
International Ocean Discovery Program 
Expedition 386 Preliminary Report

Japan Trench Paleoseismology

Offshore expedition 13 April–1 June 2021

Onshore Science Party 14 February–15 March 2022

Personal Sampling Party 13 November–30 November 2022

Ken Ikehara, Michael Strasser, Jeremy Everest, Lena Maeda, Katharina Hochmuth, and the 
Expedition 386 Scientists



March 2023

Publisher’s notes
Core samples and the wider set of data from the science program covered in this report are under morato-
rium and accessible only to Science Party members until 30 November 2023.

This publication was prepared by the European Consortium for Ocean Research Drilling (ECORD) Science
Operator (ESO) and Texas A&M University (TAMU) as an account of work performed under the Interna-
tional Ocean Discovery Program (IODP). Funding for IODP is provided by the following international
partners:

National Science Foundation (NSF), United States
Ministry of Education, Culture, Sports, Science and Technology (MEXT), Japan
European Consortium for Ocean Research Drilling (ECORD)
Ministry of Science and Technology (MOST), People’s Republic of China
Australia-New Zealand IODP Consortium (ANZIC)
Ministry of Earth Sciences (MoES), India

Portions of this work may have been published in whole or in part in other IODP documents or publications.

Disclaimer
Any opinions, findings, and conclusions or recommendations expressed in this publication are those of the
author(s) and do not necessarily reflect the views of the participating agencies or TAMU.

Copyright
Except where otherwise noted, this work is licensed under the Creative Commons Attribution
4.0 International (CC BY 4.0) license (https://creativecommons.org/licenses/by/4.0/).
Unrestricted use, distribution, and reproduction are permitted, provided the original author
and source are credited.

Citation
Ikehara, K., Strasser, M., Everest, J., Maeda, L., Hochmuth, K., and the Expedition 386 Scientists, 2023. Expedition 386 

Preliminary Report: Japan Trench Paleoseismology. International Ocean Discovery Program. 
https://doi.org/10.14379/iodp.pr.386.2023

ISSN

World Wide Web: 2372-9562

https://creativecommons.org/licenses/by/4.0/


Expedition 386 participants

Expedition 386 scientists

Ken Ikehara
Co-Chief Scientist

Geological Survey of Japan
National Institute of Advanced Industrial Science and Technology
Japan
k-ikehara@aist.go.jp

Michael Strasser
Co-Chief Scientist

Department of Geology
University of Innsbruck
Austria
michael.strasser@uibk.ac.at

Jeremy Everest
Expedition Project Manager

British Geological Survey
The Lyell Centre
United Kingdom
jdev@bgs.ac.uk

Lena Maeda
Expedition Project Manager

Institute for Marine-Earth Exploration and Engineering
Japan Agency for Marine-Earth Science and Technology
Japan
maedal@jamstec.go.jp 

Katharina Hochmuth
Petrophysics Staff Scientist 

University of Tasmania
Australia
katharina.hochmuth@utas.edu.au 

Hannah Grant
Expedition Project Manager

British Geological Survey
The Lyell Centre
United Kingdom
hgrant@bgs.ac.uk

Margaret Stewart
Expedition Project Manager

British Geological Survey
The Lyell Centre
United Kingdom
mstewart@bgs.ac.uk

Natsumi Okutsu
Expedition Project Manager and Paleomagnetics Measurement 

Assistant
Institute for Marine-Earth Exploration and Engineering
Japan Agency for Marine-Earth Science and Technology
Japan
okotsun@jamstec.go.jp
https://doi.org/10.14379/iodp.pr.386.2023

*Affiliations at time of expedition, except where updated by participants.
Noriaki Sakurai
Expedition Project Manager, GPC operation and development

Institute for Marine-Earth Exploration and Engineering
Japan Agency for Marine-Earth Science and Technology
Japan
nsakurai@jamstec.go.jp 

Takahiro Yokoyama
Expedition Project Manager

Institute for Marine-Earth Exploration and Engineering
Japan Agency for Marine-Earth Science and Technology
Japan
tyokoyama@jamstec.go.jp 

Rui Bao
Organic Geochemist

Key Laboratory of Marine Chemistry Theory and Technology, 
Ministry of Education

Ocean University of China
China
baorui@ouc.edu.cn 

Piero Bellanova
Organic Geochemist

RWTH Aachen University
Neotectonics and Natural Hazards Group
Germany
p.bellanova@nug.rwth-aachen.de

Morgane Brunet
XCT and Sedimentology Specialist

Géosciences Rennes
University of Rennes
France
morgane.brunet@univ-rennes1.fr 

Zhirong Cai
Sedimentologist

Division of Earth and Planetary Sciences
Kyoto University
Japan
cai.zhirong.64w@kyoto-u.jp

Antonio Cattaneo
Sedimentologist

Univ Brest, CNRS, Ifremer
France
Antonio.Cattaneo@ifremer.fr 

Kan-Hsi Hsiung
Sedimentologist

Research Institute for Marine Geodynamics
Japan Agency for Marine-Earth Science and Technology
Japan
hsiung@jamstec.go.jp
publications.iodp.org · 3

mailto:k-ikehara@aist.go.jp
mailto:michael.strasser@uibk.ac.at
mailto:jdev@bgs.ac.uk
mailto:maedal@jamstec.go.jp
mailto:katharina.hochmuth@utas.edu.au
mailto:hgrant@bgs.ac.uk
mailto:mstewart@bgs.ac.uk
mailto:okotsun@jamstec.go.jp
mailto:nsakurai@jamstec.go.jp
mailto:tyokoyama@jamstec.go.jp
mailto:baorui@ouc.edu.cn
mailto:morgane.brunet@univ-rennes1.fr
mailto:cai.zhirong.64w@kyoto-u.jp
mailto:Antonio.Cattaneo@ifremer.fr
mailto:hsiung@jamstec.go.jp
mailto:p.bellanova@nug.rwth-aachen.de


Jyh-Jaan Steven Huang*
Sedimentologist

Institute of Geology
University of Innsbruck
Austria
Jyh-Jaan.Huang@uibk.ac.at

Takashi Ishizawa
Sedimentologist

International Research Institute of Disaster Science
Tohoku University
Japan
ishizawa@irides.tohoku.ac.jp

Takuya Itaki
Micropaleontologist (radiolarians)

