yaeyama and Miyako Islands.
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Archaeologists firstly documented the sandy
deposits of the Meiwa 1771 CE tsunami (Yama-
moto, 2008). Kawana & Nakata (1994) provided
the first chronology of past deposits at a millen-
nial scale, coupling studies of coastal sandy
deposits and boulders. The most recent work
from Ando et al. (2018), performed with a 120-
m-long trench on the coastal lowland of Ishigaki
Island, identified four paleo-tsunami deposits
during the last 4000 years. The last deposit was
attributed to the Meiwa 1771 CE tsunami and
the average recurrence of four large tsunamis is
estimated between 600 and 1000 years (Ando
et al., 2018). In the same way, the results of
Fujita et al. (2020) at Mina Island (belonging to
Miyako Islands) provide a similar result as Ando
et al. (2018) and indicate sandy deposits could
be reasonably considered as the major tsunami
events (excluding the possibility of big storm
deposits), with a magnitude equivalent to the
Meiwa 1771 event (Fujiwara et al., 2020b).

Climatic, eustatic and oceanographic context
during the late quaternary

The climate of the southern Ryukyu area is trop-
ical, mainly influenced by the East Asian Mon-
soon, which plays a significant role in the local
hydrology. It is influenced by the western
Pacific subtropical ‘Warm Pool’, one of the
regions with the highest sea surface tempera-
tures and considered a highly typhogenic area
(Chen & Huang, 2008).

The regional oceanic circulation is influenced
by the Kuroshio Current, which corresponds to
the western boundary of the North Pacific Sub-
tropical Gyre, flowing northward along the east-
ern coast of East Asia. This current transfers
heat, salinity and moisture from the Indo-Pacific
Warm Pool to the high Ilatitudes (Hu
et al., 2015). At present and during interglacial
stages, the Kuroshio Current mainly flows
through the Yonaguni depression (Fig. 1) toward
the Okinawa Trough and the Kuroshio Counter
Current, flowing from east to west, is dominant
in the forearc basins. However, the trajectory of
the Kuroshio Current during the Last Glacial
Maximum, with 120 to 130 m less of global
sea-level (Lambeck et al., 2014), is still highly
debated. The Kuroshio Current could be partly
deflected to the east and flow south of the south-
ern Ryukyu Islands (Ujiie & Ujiie, 1999; Ujiie
et al., 2003, 2016; Diekmann et al., 2008; Dou
et al.,, 2010, 2012; Fenies et al., 2023). This
deflection of the Kuroshio Current pathway

during glacial stages could affect East Asia
through changes in East Asian Monsoons
rainfall patterns (Sasaki et al, 2012), wind
propagation (Pan et al., 2018), heat and moisture
of the surface ocean, and the ability to generate
typhoons (Wu et al., 2008; Liu & Wei, 2015;
Fujiwara et al., 2020a; He et al, 2022),
and through primary productivity changes
(Chen, 2000). However, sea-surface temperature
reconstruction (SST) of the Last Glacial Maxi-
mum in the East China Sea compiled by Kim
et al. (2015) indicated no clear difference
between inside and outside of the Ryukyu arc,
suggesting that the Kuroshio surface water flow
was not interrupted into the East China Sea.
Moreover, thick deposition of muddy sediments
in the southern Okinawa Trough (Diekmann
et al., 2008) probably attests a relative continuity
of clay feeding from Taiwan, transported by the
Kuroshio surface flow to the East China Sea. So,
if the Kuroshio Current is deflected to the south
of the Ryukyu Islands during the Last Glacial
Maximum, it is probably only partially
deflected. In any case, sedimentation rates show
significant variations between glacial and inter-
glacial periods. Recent work based on a sedi-
ment core collected in the Yaeyama accretionary
wedge shows a higher sedimentation rate and an
increase in primary productivity during the Last
Glacial Maximum (Fenies et al., 2023).

Sediment source and distribution in the
southern Ryukyu forearc basins

Sediments from the erosion of Taiwan directly
feed the Hoping Basin through submarine can-
yons that merge into the Nanao basin and then,
for a small part, into the East Nanao basin (Lehu
et al., 2015; Hsiung et al., 2017). The Hateruma
basin, 200km away, more than 1000m above
the East Nanao basin and separated by a
crescent-shape relief (Fig. 2), is isolated from the
sedimentary input from Taiwan and mainly fed
from the Yaeyama Islands to the north via sub-
marine canyons and gullies (Ujiie et al., 1997;
Kanamatsu et al., 2020; Ikehara et al., 2022).

At the south of the Hateruma basin, the data
published by Xu & Ujiie (1994) concerning the
core RN87-PC4 (location in Fig. 2) provided the
first long-term record of hemipelagic sedimenta-
tion on the accretionary wedge. This core covers
the last 110 kyr with a sedimentation rate of
about 3 cm/ka and provides a tephrochronologic
reference with the Ata tephra around 100 ka Bp
(Xu & Ujiie, 1994).
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Recent studies provide data about clay miner-
alogy and geochemistry of muddy sediment in
the Hateruma basin (Nayak et al., 2021; Garzanti
et al., 2023). The composition of clay is clearly
dominated by smectite (27-59%), illite + chlo-
rite (36-68%) and kaolinite (4-6%), both in tur-
bidite and hemipelagic layers in the Hateruma
basin. The amount of smectite and kaolinite is
higher in the Hateruma area than in the western
forearc basins, which receive a strong sediment
contribution from Taiwan and from the Kur-
oshio Current (Nayak et al., 2021).

Submarine morphology of the Hateruma
basin and the outer-arc high

The Hateruma forearc basin is framed to the
north by the unstable slope of the arc, and to
the south by the shear zone that coincides with
the top of the accretionary wedge, underlined by
ridges and small basins offset along a bundle of
strike-slip faults. It is limited to the west by a
crescent-shaped relief overhanging the Hateruma
basin by 500m and the East-Nanao basin by
1500m (Figs 1 and 2). Its cusp-shaped floor is
gently dipping 0.8° toward the west between
124°25'E (2500 m deep) and 123°45’E (3500 m
deep) where it abuts against the crescent-shaped
relief. The deepest zone extends north-westward
to a depth of 3600 m toward the arc slope, at the
base of a gullied combe, oriented NW-SE
obliquely to the E-W slope of the arc. As the
basin’s depocenter is also the deepest point, a
sort of narrow sink oriented like the oblique
ridge bordering the combe, it is likely to reflect
the strong tectonic activity that led to its
deepening.

With the improvement of bathymetric data
resolution, Kanamatsu et al. (2020) described for
the first time the detailed submarine morphol-
ogy south of Ishigaki Island. They identified
submarine landslide features. The main sedi-
ment source of gravity processes reaching the
Hateruma basin comes from the north, that is,
from the canyons and gullies incising the slope
from the shelf (blue arrows in Fig. 2). A major
axis of sediment transfer is from the northwest,
where a series of narrow canyons and gullies
oblique to the insular slope incised up to the
shelf. Another main canyon is located south-
ward from Iriomote and Ishigaki Islands, ori-
ented perpendicularly to the insular slope
(Kuroshima Canyon in Fig. 2). Its upper part is
composed of several canyon heads incised up to
the reef located between Iriomote and Ishigaki

Islands (Ikehara et al., 2022). At the base of
the steep slope (around cores YK15-PC08
and PCO1 in Fig. 2), lobated shape with
numerous blocks and irregular morphology,
indicating mass-transport deposits, was previ-
ously described (Kanamatsu et al., 2020; Ikehara
et al., 2022). Given the closed shape of the
basin, and even if the submarine reliefs to
the east, west and south are lower, contributions
from gravity-driven instabilities all around the
basin must be considered (as indicated by blue
arrows in the Fig. 2).

The innermost region of the accretionary
wedge coincides with a shear corridor allowing
the wedge to migrate westward under the effect
of convergence obliquity. The shear corridor is
distributed over several transcurrent faults, iso-
lating small basins bordered by ridges (Fig. 2).
These small basins undergo incremental defor-
mation simultaneously with the activation of the
boundary faults. Sediment supply from Taiwan
is ruled out by the distance and, above all, by
the barrier provided by the oblique ridge ending
in the crescent-shaped relief that limits the
Hateruma basin to the west.

Previous sedimentary records in the
Hateruma basin

The sediment core RN86-PC2 (location in Fig. 2)
studied by Uijiie et al. (1997) was collected at the
base of the slope on a fan-like sedimentary body
fed by one of the main submarine canyons located
to the south of Ishigaki Island. Ten turbidite
deposits were identified in the 4m long core,
which covers the last 10 kyr (Ujiie et al., 1997).

Surface-sediment collected in short sediment
cores by Kanamatsu et al. (2020) is mainly com-
posed of mud, with debrites and rare
fine-grained turbidites. Isotopic stratigraphy and
correlation of the three cores YK15-01PCO03,
PC11 and PC13 (location in Fig. 2) reveal a low
hemipelagic sedimentation rate and identify the
Ata tephra (Kanamatsu et al., 2020).

Recently, Ikehara et al. (2022) described
in detail a series of canyons located on the
northern side of the Hateruma basin and
highlighted their connection with coral reefs of
Sekisei-Shoko lagoon (Fig. 2). These canyons
play an important role in the transport of coarse
calcareous material from the reef to the deep-
sea, generating coarse calci-turbidites at the toe
of the submarine slope (Ikehara et al., 2022).
Radiocarbon dating provides recurrence inter-
vals of these turbidites around several hundred
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to few thousand years, which could be consis-
tent with recurrences of great tsunamis (Ikehara
et al., 2022).

MATERIAL AND METHODS

The data presented in this paper were acquired
during the MD214 EAGER oceanographic cruises
in June 2018 onboard R/V Marion Dufresne
(Babonneau & Ratzov, 2018). It consists of bathy-
metric data, CHIRP sub-bottom profiles, four
Calypso cores (long piston cores) and their asso-
ciated boxcores at the same location.

Bathymetry and CHIRP profiles

Regional bathymetry used in this study is a com-
pilation including GEBCO 2021 data (doi:
10.5285/c6612cbe-50b3-0cff-e053-6c86abc09181),
ACT data (Active Collision Taiwan) collected in
1996 onboard the R/V Atalante using a SIMRAD
EM12-Dual multibeam system (Lallemand, 1996,
https://doi.org/10.17600/96010040). This data-
base provides a MNT with various spatial reso-
lutions with grids from 50 x50 m to 500 x 500 m
and was initially published in Lallemand &
Liu (1998).

Published bathymetric data on the eastern part
of the Hateruma basin (Kanamatsu et al., 2020),
acquired by Japan Oceanographic Data Center
under the Hydrographic and Oceanographic
Department of the Japan Coast Guard (https://
www.jodc.go.jp/vpage/depth500_file j.html) are
added to the bathymetric map. Close to the
coring sites and along the chirp profiles, the
bathymetry is completed by higher-resolution
bathymetric data (20 x 20 m grid) acquired dur-
ing the MD214 EAGER Cruise with a multibeam
echosounder EM112.

Chirp sub-bottom profiler data were acquired
along the survey of MD214 EAGER cruise with a
SBP120 profiler operating at a frequency that
varies between 5300 Hz and 1800 Hz. The pene-
tration of the signal in the sediment is variable
up to approximately 80 m and the vertical reso-
lution is about 0.75 m. Unfortunately, the profile
connecting the three coring sites in the Hater-
uma basin was interrupted due to a temporary
problem of data acquisition.

Core data and sediment analyses

Coring sites were selected in areas prone to host
turbidites through combined analysis of Chirp

sub-bottom profiles and bathymetric maps. Dur-
ing the MD214 EAGER cruise, two types of cor-
ing systems were used: the giant corer Calypso
(up to 30m long during this cruise) and inter-
face boxcore (1m long). The water-sediment
interface being poorly preserved in Calypso
cores, the boxcores thus likely provide comple-
mentary data with a good preservation of the
seafloor as well as the top 50 to 600 cm of sedi-
ment. The reference depth ‘0’ at the top of the
boxcore is the true sediment-water interface. If
the same deposits are identified in the Calypso
core and its companion boxcore, the collected
sedimentary succession is complete and contin-
uous in the upper part, with the most recent
and present sediment deposits.

Four Calypso cores and companion boxcores
were collected in the study area: MD18-3528,
MD18-3529, MD18-3530 and MD18-3531. All
the characteristics of the cores (location, water
depth and length) are shown in Table 1. Three
coring sites, MD18-3528, MD18-3529 and MD18-
3530, are in the deep part of the Hateruma
Basin, at water depths between 3300m and
3500 m, along a longitudinal WNW-ESE transect
(Fig. 2). The fourth coring site, MD18-3531, is in
a small basin within the outer-arc high sheared
zone, at about 30km south of the other coring
sites. It contains an empty interval of 1.2m
thick, linked to a break in the sediment succes-
sion during the coring, caused by the piston
suction.

Sedimentary descriptions were carried out
with a particular emphasis on sediment colour,
visual grain size and sedimentary structures
(laminations, bioturbations and contacts), pro-
viding the sedimentological logs.

Physical parameters (gamma-density, magnetic
susceptibility and P-wave velocity) were
acquired with a Multi-Sensor Core-Logger
(MSCL; Geotek Ltd, Daventry, UK) on board the
R/V Marion Dufresne, with a sampling interval
of 1 cm. X-ray radiography (CTscan, Geotek Ltd,
Daventry, UK) was later acquired on the core
half-sections at Ifremer (Brest, France). Magnetic
susceptibility is generally used as an indicator
of terrigenous origin, for example, in hemipela-
gic sedimentation in the China Sea (Liu
et al., 2010).

Sediment cores were sampled for grain-size
analyses using the Malvern laser grain-size ana-
lyzer (Mastersize 2000; Malvern Panalytical,
Malvern, UK) at IUEM laboratory (Brest, France),
for the 0.01 to 2000 pm fraction. Sample inter-
vals were adapted and chosen according to
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Table1. List of cores, with corer type, location, water depth and length of the sediment cores collected in the
study area during the MD214 EAGER Cruise.

Core name Corer type Lat N Long E Water depth (m) Core length (m)
MD18-3528 CALYPSO 23°51.19 123°35.77 3502 13.38
MD18-3528 BC Boxcore 23°51.20 123°35.78 3503 0.15
MD18-3529 CALYPSO 23°46.91 123°42.98 3480 14.79
MD18-3529 BC Boxcore 23°46.92 123°42.99 3481 0.5
MD18-3530 CALYPSO 23°44.33 123°54.08 3329 22.68
MD18-3530 BC Boxcore 23°44.34 123°54.09 3330 0.56
MD18-3531 CALYPSO 23°34.14 123°41.52 3591 23.59
MD18-3531 BC Boxcore 23°34.15 123°41.53 3592 0.61

sedimentary facies. The sampling step-size
ranges from 10 to 1cm in the layers with the
most variability. No chemical pre-treatment was
carried out before the measurements (no dissolu-
tion of carbonates, no deflocculation and no
elimination of organic matter). The particle size
curve shows the full range of particles, includ-
ing many foraminifera, but negligible organic
matter content.

The chemical compositions of major elements
were obtained with the Avaatech XRF core-
scanner (Avaatech, BV, Alkmaar, the Nether-
lands) available at Ifremer (Brest, France). The
selected measurement area was 8 mm, and the
step-size was set at 1cm. Each core was ana-
lysed at 10kV and 30kV. More than 25 major
elements were measured. The results are
expressed in counts per second (cps), corre-
sponding to a semi-quantitative measurement of
the element’s content that can be used to assess
the vertical variability of the chemical composi-
tion in the core. For the interpretation of these
curves in marine sediments, calcium Ca is con-
sidered a good indicator of carbonate content.
Iron Fe indicates the terrigenous fraction. They
have opposite trends, allowing the use of the
Ca/Fe ratio as a proxy for marine versus terrige-
nous sediment provenance. The zirconium/
rubidium ratio Zr/Rb is often used to evaluate
the grain-size variations (Richter et al., 2006;
Rothwell & Croudace, 2015; Wu et al., 2020). In
the study area, it presents a good consistency
with the grain-size measurements. Manganese
Mn variations in deep-marine environments
indicate redox front and appear useful to iden-
tify the end of turbidite decantation and the

transition to ‘normal’ hemipelagic sedimentation
in the recent deposits.

Stratigraphy and dating methods

The chronology of sediment cores was obtained
by combining several methods: radiocarbon dat-
ing on planktonic foraminifera, U and Th-series
nuclide measurements (*!°Pb, 2°°Th and %3*'Pa
excesses), oxygen isotope stratigraphy and
tephra identification.

Radiocarbon dating

Twenty-seven AMS radiocarbon dating results
were obtained on the studied cores (Table 2). For
each sample, about 10 mg of planktonic foraminif-
era (Globigerinae species) was picked out from the
>150mm fraction, washed in an ultrasonic bath
with distilled water and dried. These samples were
then analysed at the Beta Analytics Lab (London,
UK) and the LMC14 (Paris Saclay, ARTEMIS pro-
gram). Reported radiocarbon ages were corrected
for a marine reservoir effect and converted to cal-
endar years using CALIB Rev 8.2 (Stuiver
et al., 1998) with the calibration curve Marine20
(Heaton et al., 2020), and a regional AR = —40 + 31
(Yoneda et al., 2007). Calibrated kilo years before
the present will be referred to as ka cal sp.

U and Th-nuclides in boxcores

Previous works have demonstrated the interest
of short-lived nuclides like the (*'°Pb)., method
to infer the chronology of turbidite deposits of
the last century in marine sediments with high
sedimentation rates (e.g. Huh et al., 2004, 2006;
Dezileau et al., 2016; Lehu et al., 2016).
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Table 2. List of samples (10 mg of planktonic foraminifera picked in hemipelagic intervals) sent for AMS radio-
carbon dating at two laboratories LMC14 (Paris, Saclay) and Beta-Analytics (London).

Lab. Ref. Sample Age Br Err age Bp  2-sigma age cal Bp Median age cal Bp
MD18-3528 DeltaR = —40 +31 - Marine 21

60 309 MD18-3528 44-45 cm 12370 45 13 588-14 007 cal Bp 13 791 cal Bp*
59179 MD18-3528 84-85 cm 8565 35 8868-9266 cal Bp 9062 cal Bp*
60310 MD18-3528 415-416 cm 7390 35 7558-7867 cal BpP 7709 cal BpP
60311 MD18-3528 440-441 cm 10785 40 11 828-12 376 cal Bp 12 083 ca BP*
Beta — 524 643 MD18-3528 482-483 cm 10520 30 11 394-11 901 cal BpP 11 660 cal BpP
Beta — 524 644 MD18-3528 645-646 cm 12170 40 13 371-13 744 cal Bp 13 548 cal Bp
Beta — 524645 MD18-3528 1125-1126cm 15190 40 17 345-17 893 cal Bp 17 621 cal Bp
MD18-3529

60312 MD18-3529 126-127 cm 5710 30 5781-6157 cal BpP 5962 cal Bp
60313 MD18-3529 145-146 cm 7785 40 7948-8287 cal BpP 8106 cal Bp
Beta — 524 646 MD18-3529 164-165 cm 9000 30 9408-9742 cal Bp 9554 cal Bp
59178 MD18-3529 225-226 cm 10435 40 11 273-11 763 cal Bp 11523 cal Bp
60314 MD18-3529 260-261 cm 11595 45 12 768-13 110 cal Bp 12 956 cal BpP
Beta — 524647 MD18-3529 309-310 cm 12180 30 13 396-13 746 cal Bp 13559 cal Bp
59177 MD18-3529 820-821 cm 19650 90 22 740-23 041 cal Bp 22 786 cal Bp
MD18-3530

Beta — 509556 MD18-3530-BCc 17-18 cm 4540 30 4418-4793 cal Bp 4600 cal Bp
Beta — 509557 MD18-3530-8C 38-39 cm 7780 30 7951-8274 cal Bp 8101 cal Bp
Beta — 509558 MD18-3530 17-18 cm 9520 30 10 114-10 469 cal Bp 10 264 cal Bp
Beta - 509559 MD18-3530 125-126 cm 36 000 290 39 568-40 695 cal BpP 40137 cal sp*
59176 MD18-3530 140-141 cm 40400 1100 41 745-44 546 cal Bp 43 016 cal Bp*
MD18-3531

SacA63725 MD18-3531-Bc 34-35 cm 7675 40 7836-8166 cal Bp 7995 cal Bp
SacA63726 MD18-3531-BC 44-45 cm 8570 40 8867-9275 cal Bp 9068 cal B
Beta — 627 194 MD18-3531-BC 55-56 cm 9020 30 9426-9771 cal Bp 9579 cal Bp
Beta — 627195 MD18-3531 24-25 cm 11270 30 12 498-12 786 cal Bp 12 663 cal Bp
Beta — 627 196 MD18-3531 44-45 cm 11480 30 12 705-13 018 cal Bp 12 843 cal Bp
Beta — 627197 MD18-3531 63-64 cm 12 340 30 13571-13 976 cal Bp 13 748 cal Bp
Beta — 627 198 MD18-3531 122-123 cm 14 670 40 16 733—17 246 cal Bp 16 983 cal Bp
Beta — 627199 MD18-3531 129-130cm 15060 40 17 188-17 765 cal Bp 17 459 cal Bp

* . . .
Reworked material (inversion).

210phy and other useful U and Th-series
nuclides, such as 2*°Th and 2*'Pa, were then
measured by gamma-spectrometry in sediments
of the three boxcores MD18-3528-8c, MD18-
3529-sc and MD18-3530-8c. The first aim was to
check the applicability of the *'°Pb,, method
to get an insight into the sedimentation rates
and compare the results with those given by
radiocarbon dating. Detailed analytical tech-
niques and data can be found in the Data S1.

Oxygen isotopic stratigraphy

Oxygen isotope analyses were conducted on
small batches of Globigerinoides ruber, the
planktonic foraminifera that calcifies in the sur-
face layer. A total of 221 samples were collected
in 1cm thick sediment intervals, selecting

intervals of continuous sedimentation and
excluding reworked material (as turbidites): 112
samples for the core MD18-3530 and 109 sam-
ples for the core MD18-3531. Cores were sub-
sampled with sample spacing from 2 to 10cm
(adapted to the facies variations). On average,
fifteen specimens were picked out from the
>150mm fraction and analysed using a KIEL
isotope ratio mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) at IUEM (Univ.
Brest). The variations in 8'?0 obtained along the
sediment core are correlated with the LR04
world reference curve issued from benthic fora-
minifera (Lisiecki & Raymo, 2005) to distinguish
the last isotopic stages of the Quaternary and to
calibrate its fluctuations over several hundred
thousand years.
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Tephra analysis

Tephra layers were identified in the sequence
based on their high concentration of glass
shards, then analysed to track their source and
correlate them with other known distal tephra
in the area, to finally use them as stratigraphic
pointers. To this end, we carried out 258 ana-
lyses by EPMA (Electron probe microanalysis)
for major element compositions. A selection of
eight samples of volcanic glasses (tephra) from
one layer in core MD18-3530 and two layers in
core MD18-3531 was chosen (258 analyses).
Trace element compositions were obtained for a
selection of four samples, representative of each
tephra horizon, using the LA-ICP-MS (Laser
Ablation Inductively Coupled Plasma Mass
Spectrometry) method. Sr-Nd-Hf-Pb isotopic
compositions were obtained on a selection of
volcanic glasses from the same levels using the
(MC)-ICP-MS method. The analytical procedures
and results are detailed in Data S2.