Geological Survey of Japan
National Institute of Advanced Industrial Science and Technology
Japan
t-itaki@aist.go.jp

Kana Jitsuno
Microbiologist

School of Advanced Science and Engineering
Waseda University
Japan
kana.jitsuno@fuji.Waseda.jp

Joel E. Johnson
Sedimentologist

Department of Earth Sciences
University of New Hampshire
USA
joel.johnson@unh.edu

Toshiya Kanamatsu
Paleomagnetist

Research Institute for Marine Geodynamics
Japan Agency for Marine-Earth Science and Technology
Japan
toshiyak@jamstec.go.jp

Myra Keep
Structural Geology and Tectonics Specialist

School of Earth Sciences 
University of Western Australia
Australia
Myra.keep@uwa.edu.au

Arata Kioka
Stratigraphic Correlator

Department of Earth Resources Engineering
Kyushu University
Japan
kioka@mine.kyushu-u.ac.jp

Min Luo
Inorganic Geochemist

College of Marine Sciences
Shanghai Ocean University
China
mluo@shou.edu.cn
https://doi.org/10.14379/iodp.pr.386.2023
Christian März
Inorganic Geochemist

Institute for Geosciences
University of Bonn
Germany
cmaerz@uni-bonn.de

Cecilia McHugh
Sedimentologist

School of Earth and Environmental Sciences
Queens College
City University of New York
USA
cmchugh@qc.cuny.edu

Aaron Micallef
Physical Properties Specialist And Stratigraphic Correlator

Marine Geodynamics
GEOMAR Helmholtz Centre for Ocean Research, Kiel
Germany
amicallef@geomar.de

Yoshitaka Nagahashi
Tephra Specialist

Faculty of Symbiotic Systems Science
Fukushima University
Japan
nagahashi@sss.fukushima-u.ac.jp

Dhananjai Pandey
Physical Properties Specialist

Physical Properties Group
National Centre for Polar and Ocean Research
India
pandey@ncpor.res.in

Jean-Noel Proust
Sedimentologist

Géosciences, CNRS
University of Rennes
France
jean-noel.proust@univ-rennes1.fr

E. Troy Rasbury
Inorganic Geochemist

Department of Geosciences
Stony Brook University
USA
troy.rasbury@stonybrook.edu

Natascha Riedinger
Inorganic Geochemist

Boone Pickens School of Geology
Oklahoma State University
USA
natascha.riedinger@okstate.edu

Yasufumi Satoguchi
Sedimentologist (tephra)

Lake Biwa Museum
Japan
satoguchi-yasufumi@biwahaku.jp
publications.iodp.org · 4

mailto:joel.johnson@unh.edu
mailto:Jyh-Jaan.Huang@uibk.ac.at
mailto:ishizawa@irides.tohoku.ac.jp
mailto:t-itaki@aist.go.jp
mailto:kana.jitsuno@fuji.Waseda.jp
mailto:toshiyak@jamstec.go.jp
mailto:Myra.keep@uwa.edu.au
mailto:kioka@mine.kyushu-u.ac.jp
mailto:mluo@shou.edu.cn
mailto:cmaerz@uni-bonn.de
mailto:cmchugh@qc.cuny.edu
mailto:amicallef@geomar.de
mailto:nagahashi@sss.fukushima-u.ac.jp
mailto:pandey@ncpor.res.in
mailto:jean-noel.proust@univ-rennes1.fr
mailto:troy.rasbury@stonybrook.edu
mailto:natascha.riedinger@okstate.edu
mailto:satoguchi-yasufumi@biwahaku.jp


Derek E. Sawyer
Physical Properties Specialist

School of Earth Sciences
The Ohio State University
USA
sawyer.144@osu.edu

Chloé Seibert
Physical Properties Specialist

Physical Properties Group
Lamont-Doherty Earth Observatory
Columbia University
USA
cseibert@ldeo.columbia.edu

Maxwell Silver
Physical Properties Specialist

Colorado School of Mines
USA
mmsilver@mines.edu 

Susanne M Straub
Inorganic Geochemist and Tephra Specialist

Lamont Doherty Earth Observatory
Columbia University
USA
smstraub@ldeo.columbia.edu
https://doi.org/10.14379/iodp.pr.386.2023
Joonas Virtasalo
Physical Properties Specialist

Geological Survey of Finland (GTK)
Finland
joonas.virtasalo@gtk.fi

YongHong Wang
Sedimentologist

College of Marine Geosciences
Ocean University of China
China
yonghongw@ouc.edu.cn

Ting-Wei Wu
Physical Properties Specialist

NGI—Norwegian Geotechnical Institute
Norway
MARUM—Center for Marine Environmental Sciences
University of Bremen
Germany
tingweiwu@marum-alumni.de

Sarah D. Zellers
Biostratigrapher (foraminifera)

Department of Physical Sciences
University of Central Missouri
USA
szellers@ucmo.edu
Operational, management and technical staff

Institute for Marine-Earth Exploration and Engineering, Japan Agency for Marine-Earth Science and Technology 
(MarE3, JAMSTEC)

Nobu Eguchi
Director of Operations Department

Tomokazu Saruhashi
Fleet Coordination Leader
GPC operation and development

Tetsuji Maki
Fleet Coordinator
GPC operation and development

Kan Aoike
GPC operation and development

Kikuo Hashimoto
GPC operation and development

Itaru Kawama
GPC operation and development

Jun-ya Niikura
GPC operation and development
Ryuta Tanaka
GPC operation and development

Satoshi Tsukioka
GPC operation and development

Fujio Yamamoto
GPC operation and development

Chiaki Igarashi
Shipping Manager

Hideki Masago
HSQE Manager

Suguru Okubo
HSQE Manager

Saneatsu Saito
Temporary student technician coordinator and Outreach Manager

Sean Toczko
Outreach
ESO personnel and technical representatives

Ursula Röhl
Laboratory and Curation Manager, IODP Curator for MSPs and the 

BCR

Vera B. Bender
Data Management Officer

Alan Douglas
IT Support
Simon Draper
EPC Project Manager

Patrizia Gepraegs
Core Curator/Assistant Laboratory Manager

Rhonda Kappler
Publications Specialist
publications.iodp.org · 5

mailto:mmsilver@mines.edu
mailto:sawyer.144@osu.edu
mailto:cseibert@ldeo.columbia.edu
mailto:smstraub@ldeo.columbia.edu
mailto:joonas.virtasalo@gtk.fi
mailto:yonghongw@ouc.edu.cn
mailto:tingweiwu@marum-alumni.de
mailto:szellers@ucmo.edu