RESULTS

Surficial structure of the sedimentary
succession

The Hateruma basin
Five Chirp profiles are used to describe the
superficial structure of the basin infill (Fig. 3).
Lines 15 and 26 trending WNW-ESE belong to
the same ship track, but the record was inter-
rupted over a few kilometres. Three types of
acoustic facies are identified in the Chirp pro-
files: stratified units, transparent units and cha-
otic units, giving the metric-scale internal
organisation of the depositional units.
Transparent units are thick in the deepest part
of the basin and become thinner laterally
(Fig. 3). The base of these thick deposits erodes
the underlying stratified units. It is particularly
visible at the base of the deepest transparent
unit (lines 20 and 15 in Fig. 3). The geometry of
the transparent depositional units (erosive base
and thickening in the deep basin) suggests a
gravity-driven origin, and the acoustic facies is
similar to ‘homogenite’ facies, as defined by Cita
et al. (1996), in the Mediterranean Sea. Four
main transparent units (TU1 to TU4) are identi-
fied in line 15 (Fig. 3) and are sampled by the
long sediment cores MD18-3528 and MD18-
3529. The most recent transparent unit located
near MD18-3529 shows a complex and irregular
shape with two thickening sedimentary bodies

(Fig. 3). Chaotic units are characterised by disor-
ganised reflectors, suggesting deformed accumu-
lation as mass-transport deposits. They are
several meters thick in lines 15 and 22 (purple
in line 15, Fig. 3). The lateral extension of these
units in line 26 is unclear. Stratified intervals
with low to moderate amplitude in Chirp pro-
files are typical for marine sedimentation, with
parallel reflectors corresponding to pelagic
deposits. High-amplitude and continuous reflec-
tors could be related to turbidite deposits (alter-
nating sand/silt and muddy layers).

Mini-basin within the outer-arc high

sheared zone

The core MD18-3531 was collected in a small
confined basin, named ‘mini-basin’ at the top of
the outer-arc high sheared zone (Fig. 2). The
mini-basin floor is 7.5km long and 3 km wide,
at water depth between 3600m and 3630m
(Figs 2 and 3) with reliefs around between
2700m and 3500m of water depth. The sedi-
mentation is fed by hemipelagic sediment and
mostly by local gravity-driven processes. It can-
not be ruled out that turbidites originating on
the insular slope could reach this small basin
via a pass located to the northeast of the small
basin at a depth of 3200 m (Fig. 2).

The Chirp profile 31 (Fig. 3) crosses the basin
floor in the longitudinal axis. It shows a com-
plex geometry of the recent deposits with a
structural and morphological high in the centre
of the basin. It corresponds to an anticline
bounded by two faults reaching the seafloor
(Fig. 3). The growth strata support that these
structures were recently active. The anticline
divides the small basin into two sub-basins,
where recent depositions are thicker than at the
top of the anticline. The mini-basin infill is
characterised by a succession of units with
mixed transparent and chaotic units and high-
amplitude laminated units (Fig. 3). Depositional
geometry also suggests a high contribution of
gravity-driven deposits in the basin infill.

Sedimentary facies in the sediment cores

Sedimentary facies are based on lithology, grain
size, sorting and sedimentary structures, such as
grading, laminations, erosional surfaces and bio-
turbations (Figs 4 and 5).

Hemipelagic sedimentation
The first sedimentary facies described in all
cores is muddy bioturbated accumulations,
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Fig. 3. Chirp profiles (sediment profiler) acquired near the four core sites of the western part of the Hateruma
basin and along the mini-basin. The longitudinal profile is a composite profile with line 15 and line 26 (with a
data gap of 8km long between the two profiles) and is presented with a continuous interpretation. The three
cross-lines 20, 22 and 28 are displayed in perspective (see location in Fig. 2). Core locations and lengths are indi-

cated in red.

composed of poorly sorted silty-clay. No clear
and continuous horizontal laminations are
observed. Grain-size measurements provide a
median around 10m to 200 pm (Fig. 4A). Fora-
minifera are observed in the sieve residue
(>63 pm). These facies are interpreted as hemi-
pelagic sedimentation.

Glass shard and pumice-rich layers

Three individual glass shard and pumice-rich
layers (hereafter referred to as tephra layer),
from 2 to 200cm thick, are identified in two
cores: one in MD18-3530, from 1075 to 1115 cm
bsf (below sea floor) and two in MD18-3531,
from 600 to 604 cm and from 1495 to 1699 cm

bsf. They consist of very-fine sandy layers, with
a median grain size around 100pm (Fig. 4B),
mainly composed of small, sharp and vesicu-
lated particles of volcanic glass corresponding to
fine volcanic ashes, associated with other com-
ponents in variable proportions, such as carbon-
ate particles (including numerous microfossils)
and mineral grains. The gamma-density of these
layers is lower than that of hemipelagic
sediment.

The tephra layer of MD18-3530 is a 40cm
thick deposit with sharp basal contact (Fig. 4B
and Data S2: Fig. S1). The particle grain size is
quite homogeneous with a normal grading along
the upper 10cm. The proportion of glassy
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Fig.4. Sedimentary facies of the main deposit-types identified in the cores: X-Ray radiography, photographs (with
the location of the samples for grain-size laser measurements), coloured representation of grain-size distribution.

volcanic fragments varies from around 50% near
the base of the deposit to ~80% for a sample in
the finer interval between 1087 and 1091 cm bsf
(Data S2: Table C).

The upper tephra of MD18-3531 (600 to
604 cm) is ~3.5 cm thick and composed of very-
fine particles dominated by volcanic glass (60 to
70%). It is characterised by a sharp basal surface
and horizontal laminations of dark and lighter
colours.

The lower tephra layer of MD18-3531 (1495 to
1699 cm) is a succession of ~2m thick multiple
layers (amalgamed beds of 5-to-50cm thick
showing normal grading in each individual
bed). The grain size ranges from silt to fine sand.
The proportion of glassy volcanic particles var-
ies considerably from one bed to another, from

less than 10% for some glass-poor laminations
to more than 60%. The lithological composition
of this thick, bedded tephra layer indicates sedi-
ment reworking with various degrees of mixing
between glass shards and sediments. All the
beds are probably secondary volcanic deposits,
but the high content of volcanic particles and
their morphology (small, sharp and vesiculated
particles) suggest that reworking processes and
near-seafloor transport are probably short
and occurred shortly after the primary volcanic
shard deposition.

Debrites

Some deposits observed in the core MD18-3530
are very disorganised. Their thickness varies
from 30cm to 2.5m. They are mainly muddy,

© 2025 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology

85UB017 SUOWIWOD BAITeRID 9 |gedi(dde au Ag peusenob ae sejoiie WO ‘8sn J0 Se|n Joy AkelqiauluO A8]1IAN UO (SUOIIPUOD-pUe-SWLB)W0o" A8 | 1M AfeIq 1 pU1|UO//SANY) SUONIPUOD PUe SWe | 8y} 88 *[S202/60/T0] Lo Akeiqiauliuo Ae|IM eAllde1-eqnopesy Aq €700, PSS/TTTT OT/I0p/wWod A8 1M Aeigjeul|uo//sdny wo.j pspeojumod ‘0 ‘TE0ESIET



Submarine gravity-flow events in S-Ryukyu forearc 13

Homogenite / mega-deposit facies

MD18-3529 S03/10 (400-420 cm)

1 10 100 1000

MD18-3529 (355-775 cm) 400
K%}
Sad g
¢ fimes
300— 410
- 420
| Interpretation X -Ray Photography  Grainsize (um)
400 —E
- MD18-3529 S05/10 (620-640 cm)
T 1 10- 100 -1000
- 620
500—]|
5
—|o
S —
£ -
8y =
3 60— —
[} = terpretation X-Ray Photography  Grainsize (um)
° L
o MD18-3529 S06/10 (750-775 cm)
:é. 750 — . 110 100 1000
700—|°f :
- 760 1 § »
E — ﬁ
800— = o
] 4 Interpretation Photography Gramslze (um)
900 - 1 Hemipelagic Mud 0 amount (%) 10

I: Grey homogeneous mud

NN .

[ Jsand Grainsize spectrum scale

Fig. 5. Sedimentological log showing an example of mega-deposit (mega-turbidite overlaid by an homogenite)
identified in the core MD18-3529, details of three sedimentary intervals of this deposit with line-drawing of the
sedimentary structures, X-Ray Images, photographs, coloured representation of grain-size distribution.

and most of the biggest elements are mud clasts
(centimetric size) with a composition like the
matrix. Elements are not sorted, and some are
deformed, showing folded internal laminations.
The muddy matrix supporting centimetric ele-
ments suggests the interpretation of debris-flow
deposits or debrite (Mulder & Cochonat, 1996).
Note that the most recent debrite of MD18-3530
contains coarse sand, gravel particles and centi-
metric calcareous fragments coming from coral
reefs (block visible in Fig. 4C).

Turbidites

Numerous sandy and silty deposits identified in
all cores (Fig. 4D, 4E, 4F) present shared sedi-
mentological characteristics. They all have a

sharp or erosional basal contact, horizontal lami-
nations and show normal grading. In some
cases, the interval of fine or very-fine sand
shows small cross laminations typical of ripple
structures. Bioturbations (mainly burrows) are
also observed in the upper muddy interval. In
the deep marine environment, they typically
present the characteristics of turbidites. The
grain size at the base of the deposits varies from
silt/fine sand (Fig. 4D) to coarse sand (Fig. 4F),
and the thickness is also variable from 1 to 2 cm
for fine-grained deposits to 3m for the thickest
sandy deposits of MD18-3528.

The silty intervals are generally a few cm
thick (<10cm). They are mainly composed of
small particles of quartz. The sandy intervals
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generally have a mixed composition. They can
be dominated by foraminifera tests and frag-
ments (calcareous source), by quartz and meta-
morphic particles, as for example micas,
amphibole (detrital source) and more rarely by
reworked ashes (volcanic source). The thick
sandy deposits are dominated by mixed calcare-
ous tests and fragments, such as small fragments
of mollusc shells, coral and bryozoan, and ben-
thic and planktonic foraminifera. They are com-
posed of a succession of normally graded layers
separated by erosional surfaces. These deposits
correspond to multi-pulse sandy turbidites
(Fig. 4E) and suggest a simultaneous initiation
of multiple turbidity currents, as showed for
example by Van Daele et al. (2017).

Mega-deposits

Mega-deposits consist of thick deposits (2.5 to
5.5m thick in the cores), composed of a well-
sorted and normally graded sandy layer at the
base (median grain size up to 400 pm), fining-
upward to a silty interval and covered by a thick
homogeneous silty-clay to clay layer (Fig. 5).
The sandy and silty intervals are well lami-
nated. Sandy intervals are composed of mixed
calcareous and detrital particles and silty terms
are clearly dominated by quartz and some meta-
morphic particles (detrital source). The homoge-
neous muddy interval is composed of
homogeneous grey clay with a low content
of silt and without sedimentary structure (no
noticeable lamination, no bioturbation, no fora-
minifera). The average median of grain size is
around 8 to 10 um. The absence of foraminifera
indicates that this is the result of a ‘gravity’ set-
tling of clayey sediment. As foraminifera are
coarser and heavier particles than clay, they
are concentrated in the basal sandy part of the
mega-deposit. This characteristic clearly distin-
guishes the homogeneous muddy layer of the
mega-deposit from a hemipelagic deposit. Such
homogeneous muddy layers are documented in
other deep-sea contexts as ‘homogenite’ (Cita
et al., 1996; San Pedro et al., 2017). It corre-
sponds to the settling of a large volume of

suspended clay, generally associated with a cat-
astrophic event such as a large tsunami, generat-
ing the re-suspension of a large sediment
volume on the shelves and the upper slopes.

Sedimentary successions in calypso cores

The core MD18-3528 contains 24 sandy turbidites,
including a 3 m-thick multipulse sandy turbidite
and 2 mega-deposits, interbedded with thin and
rare hemipelagic intervals (Fig. 6). In terms of
thickness, sandy layers represent 54%, silty layers
6% and muddy layers 40%. Sandy turbidites are
enriched in calcium Ca due to the high content of
calcareous debris. In contrast, the enrichment in
iron Fe follows the clay content and is high in
hemipelagic and homogenite layers (XRF curves
in Fig. 6). Low values of magnetic susceptibility
are visible in calcareous sand, indicating the low
content of detrital mineral. Terrigenous sediments
are more abundant in the silty fractions, especially
in the silty interval of mega-deposits marked by
higher values of magnetic susceptibility.

The core MD18-3529 contains a succession of
fine-grained and sandy turbidites, and at least
two mega-deposits alternating with hemipelagic
layers (Fig. 6). In terms of thickness, sandy
layers represent 16%, silty layers 8.5% and
muddy layers 75.5%. The thick sandy layer at
the top of the core could be the base of the most
recent mega-deposit.

The core MD18-3530 contains a succession of
67 turbidites (fine-grained and sandy turbidites),
3 debris flow deposits (named DF1 to DF3) and
a tephra layer interbedded with hemipelagites
(Fig. 7). In terms of thickness, sandy layers rep-
resent 12% (including volcanic sand), silty
layers 5% and muddy layers 83%. As in MD18-
3528 and MD18-3529, sandy and silty turbidites
are enriched in Ca and show low Fe content.
The tephra deposit, identified at about 11 m bsf
(purple in Fig. 7), is characterised by low den-
sity and a low Ca/Fe ratio, and grain size ranges
from fine to very-fine sand (Fig. 5).

The core MD18-3531 (Fig. 7) is composed of a
succession of fine-grained turbidites, sandy

Fig. 6. Sedimentological logs of the Calypso cores MD18-3528 and MD18-3529, curves of gamma density and mag-
netic susceptibility, curves of the element ratio log(Ca/Fe), coloured representation of the grain-size distribution,
median D50, curves of the element ratio log(Zr/Rb), location of radiocarbon dating (red arrows) and median value
in ka cal Bp, green bands for hemipelagic deposits, yellow for sandy and silty intervals and grey for grey homoge-

neous mud (homogenite).
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Fig. 7. Sedimentological logs of the Calypso cores MD18-3530 and MD18-3531, curves of gamma density (black)
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turbidites and tephra layers interbedded with amalgamated sandy turbidites. The two tephra

hemipelagites. In terms of thickness, sandy layers (purple in Fig. 7) are described in the pre-
layers represent 21% (including volcanic sand), vious section. Below the lower tephra layer, tur-
silty layers 6.5% and muddy layers 72.5%. A bidites are thicker than above, with four sandy
thick sandy deposit is described between 3 and intervals exceeding 30 cm. The top of these tur-
5m bsf, composed of a succession of three bidites presents a grey homogeneous clayey
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Submarine gravity-flow events in S-Ryukyu forearc 17

layer. These layers are too thin to be qualified as
true homogenite (<40cm thick) but share simi-
lar sedimentological characteristics. Finally, the
base of the core MD18-3531 is composed of a
1.5 m-thick homogenite, probably corresponding
to the top of a mega-deposit.

Surface sediment in boxcores and continuity
with calypso cores

The boxcore MD18-3528-Bc is 12cm long and
contains brown hemipelagic silty-clay (Fig. 8).
The top of the related Calypso core MD18-3528
begins with a succession of sandy turbidites.
There is no common sediment in Calypso and
boxcore at this site, indicating a gap of sampling
in the last metre of sediment.

The boxcore MD18-3529-8c is 54 cm long and
shows two units (Fig. 8). The upper unit
between 0 and 29 cm bsf (below the seafloor) is
composed of brown mud (silty-clay) and shows
laminations in the 23 to 29cm bsf interval.
These laminations correspond to variations in
the manganese Mn curve, indicating redox varia-
tions in the sediment (Mn high values in Fig. 8).
The lower unit between 29 and 45cm bsf con-
sists of grey homogeneous mud suggesting a
homogenite facies. The top of the related
Calypso core MD18-3529 consists of a 75cm-
thick sandy layer (Fig. 8). Despite bad preserva-
tion of the core top and a possible flowage of
sand during the coring process, this sandy layer
of the Calypso core could correspond to the
basal part of the mega-deposit linked to the
homogenite facies described in the boxcore. As
for the MD18-3528 site, the connection between
Calypso and the boxcore is not possible.

The boxcore MD18-3530-Bc is 60 cm long and
shows a succession of three fine-grained turbi-
dites interbedded with hemipelagic layers
(Fig. 8). Ca/Fe and Zr/Rb ratios highlight three
turbidites with the increases in grain size and
calcareous debris. The upper part of the deeper
turbidite is characterised by grey mud contrast-
ing with the brown hemipelagic mud. The same
limit is visible at the top of the Calypso core at
6cm (Fig. 8). Similar colour contrasts, Ca/Fe
and Zr/Rb variations, and radiocarbon dating are
consistent to correlate the limit at 51 cm bsf in
the boxcore with the limit at 16 cm bsf in the
Calypso core (red arrows in Fig. 8).

The boxcore MD18-3531-8Bc is 60 cm long and
shows a muddy succession with subtle colour
and grain-size contrasts. Ca/Fe curves indicate
two fine-grained turbidites interbedded with

hemipelagic layers (Fig. 8). The correlation of
the top of the Calypso core and its associated
boxcore is also provided by a combined
approach including the analysis of the facies
succession considering the occurrence of fine-
grained turbidites, the variability of chemical
ratio (Zr/Rb and Ca/Fe) and the Mn curve
(Fig. 8) and the interpretation of radiocarbon
dating. Seven radiocarbon ages obtained in
hemipelagic sediment allow estimating that the
deeper fine-grained turbidite identified in
the boxcore could correspond to the uppermost
turbidite observed in the Calypso core (Fig. 8).

Core chrono-stratigraphy

Radiocarbon dating and sedimentation rates
Twenty-seven radiocarbon ages were measured
(Table 2). Six measurements show reversed ages
in the vertical chronology of the cores (in grey
in the Table 2). The age inversions indicate that
some dating was performed on reworked mate-
rial. The samples were probably collected at the
transition between turbidite, because the top
boundary of the turbidite is often difficult to
identify accurately.

The calibrated median ages in ka Bp are pre-
sented in Figs 6, 7 and 8. Uncertainties in the
calculation of hemipelagic sedimentation rates
are high because of (1) uncertainties of the
boundaries determination between hemipelagic
and reworked muddy deposits, (2) probable ero-
sion of hemipelagic sediment at the base of
gravity-flow deposits and (3) compaction pro-
cesses inducing differences between surface and
buried sediments. The average rates for hemipe-
lagic sedimentation, based on radiocarbon dat-
ing, are indicative. They are around 7 to 9
cm/kyr for MD18-3528 and MD18-3529, with
cumulative thicknesses of hemipelagic sedimen-
tation of 155 cm above the radiocarbon dating of
17.6ka cal Bp for the core MD18-3528 and
160 cm above the radiocarbon dating of 22.8 ka
cal Bp for MD18-3529. They are around 3 to 4
cm/kyr for MD18-3530 (31cm of hemipelagic
sediment above the dating of 10.2ka cal sp)
and around 5cm/kyr for MD18-3531 (100cm
of hemipelagic sediment above the dating
of 17.5ka cal Bp). Total sedimentation rates
(including gravity-flow deposits) can be calcu-
lated using radiocarbon data for the core MD18-
3528 and MD18-3529 because of the
good vertical distribution of radiocarbon dating
along the cores. They are about 64 cm/kyr for
MD18-3528 and about 38 cm/kyr for MD18-3529.
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Fig. 8. Sedimentological characterisation of the four Boxcores (top part) and the first sections (S1 - first 150 cm of
sediment) of the four associated CALYPSO cores (bottom part) showing photographs, magnetic susceptibility (red
curve), gamma density (black curve), sedimentological log (legend below MD18-33528-8c), graphs of major element
ratio Log(Ca/Fe) in blue, log(Zr/Rb) in black and variation curve of Mn counts in green, and radiocarbon dates
indicated in red (median value ka cal Bp, Rw for reworked material).

The base of the core MD18-3528 probably
reaches ~18ka BP and core MD18-3529 could
cover the last 25 kyr. The correlation of the two

cores with the Chirp profile (line 15 in Fig. 3)
provides a good consistency of acoustic trans-
parent units in the Chirp profile with the mega-
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deposit in the cores. The lower mega-deposit of
MD18-3528 is correlated to the upper mega-
deposit of MD18-3529 by the continuity of a
transparent acoustic unit (TU2 in the chirp line
in Fig. 3). The radiocarbon dating above this
mega-deposit, named MD2 in MD18-3528, gives
a median age of about 17.6 kacal Br. Below the
MD2 deposit in MD18-3529, the median radio-
carbon age is 22.8kacal Br. Between the two
datings and the MD2 deposit, 20 and 30cm-
thick hemipelagic sediment is preserved, indi-
cating that this event is approximately in the
middle of this interval. The MD2 deposit is
potentially a good stratigraphic marker dated
around 19 to 21 ka Bp.

Radiocarbon dates on MD18-3530 and MD18-
3531 are limited to the first meters of the core
and provide low rates for the total sedimenta-
tion. In MD18-3531, the last 20ka Bp are
recorded in these first two meters. In MD18-
3530, only one radiocarbon dating is available
(10ka Br in the upper part of the first section)
indicating a condensation of the sedimentary
succession toward the MD18-3530 site.

U and Th-series nuclides in the boxcores of
the Hateruma Basin

The upper 10cm of both MD18-3529-sc and
3530-Bc are mainly composed of clay minerals
with high Al and K contents in the sediments,
and a small proportion of carbonates, estimated
at 10 to 13% in the superficial layers (see
Data S1: Table B). The proportion of carbonates
increases with depth, with higher Ca and lower
Al and K contents. The turbidite layers in
MD18-3530-Bc have the highest carbonate con-
tent (e.g. around 25% for the 41 to 42 cm layer),
and the muddy layers composing the upper part
of turbidites are also carbonate-rich. Because of
the often-difficult distinction between muddy
turbidites and typical hemipelagic sediments,
we consider that these latter are best represented
by the upper 10cm of sediment with high Al
and K contents.

?1ph,, data. The Fig. 9A and 9B display *'°Pb,
*2Ra and *'°Pb,, versus depth for MD18-
3530-8c and 3529-sc. In the first 8 to 10cm,
*2%Ra tends to slightly increase with depth in
both cores, and the ?'°Pb,, profiles are similar
and show a rapid decrease with depth. The
#26Ra profiles can be explained by its loss by dif-
fusion from the sediment to bottom seawater, as
observed and modelled in sediments from NE
Pacific by Kemnitz et al. (2023). Although

displaying some outliers, the *'°Pb,, profiles of
the first 10cm can be reasonably fitted by an
exponential curve. Interpreted in terms of sedi-
mentation (v) or mass accumulation (w) rates,
these data would give sedimentation rates of 64
cm/kyr and 110cm/kyr (or 54 g/cm®/kyr and
92 g/cm®/kyr) for MD18-3530-8c and 3529-BC
respectively.

These values are around a factor of 16 higher
than the sedimentation rates derived from '*C
ages (see Section 4.5). Exponential decreases of
219ph,, are frequently observed in superficial
sediments of deep oceanic basins (e.g. Hender-
son & Anderson, 2003) and they are usually
explained by an advection-diffusion process
due to bioturbation in the upper mixed layer of
the sediment. It is thus most likely that the
observed *'°Pb,, profiles in the boxcores result
from the same process, which has been mod-
elled by Guinasso & Schink (1975) and Ander-
son et al. (1988). They showed that the
evolution of the activity A of the nuclide with
depth z can be described by an exponential
equation:

A= Ag.exp [—V_ V(' 1 44D) (1)

2D z

where D (or Dg) is the mixing coefficient in
cm?®/yr. Assuming that the true sedimentation
rates v are those derived from the younger '*C
ages measured in the MD18-3529 and MD18-
3530 cores, mixing coefficients of 0.25cm?®/yr
and 0.12cm®/yr can be calculated for cores
MD18-3529-sc and 3530-Bc respectively. They
fall in the range found in most deep oceanic
sediments (Boudreau, 1994; Henderson & Ander-
son, 2003), and are comparable to mixing coeffi-
cients calculated by Yang et al. (1986) from
219pb,, profiles in NW Pacific deep sediments
(0.1 to 0.6 cm?/yr).