Martin Kölling
Inorganic Geochemistry Laboratory Manager

Erwan Le Ber
Petrophysicist

Brit Kokisch
Sedimentology Technician/LECO Operator

Janice Malnati
Marine Geology Technician/CNHS analyzer Operator

David McInroy
ESO Science Manager

Mary Mowat
Data Management Officer

Silvana Pape
Inorganic Geochemistry Laboratory Technician
https://doi.org/10.14379/iodp.pr.386.2023
Ulrike Prange
Outreach Manager/Media Relations

Marisa Rydzy
Petrophysicist

Luzie Schnieders
Geochemist

Graham Tulloch
Operations Manager

Christoph Vogt
XRD Laboratory Manager

Alex Wülbers
Core Curator/Logistics
Technicians: Marine Works Japan, Ltd.

Masayuki Abe
Core splitting, core handling

Naoko Adachi
Core handling

Shintaro Amikura
Core splitting, core handling

Nobuhiro Anraku
Interstitial water analysis, core handling

Akihiko Fujihara
Physical property measurements

Akiko Fuse
Core handling

Keiko Fujino
Physical property measurements

Toru Fujiki
Interstitial water analysis, core handling

Yasushi Hashimoto
Core handling

Hiroyuki Hayashi
Core handling

Takehiro Higashi
Core handling

Yohei Katayama
Lead of core operation

Daiki Kawata
Interstitial water analysis

Susumu Konno
Physical property measurements

Atsushi Kurasawa
Physical property measurements

Ko Morita
Core handling

Soichi Moriya
Deputy lead of core operation
Hiroaki Muraki
Lead of core operation

Htet Naing Lin
Core splitting, core handling

Yukihiko Nakano
Core handling

Shigako Nigi
Laboratory curator

Haruka Sato
Core handling

Marin Sato
Interstitial water analysis

Ritsuko Sawada
Physical property measurements

Yuta Shinomiya
Deputy lead of core operation

Maki Shizukuda
Core handling

Tatsuya Sugiyama
Core splitting, core handling

Kazuma Takahashi
Assistant laboratory officer

Hiromi Takeda
Core handling

Sayaka Tsuchida
Core handling

Tomonori Watai
Core handling

Toshikuni Yabuki
Laboratory curator

Paing Zu
Core handling
publications.iodp.org · 6



Technicians: Nippon Marine Enterprises, Ltd.

Hisanori Iwamoto
Support of general laboratory management and core handling
https://doi.org/10.14379/iodp.pr.386.2023
Miki Morioka
Support of general laboratory management and core handling
Ship’s Crew R/V Kaimei

Naoto Kimura
Captain

Takeshi Muramatsu
Chief Officer

Ryo Yamaguchi
2nd Officer/Chief Officer

Masaki Okada
Jr 2nd Officer/2nd Officer

Asami Kikuchi
3rd Officer

Koji Funae
Chief Engineer

Wataru Kurose
1st Engineer

Daisuke Gibu
Jr 1st Engineer

Ryuzo Mikamii
2nd Engineer

Yuna Kaino
3rd Engineer

Hamakawa Naoyuki
3rd Engineer

Masamoto Takahashi
Chief Electronic Operator

Ryuji Onikubo
2nd Electronic Operator

Kohei Maeda
3rd Electronic Operator

Masanori Ohata
Boat Swain

Masashige Okada
Able Seaman

Naoki Iwasaki
Able Seaman

Saikan Hirai
Able Seaman

Shohei Uehara
Able Seaman

Yuta Ohjiri
Able Seaman

Shinya Kojima
Able Seaman
Takumi Miyagi
Able Seaman

Nasu Kenta
Able Seaman

Yudai Yoshimi
Sailor

Ryo Nakanishi
Sailor

Manato Kimura
Sailor

Kazuya Sumomozawa
Sailor

Shinsuke Inoue
Sailor

Katsuyuki Yoshida
No.1 Oiler

Yuji Furuyama
Oiler

Makoto Kozaki
Oiler

Fubuki Homma
Assistant Oiler

Ruki Saito
Assistant Oiler

Marina Shimizu
Assistant Oiler

Tatsunari Onoue
Chief Steward

Takehiro Abe
Chief Steward

Masaru Sugiyama
Steward

Yoshitaka Yamamoto
Steward

Ryu Kubota
Steward

Koichiro Kashiwagi
Steward

Kina Abe
Steward

Koki Yamamoto
Steward
publications.iodp.org · 7



K. Ikehara et al. Expedition 386 Preliminary Report

https://doi.org/10.14379/iodp.pr.386.20
Abstract
Short historical and even shorter instrumental records limit our perspective of earthquake maxi-
mum magnitude and recurrence and thus are inadequate to fully characterize Earth’s complex and
multiscale seismic behavior and its consequences. Motivated by the mission to fill the gap in long-
term paleoseismic records of giant (Mw 9 class) subduction zone earthquakes, such as the
Tohoku-Oki earthquake in 2011, International Ocean Discovery Program Expedition 386 success-
fully collected 29 giant piston cores at 15 sites (total core recovery = 831.19 m), recovering up to
37.82 m long, continuous, upper Pleistocene to Holocene stratigraphic successions of 11 individ-
ual trench-fill basins that are expected to have recorded past earthquakes. Preliminary expedition
results document event-stratigraphic successions comprising numerous event deposits and
initially characterize their different types, facies, properties, composition, and frequency of occur-
rence, which show spatial variations across the southern, central, and northern Japan Trench.