Another argument to discard *'°Pb,, data as
indicative of sedimentation rates is provided by
the data of artificial, bomb-related **’Cs and
*1Am radionuclides that reached their peak
activities in the atmosphere around 1963. They
are only present in the upper 4cm of both
MD18-3529-8c and 3530-Bc. Moreover, in the
MD18-3530-Bc, with the lower mixing rate, most
of the activity is found in the surface layer. If
the highest '*’Cs and **'Am activities found in
the upper 0.5cm of the MD18-3530-Bc corre-
spond to the 1963 atmospheric peak, then the
sedimentation rate should be lower than 0.009
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Fig.9. (A) Activities/g of 210ph, 226Ra and (*'°Pb)., versus depth z in MD18-3530-gc. While (3%5Ra) slightly
increases in the upper 10 cm of hemi-pelagic sediments (HS), it shows significant variation in the deeper sediment
layers. The *?°Ra peaks are correlated with the Mn peaks, which develop near the top of layers overlying a turbi-
dite (T). The ('°Pb) evolution parallels the evolution of (**°Ra). The (*'°Pb).x profile is the result of sediment mix-
ing, with a calculated mixing coefficient Dy of 0.12 cm?/yr. Interpreted in terms of sedimentation rates (‘v’ or ‘w’),
this profile would give unrealistic rates. (B) Activities/g of 210ph 226Ra and (*'°Pb).y versus depth z in MD18-
3529-Bc. The apparent *'°Pb deficit centred on the **°Ra peak is due to a recent **°Ra adsorption onto MnQ,. The
(*'°Pb),y profile allows calculation of a mixing coefficient Dg of 0.25 cm?®/yr. (C): K,0O and eqTh/K,O ratios versus
depth in the MD18-3529-p¢ core. eqTh means equivalent Th, assuming ?**Th-***Ra equilibrium. The smaller K,O
content in the lower part of the core results from a dilution due to the higher carbonate content of these layers
overlying a turbidite. However, as Th and K are both essentially contained in clay minerals, their ratio remains
nearly constant, except near the Mn peak, due to **’Ra excesses or deficits. (D) (**'Pa)g .qs (in dpm/g) versus depth
in the MD18-3529-5c core. (**'Pa)g .qs is nearly constant in the upper hemipelagic sediments but has lower values
below 23 cm depth, in layers with higher carbonate contents (homogenite) overlying a turbidite (see text for fur-
ther discussion).

cm/yr or 9cm/kyr [0.5/(2020-1963)], in agree-
ment with sedimentation rates derived from *C
dates.

?2Ra mobility and its influence on *'°Pb,
profiles. Below the upper 10 cm, **°Ra displays
significant variations in MD18-3530-8¢ (Fig. 9A).
But the largest **°Ra values are found in the
core MD18-3529-ec, at around 30cm depth
(Fig. 9B). The **°Ra peaks in both MD18-3530-Bc
and MD18-3529-8c occur at the same depth as
the Mn peaks (Fig. 8), whose position is also
reported in Fig. 9. The Mn peaks are interpreted
as the result of MnO, precipitation at the
sediment-water interface after an episode of tur-
bidite and homogenite deposition (Polonia
et al., 2012; McHugh et al., 2016). **°Ra is easily

absorbed onto MnO,, and the correlation
between the **°Ra and Mn peaks is thus not sur-
prising. The nearly superimposed *°Ra and
#19ph profiles suggest that most *'°Pb is radio-
genic *'Pb  produced by ingrowth from
adsorbed ?*°Ra that reached radioactive equilib-
rium with ?*°Ra. This example demonstrates the
importance of measuring both *'°Pb and **°Ra
for each analysed layer, instead of extrapolating
*?°Ra values measured in the upper layers or
taking the supported *'°Pb value at depth as a
measure of **°Ra. Such estimations would have
resulted in artificial *'°Pb,, peaks.

Besides this enrichment in ?*°Ra linked to
MnO, precipitation following the turbidite
deposition, there is also evidence of recent
mobility of Ra isotopes. A detailed examination of
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the ?'°Pb,, profile around the Mn and **°Ra peaks
of MD18-3529-Bc suggests that **°Ra adsorption
onto MnO, might also have occurred recently, that
is, in the last decades. Indeed, *'°Pb deficits are
present at the same depth as the ***Ra peak and
small *'°Pb excesses are found just below this peak
(Fig. 9B). Such disturbances probably result from
recent adsorption onto MnO, of **°Ra transported
by the upward movement of fluids, due to sedi-
ment compaction and/or bioturbation and/or to
expulsion of fluids resulting from earthquake-
induced shaking.

Moreover, this recent mobility also affects
*25Ra, the other relatively long-lived Ra isotope
(T=5.75yr). This is illustrated in Fig. 9C, where
apparent ***Th excesses and deficits are present
in and below the layer showing the Mn peak
(Fig. 9C and Data S1). This ***Ra redistribution
must necessarily have occurred within the last
30 yr.

Long-lived nuclides ?’°Th and **'Pa. Although
20Th and ?*'Pa are difficult to analyse by
gamma-spectrometry and can only be measured
with large uncertainties (see analytical tech-
niques in Data S1), their interest in studies of
oceanic sedimentation justifies consideration of
these results. Indeed, **°Th, produced by the
decay of ***U in the ocean, is quantitatively
adsorbed onto particles and transferred to the
sediment. In the absence of lateral import or
export of sediments, the activity/g of adsorbed
230Th measured in sediment, (**°Th).qs, can be
directly related to the mass accumulation rate of
sediment w (g/cm?®/yr) at a given water depth
(e.g. Francois et al., 2004). Indeed, the #*°Th flux
Frn (e.g. in dpm/cm?/yr) produced in a water
column of depth z (m) with a given (***U) activ-
ity (dpm/L) and the (***U/?**®U) activity ratio of
seawater (R =1.147) is simply:

FThZO.l}\QgO H(zaSU)Z (2)

(**°Th),,, (dpm/g) = Fr,/w or Fry/pv,  (3)

(**°Th).qs is calculated by subtracting from the
measured **°Th the supported **°Th (in radioac-
tive equilibrium with ?**U in the detrital compo-
nent) and the radiogenic *’°Th produced by
234U decay in the authigenic minerals like car-
bonates or Fe, Mn oxides (e.g. eq. [18] in Fran-
cois et al., 2004).

*31pa is less particle-reactive than **°Th but is
still useful in discussing sedimentation pro-
cesses. In particular, the (**'Pa).qs/(***Th)aqs

ratio is often used as an indicator of particle
fluxes in the ocean, or biological productivity in
oceanic areas where most particles are of bio-
genic origin, like in the South Pacific (e.g. Hen-
derson & Anderson, 2003; Chase, 2008).
(**'Pa),qs is calculated in a similar way as
(**°Th)aqs, by subtracting from the measured
(**'Pa) activity the supported activity (in equi-
librium with ?**U in the detrital component)
and the radiogenic ?*'Pa produced by decay of
23U in authigenic minerals.

Corrections for both radiogenic **°Th and
*31pa are negligible, since most U is of detrital
origin, as confirmed by the crustal Th/U ratios
close to 5 (Table 3). The initial (***Th)g.qs and
(**'Pa)g.aqs values at the time of deposition of
each sediment layer are calculated using the
ages t interpolated from the '*C dates, following
the usual equation: Ay = A.exp(At).

Weighted average values of (**°Th)g.qs and
(231Pa)0,ads’ and the (2SlPa)O,ads/(zsoTh)O,ads ratio
are calculated from the data of the upper 10 cm
of cores MD18-3529-8c and 3530-Bc, which are
thought to best represent typical hemipelagic
sediments (Table 3). The average values of
(**°Th)g.aqs are then used to calculate the sedi-
mentation rates from Eq. (3). The **°Th flux Fry,
is estimated from Eq. (2), using the average U
content measured by Chen et al. (1986) in
Pacific waters at 31°N (3.26 ng/g). The calcu-
lated mass (w) and linear (v) accumulation rates
are reported in Table 3. w varies from 2 to 2.8 g/-
cm?/kyr and v from 2.4 to 3.9 cm/kyr. These sed-
imentation rates are smaller than those
calculated from the most recent '*C dates for
MD18-3529-8c (3.6 cm/kyr  compared to
6.8 cm/kyr) and 3530-Bc (2.4 cm/kyr compared
to 3.7 cm/kyr) but are clearly of the same order
of magnitude. The difference between the calcu-
lated rates might be explained by a lateral
import of sediment, with ‘focusing factors’ f
(Francois et al., 2004) of 1.9 and 1.5 for MD18-
3529-sc and 3530-Bc respectively. In any case,
the rates derived from adsorbed *’°Th confirm
the low hemipelagic sedimentation rates in the
Hateruma Basin.

Average (**'Pa)gaqs/(**°Th)gaqs Tatios in the
top hemipelagic sediments vary from 0.09 & 0.02
(MD18-3528-8c and 3530-Bc) to 0.13 £0.02 in BC
3529. The first value is similar to the production
ratio of these radionuclides in oceanic seawater
(0.093). The higher ratio in MD18-3529-8c could
reflect lateral transport of the less particle-
reactive **'Pa (compared to **°Th) by advection
or diffusion toward a zone of high particle flux
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Average values of K,0, Th, U, (***Th)g aqs and (**'Pa)g aqs in MD18-3528-8c, 3529-8c and 3530-Bc boxcores, for the upper layers considered as typi-
cal hemi-pelagic sediments. The reported uncertainties are 16 standard deviations of the data (the number of analyses is n=3, 12 and 11 for MD18-3528-Bc,

3529-8c and 3530-Bc respectively). w and v are the mass and linear accumulation rates derived from the initial adsorbed 2*°Th, (**°Th)g aqs.

Table 3.

V (cm/ka)

W (g/cm?/ka)

(231P3/230Th]0,ads

(ZSOTh]O,ads [231Pa)0,ads
Th/U dpm/g dpm/g

U (ppm)

Th (ppm)

K0 (%)

Cores (water depth)

9.21+0.44 1.91+0.16 4.81+0.55 3.45+0.8 0.304+£0.029 0.088 £0.022 2.7+£0.2 3.9+0.7

2.53+0.13

MD18-3528-8c (3511 m)

3.6+0.7
2.4+0.6

2.8+04
2.0+04

11.4+0.3 2.42+0.18 4.724+0.36 3.19+0.73 0.126 £0.017 0.126 £0.017
4.39£0.88

3.18 £0.10

MD18-3529-B¢ (3480 m)

0.091 £ 0.018

0.091 +£0.018

11.3+0.2 2.25+0.19 4.99+0.45

3.07 +£0.03

MD18-3530-8¢ (3329 m)

at the MD18-3529 site (Henderson & Ander-
son, 2003, 2003b). This is coherent with the
higher sedimentation rate observed at this site
(Table 1). Such correlations between the (**'Pa),,
ads/(?*°Th)g .45 Tatios and the sedimentation rates
are indeed commonly observed (Henderson &
Anderson, 2003 and references therein).

It should be noted that both (**°Th)g.4s and
(**'Pa)g..qs have lower activities/g in the lower
layers of MD18-3529-8c and 3530-Bc (see
Data S1). This is illustrated for (**'Pa)g aqs.
where (**'Pa)g.qs is plotted versus depth in
MD18-3529-8c (Fig. 9D). As the proportion of
carbonates is higher in these layers, the lower
(**'Pa)g aqs values partly result from a dilution of
the clay component, **'Pa being certainly less
adsorbed onto carbonate particles than onto clay
minerals (Chase et al., 2003). But the lowest
(**'Pa)g.aqs values suggest an origin of this sedi-
ment, interpreted as homogenite overlying a tur-
bidite layer, from areas at shallower depth, with
smaller (**'Pa)g .4 values.

5'%0 isotopic stratigraphy

5'®0 curves obtained along the cores MD18-3530
and 3531 are interpreted in comparison to the
global reference curve for benthic foraminifera
LR04 (after Lisiecki & Raymo, 2005), providing
the limit of the Marine Isotopic Stages (MIS)
and also in comparison with regional curves
obtained on planktonic foraminifera. In Fig. 10,
the 80 curves in the core RN87-PC4 (Xu &
Ujiie, 1994), located to the south of the Hater-
uma basin (Fig. 2) and in the core MD01-2422
(Matsu’ura et al., 2021), located to the east of
Kyushu Island (Fig. 2), are also displayed.