The occurrence of several tephra beds, radiolarian biostratigraphic events, and characteristic vari-
ations of paleomagnetic declination and inclination that probably represent paleomagnetic secular
variation reveal high potential for establishing robust age models in all parts of the Japan Trench.
The central Japan Trench models are most likely to cover the longest timescales, with expected age
ranges reaching back to ~24 ka. Together, these preliminary initial results indicate that the applied
concept and strategy of multisite coring will likely be successful to test and further develop sub-
marine paleoseismology to extract megathrust earthquake signals from event-stratigraphic
sequences preserved in the sedimentary record. Obtained data and samples will now be examined
using postexpedition multimethod applications to comprehensively characterize and date event
deposits. Detailed work will include detailed characterization of the sedimentologic, physical, and
(bio-)geochemical features; stratigraphic expressions of relationships; and spatiotemporal distri-
bution of event beds. These will be analyzed as foundational proxy evidence for distinguishing
giant earthquakes from smaller earthquakes and aseismic processes driving mechanisms to ulti-
mately develop a long-term record of giant earthquakes. Furthermore, Expedition 386 achieve-
ments comprise the first ever high temporal and high spatial resolution subsurface investigation
and sampling in a hadal oceanic trench, which are the deepest and least explored environments on
our planet. Preliminary initial results show high total organic carbon content and downcore pore
water and headspace gas profiles with characteristic changes related to organic matter degrada-
tion. In combination, these are suggestive of the occurrence of intensive remineralization and
reveal evidence of non-steady state behavior. Together with the successful offshore sampling for
microbiology postexpedition analyses and research, this provides exciting new perspectives to
advance our understanding of deep-sea elemental cycles and their influence on hadal environ-
ments.

1. Introduction
The 2004 magnitude (M) 9.2 Sumatra and 2011 M 9.0 Tohoku-Oki earthquakes and tsunamis
were catastrophic geologic events with major societal consequences. Both ruptured portions of
subduction plate boundaries, which had been deemed incapable of these giant earthquakes and
had unexpectedly shallow and large coseismic slip, contributed to large tsunamis (Fujii and Satake,
2007; Ide et al., 2011; Bilek and Lay 2018). More than 90% of the stress accumulated by global plate
tectonics is released along active margins by subduction earthquakes. On a global average, one
M 8 class earthquake occurs per year, and most subduction boundaries have produced such great
earthquakes. In contrast, since instrumental recording of earthquakes began, only five giant earth-
quakes (M > 9) have occurred globally (Bilek and Lay 2018), posing scientific challenges in relating
their occurrence and rupture characteristics to long-term evolving subduction zone parameters.
Despite these observational limitations, there have been substantial advances in understanding
megathrust earthquakes since the early twenty-first century owing to increases in data density and
quality from various sources, including historical seismology, seismic and geodetic instrumenta-
tion, offshore fault zone drilling, and advanced physics-based numerical modelling (e.g.,
Nakamura et al., 2015; Bilek and Lay, 2018; Kioka et al., 2019b; Brodsky et al., 2020; Kodaira et al.,
2020, 2021; Uchida and Bürgmann 2021; Wirth et al., 2022).
23 publications.iodp.org · 8
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From this recent research, we can generalize the following about giant earthquakes: (1) they are
multisegment ruptures of strongly coupled patches of the megathrust for which limited short-
term records may not contain evidence of their being previously ruptured together; (2) they rup-
ture over large distances and may have the potential to break boundaries that are deemed rupture
barriers; (3) they can propagate into the shallow megathrust part by extreme coseismic weakening
of the fault with rupture reaching the seafloor in the trench and generating large tsunamis that
propagate into the far field; (4) they produce long-period, high-amplitude, long-duration seismic
waves that can lead to resonance with offshore sediment layers initiating large-scale surficial
sediment remobilization, sediment mass and carbon transfer to deep-sea trenches; (5) they are
accompanied by widespread triggered earthquakes away from the coseismic slip zone, aftershock
sequences, aseismic afterslip, and viscoelastic relaxion in the mantle. 

Knowledge of megathrust earthquake processes is currently observation-limited because the long
recurrence time means that these catastrophic geologic events are poorly represented in the
instrumental and historic records. The full range of possible hazards they pose, therefore, is poorly
understood due to the paucity of high-resolution earthquake records that span long enough to
capture the full spectrum of spatiotemporal rupture variability (Wirth et al., 2022). Answers to
critical questions such as “What are the effects of giant earthquakes?” and “How often are we to
expect them?” rely on limited examples so far. Examining prehistoric events preserved in the geo-
logical record is essential to reconstruct the history of giant earthquakes on timescales long
enough to study relevant subduction zone processes. Furthermore, such paleoseismic data inter-
pretation remains the only path to deliver observational data that help reduce epistemic uncer-
tainties in seismic hazard assessment for long return periods.

Expedition 386, Japan Trench Paleoseismology, was motivated by the mission to fill the gap in
long-term records of giant earthquakes and aimed to test and develop submarine paleoseismology
in the deep-sea environment of the Japan Trench. 

Subduction earthquakes affect offshore environments, including deep-sea trenches formed by the
downward bending of the oceanic lithosphere along convergent plate boundary systems. Most
trenches are deeper than 6000 m and are located in the hadal zone, one of the least explored
aquatic environments on Earth (Jamieson et al., 2010; Kioka and Strasser, 2022). Sediment supply
to terminal trench basins has been linked to large-scale sediment remobilization and translocation
processes initiated by earthquake shaking (Oguri et al., 2013; Ikehara et al., 2016; Migeon et al.,
2017; Kioka et al., 2019b). Shaking of the seafloor can trigger landslides or surficial sediment
resuspension that evolve downslope into turbidity currents or mud density flows, respectively
(Talling, 2014; Goldfinger et al., 2017; Molenaar et al., 2019; Ikehara et al., 2020). Widespread
shaking causes nearly synchronous sediment instability over hundreds of kilometers, producing
widely distributed event deposits (Goldfinger et al., 2012; Cattaneo et al., 2012; McHugh et al.,
2016; Kioka et al., 2019b; Howarth et al., 2021). Such widespread remobilizations over large dis-
tances are not expected with other triggers. Exceptional supertyphoons might have comparable
spatial footprints, but initiation of sediment remobilization would be limited to relatively shallow
waters.

Submarine paleoseismology relies on the premise that the marine environment preserves long and
continuous records that allow for identification of earthquake-triggered deposits (and allows for
their distinction from nonseismically triggered deposits). In subaquatic environments, the sedi-
mentary archive provides high sensitivity and continuity, so event deposits are better preserved
and dateable than their terrestrial counterparts. Because of eustatic sea level fluctuations, for
example, coastal records (e.g., tsunami deposits) only cover the last 8 ky of the Holocene high-
stand. 

Several submarine paleoseismic studies along subduction zones (Cascadia, Calabria, Chile, Suma-
tra, Hikurangi, and the Japan Trench; see compilations by Strasser et al. [2015], De Batist et al.
[2017], Howarth et al. [2021], and references therein) have been successful in obtaining sedimen-
tary event records that can be positively correlated to instrumentally recorded and historical
earthquakes and/or reveal evidence for prehistoric events. These studies, which are mostly based
23 publications.iodp.org · 9
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on conventional 10 m long cores, demonstrate the potential to advance our understanding of
earthquake recurrence beyond timescales of the last few thousand years.

The International Ocean Discovery Program (IODP) is uniquely positioned to provide such pale-
oseismologic data by coring sedimentary sequences comprising continuous depositional condi-
tions and records of earthquake occurrence over longer time periods. The 2015 IODP workshop in
Zürich discussed and identified strategies on how and where best use could be made of giant
piston coring efforts by IODP to make some major advancements in submarine paleoseismology
(Strasser et al., 2015; McHugh et al., 2015). Workshop discussion revealed the endorsement of the
Japan Trench as a primary target for understanding the causes, consequence, and recurrence of
giant earthquakes (see Background). Thus, the central theme of Expedition 386 was set to test
and develop submarine paleoseismology en route to understanding earthquakes and tsunamis in
the Japan Trench and eventually other margins with similar settings.

2. Background

2.1. Submarine paleoseismology
At subduction margins, earthquake sources include faults in the upper and lower plates and the
interplate megathrust that can rupture over a wide range of depths that possibly reach the trench.
Differences in seafloor motion from these distinct sources result in distinct driving forces for sed-
iment remobilization (Ye et al., 2013; Nakamura et al., 2015). Accordingly, recent observations
have demonstrated a wide range of earthquake-related sedimentary signatures linked to excep-
tionally large subduction earthquakes and their aftershock sequences: 

• Slumps in the trench linked to the 2011 Tohoku-Oki earthquake (Fujiwara et al., 2011; Strasser 
et al., 2013);

• Turbidity currents released simultaneously in different canyon heads traveling downcanyon to 
merge below confluences during the 1700 Common Era (CE) Mw 9.0 Cascadia earthquake 
(Goldfinger et al., 2012, 2017) and the M 7.8 2016 Kaikōura earthquake in New Zealand 
(Howarth et al., 2021);

• Homogeneous sediment extending for large distances across the abyssal plain of the 
Mediterranean linked to the 365 CE Crete earthquake (Polonia et al., 2013, 2016);

• Dense plumes of sediment remaining in suspension above the seafloor for months after the 
2004 Mw 9.2 Sumatra and 2011 Mw 9.0 Tohoku-Oki earthquakes (Seeber et al., 2007; Oguri 
et al., 2013); and

• Significant sediment volume and carbon transport to the deep sea by canyon flushing and re-
mobilization of young organic carbon–rich surficial sediments over wide areas, triggered by 
the 2016 Mw 7.8 Kaikōura (New Zealand; Mountjoy et al., 2018) and 2011 Mw 9.0 Tohoku-Oki 
(Bao et al., 2018; Kioka et al., 2019b) earthquakes, respectively.

For a given margin where physiography, sediment properties, sediment routing systems, and
downslope transport can be reliably assessed, this complexity in both structure and sedimentary
deposition provides opportunities and suggests that distinct classes of earthquakes may leave
characteristic sedimentary signatures.

Multimethod characterization for detailed structural, physical, chemical, and microbiological
characterization has revealed distinct signatures and patterns for event deposit sedimentary
sequences that result from (1) the remobilized material and its original provenance (as a proxy for
sediment source and/or routing processes), (2) grain size distribution and structural orientation
reflecting transport and depositional dynamics, and (3) consolidation and microbial organic mat-
ter degradation reflecting postdepositional processes (McHugh et al., 2011; Polonia, et al., 2016;
Goldfinger et al., 2017). Positive stratigraphic correlation of such multiproxy signatures between
widely separated sites favors a common causative mechanism, especially if the respective sites are
isolated from each other (Goldfinger et al., 2012; Talling, 2014; Ikehara et al., 2018; Schwester-
mann et al., 2020). These studies and more, many of which investigated event deposits positively
correlated to historic earthquakes, proposed characteristic patterns or signals to be potentially
distinctive for earthquake origin, subsequent tsunamis, and their aftershock series (Goldfinger et
23 publications.iodp.org · 10
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al., 2012; Oguri et al., 2013; Ikehara et al., 2016, 2018; Polonia et al., 2016, 2017; Kioka et al., 2019b;
Howarth et al., 2021; Schwestermann et al., 2020, 2021). The currently available data sets are
mostly limited by conventional 10 m long coring. They often only comprise few event deposits
that can be linked to earthquakes for a given margin.

Therefore, conceptual depositional models are not validated against a longer temporal record.
Furthermore, deposition and preservation of event layers and their stratigraphic signal vary by
location and may change through time (Sumner et al., 2013; Bernhardt, et al., 2015; Ikehara et al.,
2018). Long temporal (i.e., reaching back in time to sample several low-recurrence events) and
spatially extensive (to sample different types of events over long distances at locations with differ-
ent preservation potential) records are needed to test the robustness of the proposed models and
relations. Grácia et al. (2010), Pouderoux et al. (2012, 2014), and St-Onge et al. (2012) tracked
inferred earthquake-related event deposits recovered by the CALYPSO coring system further back
in time. These few pioneer studies demonstrated the potential for paleoseismologic application.
However, they were performed on a limited number of cores taken where paleoceanography was
one of the primary objectives, and site location may not have been optimal for paleoseismology.
Site location and assessment of site variability are key issues in subaquatic paleoseismology (Gold-
finger et al., 2017; Ikehara et al., 2018; Kioka et al., 2019a). Detailed characterization of the deposi-
tional history of a site can reveal the causes of apparent gaps in the paleoseismic record and
identify sites ideal for preserving earthquake-related deposits. Because likely no single technique
can provide the full paleoseismic history at an individual site and because feedback between earth-
quake type, seafloor motion, and its eventual manifestation in the stratigraphic record are compli-
cated, our strategy includes (1) a multicoring approach to sample, characterize, and date a wide
range of event deposits over a wide area along the entire Japan Trench (see Operational strategy)
and (2) accompanying studies that will combine field observation with physical experiments and
numerical models. The latter will explore mechanisms that link coseismic seafloor motions, shak-
ing and deformation, sediment remobilization, and transport dynamics with their signatures in
the sedimentary record and provide the knowledge base to translate sedimentary observations
into constraints on prehistoric seismicity. This multidisciplinary approach is expected to deliver
answers to research questions including the following: 

• Can we distinguish different earthquake events and types from the sedimentary records?
• Is there an earthquake magnitude threshold for a given signal/pattern in the sedimentary 

record?
• Does record sensitivity change along strike and/or through time?
• Can we link the sedimentary signal to the earthquake rupture characteristics?
• Can we assess seismic activity of different along-strike segments?