Along the cores MD18-3530 and 3531, values
of 8'"0 vary between —0.3%, and -2.3%,
(Fig. 10 and Data S3). The heavy values in
planktonic foraminifera are interpreted as corre-
sponding to glacial stages and the low values as
interglacial stages. The top of both cores is cali-
brated with the radiocarbon ages and shows
good consistency of isotopic data for the last
20ka Bp (Fig. 10). To facilitate the interpretation,
5'®0 curves are displayed along a vertical col-
umn corresponding to the cumulated thickness
of hemipelagic deposits alone, with subtraction
of instantaneous gravity-flow deposits. The cor-
rected depth determination without turbidites is
provided in the Data S4. Despite a gap of §'°0
data during the MIS 2 in core MD18-3530, the
succession of MIS 3 to MIS 7 is identified, pro-
viding the stratigraphy of MD18-3530 over the
last 200 kyr (Fig. 10). Similarly, the
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Fig. 10. Global curve of %0 of
benthic foraminifera established by
Lisiecki & Raymo (2005) for the last
200 kyr (in red), cumulated
hemipelagic successions for the
cores MD18-3530 and MD18-3531
with 8'®0 curves measured on
planktonic foraminifera (G. ruber),
regional curves of §'®0 measured
on planktonic foraminifera for core
RN87-PC4 (from Xu & Ujiie, 1994)
and for core MD01-2422 (from

LR04 T s MD18-3530 s MD18-3531 <_  RN87-PC4 g _  MDO012422
(Global signal) Q %'\E_ %'g\ % §_ (South Hateruma) % £ (East Kyushu)
5180 Benthic foram. £ Q , 30 Gruber Q= 3“0 Guruber Q™ 5%0_G. sacculifer Q™ 5"O_planktonic
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Matsu’ura et al., 2021).

interpretation of the §'°0 data of MD18-3531
provides the stratigraphic boundaries from MIS
1 to MIS 5 (Fig. 10). In MD18-3531, the MIS 5 is
particularly thick, with an estimation of 5.5 m of
cumulated hemipelagic sedimentation. This
abnormal thickness could be the result of the
difficulty in determining the muddy interval of
turbidite and the true hemipelagic layers (sedi-
mentological, physical and chemical characteris-
tics are similar in this core). The tephra layers
identified in the middle of the MIS 5 (purple
line in Fig. 10) could be used as a stratigraphic
marker and may correspond to the Ata eruption
identified in the core RN87-PC4 (Xu &
Uijiie, 1994).

The 8'%0 stratigraphy provides average hemi-
pelagic sedimentation rates of around 5cm/kyr
for MD18-3530 and around 7.6cm/kyr for
MD18-3531, slightly higher than the value calcu-
lated with radiocarbon data but of the same
order. For the total sedimentation rate, including
gravity deposits, the values are, respectively,
about 10.6 cm/kyr for MD18-3530 and 20 cm/kyr
for MD18-3531.

Tephra analysis

Eight samples were selected (Data S2, Table C)
to characterise the texture and chemical compo-
sition of the three tephra layers identified in the
cores MD18-3530 and MD18-3531. In all sam-
ples, the volcanic particles are thin, colourless
and transparent glassy fragments, typical of
bubble-wall glass shards and pumice fragments
with mostly elongated vesicles (Fig. 11 and
Data S2: Fig. S1). The shards have fluidal

Thick sandy turbidite (>15 cm of sand) (Matsu'ura et al., 2021)

shapes, with spiny, flat, cuspate or fibrous mor-
phologies, up to 300pm in the longest axis.
There are no signs of alteration. This pyroclastic
material is associated, in variable proportions,
with carbonate particles (including foraminifera)
and magmatic crystals (quartz, feldspar, apatite,
titanite, ortho- and clino-pyroxenes, amphibole,
biotite, Ti-magnetite). Among these different
mineral phases, some (quartz, feldspar, ortho-
pyroxene) can be seen surrounded by a thin
coating of volcanic glass with the same composi-
tion as the other glass shards, indicating their
link (Data S2: Fig. S1).

The composition of the glass shards analysed
within the same tephra layer is homogeneous,
with a unimodal distribution. The major ele-
ment composition measured in glass shards is
typically a high-silica rhyolitic composition
(Fig. 11C and Data S2: Table D). More specifi-
cally, two significantly different compositions
can be identified. One corresponds to the layer
at 600 to 604 cm bsf in the core MD18-3531 (for
which the estimated age is approximately 30 ka
Bp, the early MIS 2 after the §'°0 curve interpre-
tation, see Fig. 10); the other corresponds to the
seven samples collected from the layers at 1075
to 1115cm bsf in the core MD18-3530 and at
1495 to 1699 cm bsf in the core MD18-3531 (for
which the estimated ages are about 100ka Bp,
the middle MIS 5 after the §'0 curve interpreta-
tion, see Fig. 10). The chemical composition of
the glass shards from these latter two layers is
similar for both major and trace elements. These
similar compositions and textures argue in
favour of the same origin for these two tephra
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Fig.11. Characterisation of tephra
deposits: (A) Close-up image of

typical volcanic glass shards (with
foraminifera) in the sample MD18-
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et al., 2018; Matsu’ura et al., 2021;
Matsu’ura & Ueno, 2022). Error bars
are 1o std dev. (E) Chondrite-
normalised (McDonough &
Sun, 1995) REE patterns for some
representative samples of the MD18
volcanic glass shards, with
reference to compositions for some
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layers. This is confirmed by isotopic analyses
(Sr, Nd, Hf, Pb) carried out on these same layers
(Data S2, Table E). Samples from the layer 1075
to 1115 in core MD18-3530 and from the layer
1495 to 1699 in MD18-3531 yield the same iso-
topic ratios and define a very restricted range for
Sr-Nd-Hf-Pb isotopic systems. They probably
have been emitted by the same volcanic erup-
tion. The sample from the layer 600 to 604 in
the core MD-18-3531 shows a significantly dis-
tinct isotopic signature attributed to a different
volcanic eruption.

With regard to the potential volcanic sources
in the area (e.g. Chen et al., 1990; Mukasa
et al, 1994; Arakawa et al, 1998; Hickey-
Vargas, 1998; Shinjo et al., 1999, 2000; Shinjo &
Kato, 2000; Lai et al., 2017; Li et al., 2018; Fang
et al,, 2019; McCarthy et al., 2019; Heywood
et al., 2020; Kuritani, 2023), the Sr-Nd-Pb-Hf iso-
tope results support that MD18-tephra originates
from two distinct volcanic eruptions in the
Ryukyu-Kyushu arc (Data S2: Fig. S2). For

Kuritani, 2023).

example, MD18 samples show strong similarities
in terms of Sr-Nd-Pb-Hf isotopes with samples
‘U1438’ from the dataset of the paper of McCar-
thy et al. (2019) that are considered to come
from the Ryukyu-Kyushu arc.

Several deep-water tephra layers could poten-
tially be found to the east of the island of Tai-
wan (e.g. Machida, 2002). They are the product
of large-volume silicic eruptions known in
southern Kyushu and the Ryukyu-Kyushu arc,
in particular some of the Quaternary eruptions
that led to the formation of calderas, such as
Kikai, Aira, Aso and Ata (e.g. Shinjo
et al., 2000). Our data are compared with those
(e.g. Arakawa et al., 1998; Shinjo et al., 1999,
2000; Kimura et al., 2015; Albert et al., 2019;
McLean et al., 2020; Matsu’ura et al., 2021; Mat-
su’ura & Ueno, 2022; Kuritani, 2023) obtained
for large magnitude rhyolitic eruptions that pro-
duced distal tephra over the last 250 kyr in the
Ryukyu-Kyushu district: Kikai-Akahoya (K-Ah,
6.3 ka), Aira-Tanzawa (AT, 21 to 25ka), Aso 4
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(70 to 90ka), Kikai-Tozurahara (K-Tz, 75 to
95 ka), Ata (85 to 105 ka), Aso 3 (105 to 125 ka)
and Ata-Torihama (Ata-Th, 230 to 250 ka).

From major elements, two compositional
groups, with medium to high-K compositions
and comprising our samples, can be clearly dis-
tinguished. A third group, richer in K,O with
lower SiO, contents, determined by tephra from
Aso volcano, is compositionally distinct
(Fig. 11C, 11D and Data S2: Fig. S1C). A good
correlation exists between the published data for
the AT (Aira), K-Tz (Kikai) and Ata-Th (Ata)
deposits and our MD18-3531/601-602 cm sam-
ple. Trace element and isotopic data (Data S2:
Tables D and E, Fig. S1D) clearly show that the
best match is obtained with the AT (Aira)
deposit data, in particular with the recent data
from Kuritani (2023) for the three eruptive
phases of this eruption sampled around the Aira
caldera (Fig. 11E and Data S2: Fig. S2). The
agreement, both in terms of age (30009 + 189 ka
cal Bp — Smith et al., 2013; Albert et al., 2019),
and geochemical and textural parameters, leads
us to interpret the MD18 tephra layer (600 to
604 cm) as originating from the Aira-Tanzawa
(AT) eruption.

The seven glass shard samples collected from
layers at 1075 to 1115 cm bsf in the core MD18-
3530 (three samples) and at 1495 to 1699 cm bsf
in the core MD18-3531 (four samples) show
identical compositions for major and trace ele-
ments, as well as for Sr-Nd-Hf-Pb isotopes, sug-
gesting that they originate from the same
volcanic event. Major and trace element values
(Fig. 11 and Data S2) are close to those pub-
lished for tephra K-Ah (Kikai) and Ata (Ata cal-
dera), but K-Ah is from a very recent eruption
(~7 kyr - Tsuji et al, 2018; McLean
et al., 2018), which cannot correspond to the
MD18-3530 (1075 to 1115cm) and MD18-3531
(1495 to 1699 cm) layers. Furthermore, isotopes
do not support a provenance from the eruption
of the Kikai caldera. Consequently, the volcanic
particles of these layers must come from the Ata
eruption, with an age of ~100 kyr.

DISCUSSION

Hemipelagic sedimentation rates

Average hemipelagic sedimentation rates calcu-
lated based on radiocarbon dating, isotopic stra-
tigraphy, tephrostratigraphy and finally by the
analysis of **°Th excess in the upper layers of

the boxcores are consistent, ranging from 3
cm/kyr to 8 cm/kyr.

Hemipelagic sedimentation is supposed homo-
geneous at the scale of the study area. Nayak
et al. (2021) have shown a high content of smec-
tite, both in hemipelagic sediment and turbidites
of the Hateruma basin, indicating that it is con-
sistent with a sediment source from the Ryukyu
Islands with a contribution of suspended clays
transported from the Luzon Arc in the south via
the Kuroshio Current (Nayak et al., 2021; Gar-
zanti et al., 2023). This contribution could be
higher during the glacial period with the possi-
ble deviation of a part of the mainstream of the
Kuroshio Current above the study area and
amplified by the increase in primary productiv-
ity during the late Glacial Maximum (Fenies
et al., 2023).

Minimum hemipelagic sedimentation rates
were obtained using radiocarbon data on the
sites MD18-3530 and MD18-3531, with the low-
est values (3 cm/kyr) during the Holocene time.
These results are consistent with the values cal-
culated for the cores RN87-PC4 from Xu &
Ujiie (1994) and YK15-0PC13 from Kanamatsu
et al. (2020), respectively about 3.2 cm/kyr and
3.8 cm/kyr over the last 100 kyr.

Over the last 20 kyr, hemipelagic sedimenta-
tion rates are estimated to be higher in MD18-
3528 and MD18-3529 than in MD18-3530 and
MD18-3531, with values around 7-8 cm/kyr.
This difference can be due to a higher contribu-
tion of detrital clay in a context where numer-
ous thick turbidites are observed. Uncertainties
in identifying the end of turbidites and the
beginning of true hemipelagic sedimentation are
high and can also explain the overestimation of
hemipelagic thickness.