Building on what we have learned from the 2011 Mw 9.0 Tohoku-Oki earthquake, an established
correlation of event deposits to historical earthquakes, and the Japan Trench characteristics that
are suitable for submarine paleoseismology (see Japan Trench paleoseismology), there is a high
potential that our objectives can be achieved. At a minimum, we will identify the giant Mw 9 class
tsunamigenic earthquakes that stand in contrast to the frequently occurring Mw 7.5–8 earth-
quakes that have relatively modest consequences. This is expected to provide a long-term record
of Mw 9 class earthquakes, significantly expanding currently available paleoseismic records of
such upper end-member events at other subduction margins (e.g., Chile at 5.5 ka [Kempf et al.,
2017; Moernaut et al., 2018], Cascadia at 7.6 ka [Goldfinger et al., 2017], Sumatra at 6.5 ka [Patton
et al., 2015], and Hikurangi at 16 ka [Pouderoux et al., 2014]). Based on these so far available re-
cords, the occurrence of different types of earthquake supercycles has been hypothesized (Sieh et
al., 2008; Goldfinger et al., 2013; Ratzov et al., 2015; Usami et al., 2018; Moernaut, 2020; Philibo-
sian and Meltzner, 2020; Griffin et al., 2020; Salditch et al., 2020). Earthquake supercycles have also
been proposed based on seismomechanical models (Herrendörfer et al., 2015; Shibazaki et al.,
2011; Barbot et al., 2020; Nie and Barbot, 2022). Some seismologists (e.g., Geller, 2011; Mulargia et
al., 2017) question the seismic cycle hypothesis. Instead, they propose Poissonian behavior for
earthquake recurrence (i.e., large earthquakes can occur any time with a low but on average con-
stant probability). Studying prehistoric events preserved in the geological record is the best way to
reconstruct the history of megathrust earthquakes on timescales long enough to provide statisti-
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cally rigorous tests to answer the research question: “Do giant earthquakes recur quasiperiodically,
clustered, or randomly through time?”

2.2. Japan Trench paleoseismology
Recent literature and community input during the IODP Paleoseismology workshop in 2015
described characteristics that predispose margins to being suitable for submarine paleoseismology
and formulated guidelines to be considered for designing scientific experiments (Sumner et al.,
2013; Goldfinger et al., 2014; Strasser et al., 2015; McHugh et al., 2015). The Japan Trench (Figure
F1) is a well suited area according to these criteria. The 2011 Tohoku-Oki earthquake is the first
event of its kind worldwide for which the entire activity was recorded by offshore geophysical,
seismological, and geodetic instruments. Additionally, direct observation for sediment resuspen-
sion and redeposition was documented across the entire margin by seafloor monitoring systems
and/or rapid response research missions. Shirasaki et al. (2012) and Pope et al. (2017) reported
submarine cable breaks along the southern and central Japan Trench due to turbidity currents
generated by the 2011 Tohoku-Oki earthquake. Sediment remobilization related to the earthquake

Figure F1. Japan Trench subduction margin physiography and the epicenter and coseismic slip distribution of the 2011
Mw 9.0 Tohoku-Oki earthquake (40 and 20 m slip contour lines from compilation in Chester et al. [2013]; 2 m contour line
from Sun et al. [2017]). Also shown are previous IODP/Integrated Ocean Drilling Progam/ODP/DSDP drilling sites in the
region and sites where surface cores and/or conventional (as long as 10 m) gravity and piston cores were retrieved between
the 2011 earthquake and 2019. Solid red symbols = core locations with water depth >100 m where recent publications (Arai
et al., 2013; Ikehara et al., 2014, 2016, 2018; Kioka et al., 2019a, 2019b; McHugh et al., 2016; Noguchi et al., 2012; Nomaki et
al., 2016; Oguri et al. 2013; Strasser et al., 2013; Usami et al., 2017, 2018; Yoshikawa et al., 2016) or preliminary results from
the most recent Sonne Cruise SO-251 (Strasser et al., 2017) document various distinct earthquake-related event deposits or
stratigraphic gaps (Molenaar et al., 2019) linked to the 2011 earthquake and tsunami; open red symbols = locations where
core data reveal no indication for recent sediment deposition (or erosion) related to the 2011 earthquake and tsunami as
documented by Fink et al. (2014), Ikehara et al. (2016), Yoshikawa et al. (2016), and Kioka et al. (2019b); black symbols =
location of cores for which no detailed information is available; cross symbols = sediment-trapped ocean-bottom seismom-
eters (OBSs) or buried/displaced ocean-bottom pressure recorders (OBPs) associated with the 2011 earthquake (Arai et al.,
2013; Miura et al., 2014). JMA = Japan Meteorological Agency.
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and tsunami is also attested by measured turbidity in the bottom waters (Noguchi et al., 2012;
Oguri et al., 2013) and ocean-bottom instrument data (Arai et al., 2013). Submarine landslides
were documented by differential bathymetry (Fujiwara et al., 2011; Strasser et al., 2013). However,
the most significant volumetric contribution of earthquake-triggered sediment remobilization
occurs through surficial sediment remobilization of just the uppermost few centimeters of young,
unconsolidated, and organic carbon–rich seafloor sediments over a very wide area (McHugh et al.,
2016; Kioka et al., 2019b), as documented by the occurrence of centimeter-thick gaps in the slope
stratigraphic succession correlating to large earthquakes (Molenaar et al., 2019).

Overall, cores document various distinct earthquake-related event deposits throughout an exten-
sive region from the coastal sea to the Japan Trench floor (Figure F1; see references in caption).
Correlation of the event deposit to the 2011 earthquake has been proved positive by short-lived
radionuclide (Oguri et al., 2013; McHugh et al., 2016, 2020; Ikehara et al., 2016, 2021; Kioka et al.,
2019b) and transient disequilibrium pore water profiles (Strasser et al., 2013). Although there is
local variability in deposition and preservation of the event layers (Yoshikawa et al., 2016; Ikehara
et al., 2018, 2021), the general pattern obtained from >70 cores revealed a good along-strike cor-
relation of documented event deposit occurrence within the reconstructed rupture area (McHugh
et al., 2016; Ikehara et al., 2018; Kioka et al., 2019b). Extensive research is still ongoing to further
calibrate the sedimentary record of the 2011 Tohoku-Oki earthquake and assess what earthquake
parameters can reliably be deduced from the geological record, making the Japan Trench among
the best study areas for calibration of submarine paleoseismology. 

High sedimentation rates of diatomaceous hemipelagic mud reflect the influence of high oceanic
productivity as a consequence of the interplay between the cold Oyashio Current and warm
Tsugaru and Kuroshio Currents (Saino et al., 1998). Bioturbation of 2011 event deposits docu-
mented from surface cores is strong to moderate on the upper and lower slopes, respectively (Ike-
hara et al., 2018, 2021). There, comparably low sedimentation rates (6–50 cm/ky on the upper
slope [von Huene et al., 1980] and ~23 cm/ky on the midslope terrace [Shipboard Scientific Party,
1980]) and thinner deposition observed for the 2011 event layer suggest a lower preservation
potential of the earthquake-related bed in the stratigraphic record but also provide evidence of
past earthquake-related event deposits (Usami et al., 2018; Ikehara et al., 2020). In contrast, very
high sedimentation rates occur in the Japan Trench (1–3 m/ky; Ikehara et al., 2018; Schwester-
mann et al., 2021; Kanamatsu et al., 2022), which prevents the destruction of thick, fine-grained
event deposits by currents and benthos activity, resulting in a high preservation potential of the
earthquake-related bed. 

Indeed, cores obtained during the last 8 y from trench-fill basins preserve evidence for at least two
older major sediment remobilization events. These deposits comprise thick, multipulse, fine-
grained turbidite sequences that correlate throughout cores taken from separated trench-fill
basins and extend along strike for ~120 km (Ikehara et al., 2016, 2018; Kioka et al., 2019a; McHugh
et al., 2020; Schwestermann et al., 2020, 2021; Kanamatsu et al., 2022) (Figures F1, F2). Interbed-
ded volcanic ash provides well-constrained tephra chronological age control (Ikehara et al., 2017),
suggesting that the prominent event deposits correlate to the 869 CE Jogan and 1454 CE Kyotoku
earthquakes (Ikehara et al., 2016). Sawai et al. (2015) and Namegaya and Satake (2014) also sug-
gested major megathrust earthquakes as the source of the 1454 CE and 869 CE tsunamis based on
onshore tsunami records and historical documents. Chronology of Japan Trench event deposits
and their correlation to historical earthquakes is corroborated by pioneer studies applying innova-
tive dating methods for deep-sea sediments (i.e., below the carbonate compensation depth, where
traditional 14C dating and stable isotope stratigraphy on carbonate biominerals are confounded).
Bao et al. (2018) and Schwestermann et al. (2021) showed a successful application of organic mat-
ter radiocarbon analyses for constraining the chronology of event deposits related to historic
earthquakes (Figure F3); Kanamatsu et al. (2017, 2022) found that the sediment recovered in the
Japan Trench contains excellent paleomagnetic secular variation and that high-resolution paleo-
magnetic secular variation stratigraphy can successfully be used to confirm synchronicity of earth-
quake induced turbidites in hadal trench-fill sequences (Kanamatsu et al., 2022)

These studies show that large-scale resedimentation events recorded as widespread fine-grained
turbidite sequences occur less frequently despite the generally high seismicity with Mw 7–8 earth-
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North
quakes occurring regularly every few tens to hundreds of years. This finding supports the hypoth-
esis that the Japan Trench event deposit record is representative for exceptionally large events with
low recurrence. The occurrence of three giant earthquakes in the last 1500 y is consistent with
return times of 260–880 y for Mw 9 earthquakes off Tohoku as calculated from seismic moment
frequency relation (Uchida and Matsuzawa, 2011) and other recurrence estimates based on slip
deficit accumulation over time assuming full interplate coupling (590–730 y; Uchida and Bürg-
mann 2021) and seismomechanical modeling (520–800 y [Barbot, 2020]; ~600 y [Nakata et al.,
2021]). Smaller earthquakes may have the potential to locally resuspend unconsolidated seafloor
sediments, as reported by Oguri et al. (2016) for an Mw 7.3 aftershock of the 2011 Tohoku-Oki
earthquake. The global cable break database by Pope et al. (2017) revealed that for the time period
covered by cable monitoring in the Japan Trench, no earthquakes below Mw 7.0 and only 5 earth-
quakes out of 25 earthquakes Mw 7 or above actually triggered cable breaking sediment flows.
These data support the concept that slope stability is greater in areas with high seismic activity
where sediments are consolidated and strengthened during low-magnitude events (Sawyer and
DeVore, 2015; ten Brink et al., 2016; Molenaar et al., 2019). During regional moderate-sized earth-
quakes (Mw 7–8 range) and potentially even triggered by remotely generated earthquake waves
(Johnson et al., 2017), sediment resuspension and remobilization in regions with high sedimenta-
tion rates may redistribute sediment to the trench floor. These processes do not form distinct thick
and regionally extensive event deposits but may instead contribute to and maintain the high back-
ground sedimentation rate (with respect to the great events) in the trench (Ikehara et al., 2016,
2018). 

Examination of the acoustic facies from high-resolution subbottom (HRS) profiles of the trench
fill reveals variably thick, acoustically transparent bodies interbedded in the otherwise parallel
reflection pattern of the trench-fill basins (Ikehara et al., 2018; Kioka et al., 2019a; McHugh et al.,
2020). Seismic-core correlation reveals groundtruthing of the uppermost acoustically transparent
bodies to reflect thick, massive, fine-grained event deposits linked to historic earthquakes (Kioka

een cores from isolated trench-fill basins in the central part of the Japan Trench (between 37°40′N and 38°10′N; along-trench
erve evidence for three major sediment remobilization events (referred to as thick turbidite [TT] units), each consisting of 30–
idites. Also shown is correlation of TT units to coastal tsunami deposits and reported run-up heights >5 m from historical
h inferred occurrence of three earthquakes with sedimentary imprint comparable to the 2011 Tohoku earthquake (Ikehara et
ium, c = coarse.
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et al., 2019a) (Figure F4). HRS profiles from the small isolated trench basins along the entire Japan
Trench axis image acoustic reflection patterns are consistent with basin-fill successions interbed-
ded by episodic deposition of fine-grained turbidites (Kioka et al., 2019a), thus defining clear
target successions for deeper coring to sample older events not reached by conventional coring.