Sediment source of gravity-flow processes

Most sandy turbidites are composed of bioclastic
sand dominated by planktonic foraminifera
tests. In the finest intervals (fine-sand and silt),
the composition is mixed with small foraminif-
era and small-size calcareous debris, siliceous
tests, quartz, feldspars and other metamorphic
grains. The clayey component has a similar com-
position to that in hemipelagic layers, which
indicates a common source for detrital clay sedi-
ments despite different depositional processes
(Nayak et al., 2021). The sediment source for
turbidites is mainly marine accumulations, from
the Ryukyu shelf to the submarine slope. It is
dominated by biogenic carbonate, as is most of

© 2025 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology

85UB017 SUOWILIOD BA[Fea1D 8 edl|dde au Aq pauienoh 88 s3jolie VO ‘88N JO S9N 10} AR1q1T 8UUO /8|1 UO (SUORIPUOD-PU-SWIBHLI0D" A3 | 1M AeIq 1[BU1IUO//SANY) SUORIPUOD pUe SWid | 84} 885 *[G202/60/T0] U A%iqi8ulluo A8|IM eAlde1-80nopesy Aq Ev00L PES/TTTT OT/I0p/Wo A8 |im Azelqjpul|uo//:sdny woiy papeojumoq ‘0 ‘TE0ESIET



26 N. Babonneau et al.

the shelf to upper slope sediments (Tsuji, 1993).
The detrital component of fine-grained sedi-
ments is compatible with a sediment source
from the erosion of the Ryukyu Islands. The
morphological analysis of the seafloor supports
that most of the turbidity currents are generated
on the northern slope of the basin and follow
the canyon and gully axis (Fig. 2).

The mini-basin in the outer-arc high is iso-
lated most of the time from sediment sources
coming from the islands. Turbidity currents
should have a local source from the available
sediment around the mini-basin. Only excep-
tional ones could flow through the 3200m bsl
deep pass northeast of the mini-basin (Fig. 2).
The discrimination of muddy turbidites and
hemipelagic deposits in the mini-basin (MD18-
3531 site) is particularly complex because of
the similar composition. Except for volcanic
ash, most turbidites are composed of reworked
marine material. Turbidites are thick in the
mini-basin (MD18-3531), compared to those
described in MD18-3530. The narrowness of
the floor of the mini-basin induces a confining
effect and a vertical stack of all the sediments
transported by the turbidite flows on a small
surface.

The most significant mass-transport deposits
are located on the gentle slope of the Hateruma
basin seafloor. In MD18-3530, the two thickest
debrites are entirely muddy, with a muddy
matrix containing mud clasts. They probably
correspond to gravity instabilities occurring on
the submarine slope of the northern side of the
Hateruma basin. In contrast, the most recent
debrite contains coarse calcareous debris (blocks
and gravels) coming from the coral reef area.
The source of this deposit must be from the
Sakisei-Shoko reef-lagoon, also corresponding to
the location of the head of the largest submarine
canyon (Kuroshima Canyon in Fig. 2). After Ike-
hara et al. (2022), most of the carbonate sands
from the shallower area through the Kuroshima
submarine canyon were deposited on a small
submarine fan at the canyon mouth. This work
shows that the largest submarine gravity flows
probably extend deeper into the Hateruma
basin.

The sediments of the mega-deposits are
mixed. Carbonates are present in the sandy frac-
tions, while the fractions of very-fine sand and
silt show a terrigenous source. The large vol-
umes of muddy sediment in the homogenite
interval show an average magnetic susceptibility
lower than that of pelagic sedimentation (Fig. 6).

This is probably a well-sorted mixture of the fin-
est particles of marine platform and upper-slope
sedimentation containing detrital clays and car-
bonate mud. The source of these sediments is
thought to be a regional re-suspension of plat-
form and wupper slope sediments, probably
linked to a very large tsunami, similar to that
observed, for example, in the Ionian Sea (San
Pedro et al., 2017).

Reworked tephra layers

The identification of the origin of both tephra
layers is based on age models and geochemical
analysis. The source of the volcanic sediments
and the eruptions is identified from two volca-
noes located to the south of Kyushu: Aira erup-
tion (30ka Br) and Ata eruption (100 ka Bp). The
distance of the two volcanoes from the study
area exceeds 1000 km. The Ata deposit was pre-
viously described in the Hateruma area by Xu &
Ujiie (1994) and by Kanamatsu et al. (2020) but
with a thickness of about 10cm. The Ata
deposit, 40 and 200 cm thick respectively identi-
fied in MD18-3530 and MD18-3531, is unex-
pected. The description of laminations,
successive normal grading layers and the pres-
ence of various quantities of foraminifera in the
different layers lead to interpreting these
deposits as reworked tephra by gravity-flow pro-
cesses on the seafloor. However, the breakable
characteristic of the volcanic particles (vesicu-
lated glasses) and their high concentration
(reaching locally 80%) indicate that this second-
ary transport was probably short. The rapid
loading of the submarine slopes by volcanic par-
ticles due to the primary tephra accumulation
increased the potential for slope instability,
especially in the steepest slopes. Turbidity cur-
rents could be triggered either at the time of pri-
mary deposition or during a low- or medium-
intensity earthquake after this deposition. The
2m thick accumulated tephra layer in the mini-
basin could be the result of multiple turbidity
currents triggered around the basin flanks and
the stacking of the transported sediment in the
very narrow basin floor.

The identification of the Aira deposit (30ka
BP) is new in this area. It was not observed in
the previous cores collected near the Hateruma
area. The extension of this deposit was initially
limited to about 500 km of the study area, in the
work of Matsu’ura et al. (2021) based on coring
data collected south of Japan. In the core MD18-
3531, the process of concentration and stacking
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of the volcanic particles by low-density turbidity
currents has facilitated the detection of this
tephra layer.

Correlation of gravity-flow deposits

A stratigraphic correlation of the four cores is
proposed in Fig. 12. The core KR15-PC03 pub-
lished by Ikehara et al. (2022) is added to the
correlation panel, completing the dating and the
description of facies evolution. The correlation
of individual gravity-flow deposits was possible
by integrating all the stratigraphic data: radiocar-
bon dating, '®O stratigraphy, tephrochronology
and physical correlation based on the interpreta-
tion of Chirp profiles (Fig. 3). Given the low reso-
lution of the isotopic stratigraphy and the
limited number of radiocarbon ages, it was not
possible to calculate sufficiently accurate age for
each turbidite. The attempt to provide age ranges
in Data S4 is indicative but does not allow for all
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uncertainties to be considered, particularly ero-
sion. It can only be used as a guide. Uncer-
tainties of the age models are too high to propose
a reliable correlation only based on the age
model. The correlation proposed in Fig. 12 con-
siders all the established chronostratigraphic
constraints and is then based on the number of
deposits and the stacking pattern of turbiditic
deposits.

Four mega-events, named from ME1 (the
youngest in MD18-3528) to ME4 (the oldest in
MD18-3531), are defined by the occurrence of a
mega-deposit in one of the cores. They also cor-
respond to the four mega-deposits MD1 to MD4,
described in the cores (Figs 6 and 7). In the
chrono-stratigraphic framework, mega-deposits
are laterally correlated with debris-flow deposits
in MD18-3530, or sandy turbidites in KR15-
PC03 or MD18-3531 (orange in Fig. 12).

The Aira tephra layer (purple in Fig. 12), dated
at 30 ka Bp, is only described in MD18-3531 below

Mini-Basin (wedge)
KR15-PC03 MD18-3531
(lkehara et al., 2022)
o g3 H
1 741 : 0
3e 2
30.3 '
324 : 2
34 H
3 39.1

ME2/ME3 ?

.0
% AT (30 ka)

.

ME4
(115-120 ka)

Fig.12. Correlation panel of five cores: MD18-3528, MD18-3529, MD18-3530, KR15-PC03 (from Ikehara
et al., 2022) across the Hateruma basin, and MD18-3531 collected in the mini-basin at the top of the accretionary
wedge (location on the map). Correlations are based on radiocarbon dating, geometry of mega-deposits provided
by Chirp echo-sounder profiles, tephra identification and §'®0 stratigraphy for MD18-3530 and MD18-3531.
Orange areas for mega-deposits (including thick sandy turbidites), yellow lines for turbidite sequences, purple
areas for tephra layers. Radiocarbon ages are indicated in red and approximated ages in black.
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the base of the mega-event ME3. It is probably
eroded by ME3 at the MD18-3530 site.

The correlation panel (Fig. 12) underlines the
strong contrast of total sedimentation rates,
number and thickness of gravity-flow deposits
in the deep part of the basin (MD18-3528 and
3529) and in the other sites. Gravity-flow
deposits dominate all core sites with sedimenta-
tion rates from 2 to 10 times higher than the
hemipelagic rate (3-8 cm/kyr).

Thick sandy deposits are confined in the dee-
pest part of the basin (MD18-3528) and pinch
out laterally with thin sandy layers in MD18-
3529 and often no equivalent turbidite in the
other cores. Despite uncertainties of the strati-
graphic framework, especially with the resolu-
tion of the 80 curves, the same number of
gravity-flow deposits is identified in the strati-
graphic interval 0 to 120 ka Bp in MD18-3530
and MD18-3531 cores. Based on physical prop-
erties (magnetic susceptibility) and chemical
curves (Ca, Fe curves and Zr/Rb ratio), almost
all the individual turbidites are correlated in
both grain size and relative thickness. The larg-
est differences are: (1) the sedimentary facies for
the mega-events correspond to a debrite in
MD18-3530 and to sandy turbidites in MD18-
3531; and (2) the strong thickening of the sedi-
mentary succession between the Ata tephra and
the mega-event ME4 in the core MD18-3531.

Number and types of gravity-flow events

The number of submarine gravity-flow deposits
for each core is: 25 deposits for the last 20 kyr
for MD18-3528, 21 deposits for the last 30
kyr for MD18-3529, 49 deposits for the last 200
kyr for MD18-3530 and 36 deposits for the last
120 kyr for MD18-3531.

The frequency of gravity-flow deposits varies
spatially in the study area, with a significant
increase in the number of gravity flows reaching
the deepest part of the Hateruma basin. It is an
efficient trap for the gravity flows coming from
the shelf and the slope. Both MD18-3529 and
3530 cores are located shallower in the eastern
part of the basin, and many gravity-flow deposits
recorded in MD18-3528 do not reach them. The
triggering zone of the gravity flows could extend
along all the northern side of the Hateruma basin.
From a mineralogical point of view (clays and
sandy-silty minerals), the detrital content of the
turbidites is consistent with products of erosion
from the Ryukyu Islands. The canyon network
located at the northwest of the Hateruma basin is

probably a major source of sediment. Most of the
gravity flows remain trapped in the basin floor
and correspond to gravity-flow events with a
local extension (type-1 event in Fig. 13).

Gravity flow deposits identified in cores
MD18-3530 and MD18-3531 and possibly corre-
lated between all cores can be considered large
regional gravity-flow events. The correlation
between events at two morphologically indepen-
dent sites (Hateruma Basin and the small basin
of MD18-3531) indicated that turbidites were
probably generated by multiple simultaneous
turbidity currents in the Hateruma Basin (in dif-
ferent canyons of the northern slope) and in
small basins of the outer-arc high (type-2 event
in Fig. 13). The triggering of these large
multi-source gravity-flow events could be great
subduction earthquakes, as it was shown in
other areas in the world (Goldfinger, 2011 and
references therein).

The largest gravity-flow events recorded in the
study area are the mega-events (or type-3 event
in Fig. 13). They correspond to thick deposits
showing different sedimentary facies (debris-
flow deposits, mega-deposits with homogenite
or thick turbidites in Fig. 12), indicating differ-
ent gravity-flow processes related to the core
location (basin floor, base of slope...). It also
indicates multiple simultaneous triggering of
gravity flows, with a large volume of re-
suspended muddy sediment. The frequency of
these largest events is low, with only four events
identified in the last 200 kyr. The age estima-
tions of the four mega-events are about: 4 to 5 ka
sp for ME1, 18 to 20 ka Bp for ME2, 25 to 30 ka
Bp for ME3 and 115 to 120 ka Bp for ME4
(Fig. 12).

The sedimentary facies of mega-deposit with a
thick homogenite interval is generally associated
with great tsunamis, especially in the Mediterra-
nean Sea where the basins are closed (Cita
et al., 1996; San Pedro et al., 2017). They have
also been described in large subduction zones,
such as Caribbean (Seibert et al., 2024), and East
Japan (McHugh et al, 2016, 2020; Strasser
et al.,, 2024). The thickness of the homogenite
layer seems to be related to the size, the confine-
ment degree of the basin (sink morphology) and
the volume of supplied mud. In most cases, the
origin of large volumes of muddy sediment
re-suspended in the water column is debated. It
could come from the re-suspension of muddy
sediment from the shelf areas by large tsunami
waves (San Pedro et al., 2017), or from the wide-
spread entrainment of surficial sediments by the
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Hateruma Iriomote Ishigaki Island
Island Island

East-Nanao
Basin

| Type-2 events |

Simultaneous turbidites in Hateruma basin
and in the mini-basin, with various
recurrence between 4-10 kyrs.

Hateruma Basin

Turbidity currents

Yaeyama
accretionnary

wedge Sandy turbidites in the

Type-1 events

deepest part of the
Hateruma Basin with
recurrence about 1 kyrs

Turbidity currents +

| Type-3 events |

Simultaneous mega-deposits, debris-flow depo-
sits and thick sandy turbidites, low frequency
(only four events identified in the last 200 kyrs).

Fig. 13. Synthetic view of the three types of large gravity event recorded in the deep-marine sedimentary deposits
of the Hateruma area (dark grey for the islands, light grey for the steep submarine slope, white for platform and

basin floor).

low frequency and long duration motions of
earthquake rupture on subduction megathrusts,
as shown by McHugh et al. (2020). The settling
of these large volumes of mud leading to low-
density gravity flows on the submarine slopes
concentrates the fine and sorted sediments at
the bottom of the basin, forming thick homoge-
nous deposits.

Event recurrences

The chronology of gravity-flow events is
reported in Fig. 14 for each core. The given ages
were determined with radiocarbon ages for the
last 20 kyr, considering hemipelagic sedimenta-
tion rates and hemipelagic thicknesses between
gravity-flow deposits (see Data S4). Due to high

uncertainties of age models, most events are
represented with an average time interval of
1000 years for the last 20 kyr (Fig. 14A) and do
not fit perfectly from one sediment core to
another. The recurrence intervals of gravity-flow
events vary significantly, from several centuries
to over 4000 years. They vary from site to site,
but also in time. For example, in MD18-3528,
the average recurrence is about 1000 years dur-
ing the last 11 kyr and is about 600 years
between 11 and 20 ka Bp (Fig. 14A).

The comparison of the tsunami records in the
coastal areas of the Yaeyama Islands (Kawana &
Nakata, 1994; Ando et al., 2018) with the gravity
events observed in MD18-3528 shows a consis-
tent number of events over the last 5000 years.
The dating of coastal tsunami deposits also has
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A +— Meiwa tsunami (1771 CE)

Tsunami deposits and boulder dating after Kawana and Nakata (1994)

[ B : Tsunami deposits after Ando et al. (2018)
mpis-as2s|| (1 J2) (3 s @ED ) ) «(C J) ) ) &« ¥ C ) & (wez|
MD18-3529 || MED x [ Jx ] x [ *J¥ & ] CwEe &
mpig-3s30[ |k [ ] ¥ ] [¥] O ] e
S —— * A% () *x % ) *x%x (@
ka BP 0 1‘ 2‘ 3 4 5i s‘ 7‘ s‘ 9‘ 10‘ 11‘ 12‘ 13 14 15I 16‘ 17‘ 1; 19‘ 20
B (&8 ¥ —i
mp1e-as2s [N E’:‘ P
MD18-3529 T ]
- - - s
mo1s-3530 | [ @1 TN [ ST CET O
MD18-3531 ] H TN IR N EEEN]
MIS1 MIS2 MIS3 MIS4 MIS5 MIS6 MIS7I
ka BP 0 1‘0 Z‘U 3‘0 4‘0 5‘0 6‘0 70 Sb 90 1(']0 11‘0 12‘0 1:‘50 11‘“] 15'30 16‘0 1;0 180 1é0 20'0
£ »2:
5

(Sea level curves after Spratt and Lisiecki, 2016)

Fig.14. (A) Chronological diagram of the gravity deposits identified in the four sediment cores MD18-3528,
MD18-3529, MD18-3530, and MD18-3531 (including Calypso and boxcore data) during the last 20 kyr; yellow
boxes correspond to turbidite deposits, orange boxes correspond to mega-events, and red stars are the locations of
radiocarbon dating. The upper part reports the dating of paleo-tsunamis after the studies of Kawana &
Nakata (1994) and Ando et al. (2018). (B) Chronological diagram of the gravity deposits identified in the studied
cores during the last 200 kyr. The ages of turbidites are approximated using the §'®0 curves, the tephra identifica-
tion (purple), the correlation between cores MD18-3530 and MD18-3531, and the mean sedimentation rates. Each
turbidite covers 5000 years for each event. Obtained data are compared to the global curve of sea-level variations
given by Spratt & Lisiecki (2016) surrounded by 2-sigma uncertainty. Green bands underline relative highstands
in correlation with periods of low occurrence of gravity events.

relatively large uncertainties (about 300 to
600 years). However, no submarine gravity-flow
deposit has been identified during the last cen-
turies, excluding the record of the Meiwa tsu-
nami of 1771 CE at the core sites. The tsunami
deposits studied by Ando et al. (2018) provided
a record of four tsunamis in the last 3000 years,
and the work of Kawana & Nakata (1994)
showed a series of six tsunami records with
recurrence intervals between 400 and 1200 years
over the last 5000 years (Fig. 14A). Except for
the Meiwa tsunami, the five other events could
be consistent with the last five gravity-flow
events recorded in MD18-3528, including the
most recent mega-event ME1 dated between
4500 and 5000 years Bp (Fig. 14A). The subma-
rine gravity-flow deposits of MD18-3528 could
constitute another possible sedimentary record
of large events associated with large tsunamis
for the last 20 kyr, with recurrence intervals

ranging between 600 and 1000 years. The events
that trigger the turbidity currents may not be
directly the tsunamis but could also be the
earthquakes that generated tsunamis. The
absence of any record of the Meiwa tsunami at
the four core sites suggests that the origin of this
tsunami (submarine landslide or major earth-
quake) was sufficiently distant from the Hater-
uma basin to not have generated any significant
submarine gravity processes down to the basin
floor.

At the sites MD18-3530 and 3531, the average
recurrence intervals of gravity-flow events are
about 3500 to 4000 years (Fig. 14A). Only the
largest events affecting a large part of the subma-
rine slope of the Hateruma area are recorded,
also including the mini-basin of the Yaeyama
ridge (mostly type-2 events). At a longer time
scale (Fig. 14B), cores MD18-3530 and 3531 pro-
vide sedimentary records of these strong-
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intensity events over the last 200 kyr. With large
chronostratigraphic uncertainties, the events are
represented in Fig. 14B on an average time inter-
val of 5000years. The average recurrence
periods of gravity-flow events are calculated at
3800 years for MD18-3530 (for 200 kyr) and
3600 years for MD18-3531 (for 120 kyr). How-
ever, the frequency of these great events is vari-
able in time, and this variability seems
consistent in the two cores, showing a series of
close events separated by periods of rest.

The frequency of mega-events (type-3 event) is
low with only four events identified over the
last 200 kyr. It corresponds to the largest
gravity-flow events (major slope instabilities),
which were probably associated with huge tsu-
namis, considering the high volume of re-
suspended sediments, but the origin of the
exceptional size of the deposit is still unclear.
Two are identified around 20 to 30 ka Bp during
the last low sea-level.

Possible impact of sea-level variations

The periods of gap or low-frequency events are
marked with light green bands in Fig. 14B and
compared with the global sea-level curve (Spratt
& Lisiecki, 2016). The correlation with the rela-
tive high sea-levels during the last 150 kyr
seems clear, indicating a control of the sea-level
on the ability to generate great submarine slope
instabilities. During high sea-level periods, the
platform is submerged, allowing carbonate reefs
to develop. This platform is subject to dissolu-
tion and erosion during sea-level lowstands,
inducing more sediment transfer toward the
upper slope. Moreover, the impact of tsunami
was stronger at the shelf break during low sea-
level periods, re-suspending sediments and
directly generating gravity instabilities by hitting
the top of the upper submarine slope and the
canyon heads. In addition, in their study, Fenies
et al. (2023) showed that the Kuroshio Current
could be partly deviated along the Ryukyu fore-
arc basins during glacial stages (Fenies
et al., 2023), inducing higher sedimentation
rates due to an increase of clay minerals trans-
ported in suspension in the current and an
increase of biological primary productivity
(Fenies et al., 2023). With higher sediment load
and the emersion of a part of the platform, the
submarine slope becomes more responsive to
gravity instabilities in conditions of low sea-
level. Considering these changes in the sedimen-
tary context, the sedimentary record of great

events such as earthquakes and tsunamis in
deep-sea environments could be influenced by
sea-level variations.

CONCLUSIONS

The Hateruma forearc basin, located in the south-
ern part of the Ryukyu subduction zone, is domi-
nated by the sedimentation of gravity-flow
deposits, with sediment coming from the shelf
and submarine slope, south of the Yaeyama
Islands. New coring data provide access to a long-
term sedimentary record (up to 200 000 years) of
major submarine gravity-flow events in the deep
marine area of the Hateruma basin.

Thanks to a combination of stratigraphic and
dating methods, including radiocarbon dating, U
and Th-series nuclides analysis, §'?0 stratigra-
phy and tephrochronology, a stratigraphic model
was established for each core and boxcore rang-
ing from the last few centuries to several hun-
dred thousand years. Sedimentological and
chrono-stratigraphic data allowed identification
and approximated dating of the submarine
gravity-flow deposits and their correlation
between the different core sites in the Hateruma
basin and in an isolated mini-basin at the top of
the accretionary wedge.

The deep basin floor of the Hateruma basin is
an efficient trap for submarine gravity flows,
with high bulk sedimentation rates exceeding
60 cm/ka, and twenty-four gravity-flow deposits
over the last 20 000years. Further east, on
the gently sloping side of the basin, bulk sedi-
mentation rates and the number of gravity-flow
deposits dropped from 5 to 10 cm/ka and forty-
eight gravity-flow deposits respectively over the
last 200 000 years (i.e. five times fewer per time
interval).

Three types of gravity-flow events are

identified:

1 High-density turbidity currents (sandy turbi-
dites) affecting only the deepest part of the
Hateruma basin, with a recurrence time of about
1000 years. The chronology of these events is
consistent with the major tsunamis recorded on
land on the Yaeyama Islands during the last
5000 years. The events that trigger the turbidity
currents may not be directly the tsunamis but
could also be the earthquakes that generated tsu-
namis. No sedimentary record of the last histori-
cal Meiwa tsunami (1771 ck) is identified in the
four cores. It suggests that the source of this
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historical tsunami was probably distant from the
Hateruma basin, whether it was triggered by a
submarine landslide or an earthquake.

2 Regional turbidity currents simultaneously
recorded at the four coring sites (including at
the top of the accretionary wedge), with a recur-
rence time of around 3500-4000 years; these
events could correspond to major seismic
events, mega-earthquake (M>7) linked to the
subduction process.

3 Mega-events including synchronous debris-
flow deposits, mega-deposits with homogenite
facies and thick sandy turbidites. For this third
type of thick deposits, only four events have
been identified over the last 200 000 years, and
from a sedimentary point of view, the origin of
these exceptionally large events is still unclear.
They correspond to major destabilisations of the
submarine slope on the scale of the Hateruma
basin, and the sedimentary facies are compatible
with the re-suspension of fine sediments associ-
ated with major tsunamis.

The frequency of the large gravity-flow events
increases during periods of low sea-level. The
destabilisation of the upper slope sediments is
probably favoured by the emersion of a large
part of the shelf. Instability of the slope could
also be amplified by higher marine sedimenta-
tion rates toward the study area during glacial
periods.

This work provides an unprecedented record
of the different types of major submarine gravity
instabilities and their frequencies, which in an
active subduction context are linked to the activ-
ity of major faults that control the entire struc-
ture and morphology of this submarine slope.
Although their recurrence periods inferred from
this study are long (millennia), mega-
earthquakes and tsunamis must be considered in
the evolution of the subduction segments where
instrumental seismicity is currently low to
moderate.
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Data S1. Analytical techniques and data for U-and
Th-series analyses of boxcore sediments.

Data S2. Characterisation and geochemical data
(major, trace elements and isotopes) of tephra
deposits.

Data S3. Oxygen Isotope measurements along MD18-
3530 and MD18-3531.

Data S4. Detailed sedimentary successions of the
cores MD18-3528, MD18-3529, MD18-3530 and
MD18-3531.
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