According to the available data and research results, large earthquakes and related tsunamis are
the most probable origin of major sediment remobilization events recorded in Japan Trench strati-
graphic sequences. However, alternative mechanisms have to be considered and will be a primary
objective for this expedition (see Scientific objectives). With the exception of the Ogawara and
Nakaminato Submarine Canyons in the north and south, respectively (Figure F1), the Japan
Trench margin contains no major submarine canyon systems directly connecting the shore or
shelf to the deepwater trench floor. Instead, several isolated basins that form in concert with tec-
tonic subsidence on the upper slope (Arai et al., 2014) serve as natural sediment traps receiving
sediment from the shelf. The Ogawara and Nakaminato Submarine Canyons have not been
reported as significant sediment routing systems. Thus, the physiographic setting of the entire
Japan Trench convergent margin limits the formation and mobility of meteorologically induced
turbidity currents such as by storm surges, hyperpycnal flows from rivers (floods), and large storm
waves to reach the central part of the deep-sea trench (Ikehara et al., 2018; Kioka et al., 2019a;
Schwestermann et al., 2021). 

At this stage, we cannot exclude the possibility that sediment delivery mobilized in shallow waters
and routed through the Ogawara and Nakaminato Submarine Canyons, potentially enhanced
during upper Pleistocene sea level lowstands, may have reached the trench. This possibility is sug-

c matter (OM) radiocarbon analyses on samples from Line GeoB16431-1 and colored TT units linked to historic volcanic erup-
. Lithology core log with volcanic tephra (pink) (see Figure F2 for legend). B. High-resolution bulk OC 14C age profile measured

easurements by coupled elemental analyzer–isotope ratio mass spectrometry–accelerator mass spectrometry (EA-IRMS-AMS)
ich allows for high-throughput bulk sediment OC 14C determination. BP = before present. C. OC flux calculated using TOC
tation rates calculated by ratio of sediment depth spanning time intervals constraints by historic events, and density mea-
nology and radiocarbon characteristics of ramped pyrolysis/oxidation (Ramped PyrOX; RPO) thermal fractions of OM for five

 smaller than the symbol. The method following Rosenheim et al. (2008) analyzes CO2 gas samples collected from ramped
ed over five temperature intervals (T1–T5) by AMS radiocarbon measurements. Results document (1) very high OC fluxes (two

ound) of pre-aged OC input to the hadal environment of the Japan Trench that are directly linked to the earthquake-triggered
k OM radiocarbon ages have consistent offsets of ~2000 y, likely related to constant transport of pre-aged OM to the trench;
thermal fractions ages (parallel lines in D) and their correspondence (in terms of absolute time between known volcanic and
t reflect radioactive decay in the sediment after deposition. The latter result holds promise for placing chronological con-

 (accurate floating chronology), which can be anchored to dated tephra layers.
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gested by results from sediment routing systems analysis by Kioka et al. (2019a). The influence of
sediment remobilization of these two submarine canyons on the event stratigraphic record were
investigated during Expedition 386.

2.3. Japan Trench structural characteristics
The Pacific plate is subducting beneath the Okhotsk plate along the Japan Trench at a rate of 8.0–
8.6 cm/y (DeMets et al., 2010). The trench strikes north–south to NNE–SSW, originating at the
triple junction of the Pacific, Philippine Sea, and Okhotsk plates at the south and intersecting the
Kuril Trench to the north. The plate interface is erosional, and subduction erosion produces tec-
tonic subsidence (von Huene and Lallemand, 1990) that forms a low-gradient (1°–2°) upper slope

Figure F4. Top left: high-resolution bathymetric map (acquired in October 2016 during Cruise SO251-1 with the state-of-
the-art EM 122 Kongsberg multibeam echo sounder system installed on Sonne) with the 5 m contours and track lines of
high-resolution subbottom profiles. Top right: SSW–NNE noise-attenuated Parasound Line GeoB21806-part2 along the
Japan Trench. SP = shotpoint. Bottom left: WNW–ESE noise-attenuated Parasound Line SLF120318225 crossing the Japan
Trench. Colored units represent low-amplitude to homogeneous seismic facies in an otherwise layered reflection pattern
(colors match bottom right panel). Dotted lines are continuous high-amplitude reflections often traceable throughout mul-
tiple basins. Also shown is projected location of Holes M0091B and M0091D. Bottom right: core-seismic correlation of Core
KS-15-03 PC08 of Ikehara et al. (2018) and Kioka et al. 2019a. The fine sandy tephra at 2.1 m subsurface is identified as the
Towada-a (To-a) tephra and corresponds to a strong reflection on the Parasound data. Homogeneous units in the core
interpreted to be sedimentary event deposits (i.e., yellow, purple, and blue layers) correspond to low-amplitude acoustic
units with a basin-fill geometry (top right). Green is for similar low-amplitude units below the cored interval that were tar-
gets for piston coring at Site M0091. This HRS data was acquired using the Atlas Parasound P70 echo sounder on Sonne.
Interference of two signals with high frequencies (18 and 22 kHz) produces a secondary low frequency of ~4 kHz that is
used for subbottom profiling. Generally, acquisition parameters were as follows: low-pass filter at 6 kHz, pulse length =
1 ms, sampling rate = 12.2 kHz. 
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terrace. Although there is no clear fore-arc basin, isolated basins occur on the upper slope terrace
(Arai et al., 2014). The lower slope is steeper with an average gradient of ~5°. Active faulting along
the subduction margin (Tsuru et al., 2002; Kodaira et al., 2017) forms a narrow midslope terrace at
water depths of 4000–6000 m. North–south to NNW–SSE trending horst and graben structures
formed by flexural bending of the subducting Pacific plate result in relatively rough trench floor
morphology with small elongated, physically separated trench- and graben-fill basins. Vertical
relief within the basins is typically on the order of a few hundreds of meters (Kioka and Strasser,
2022).

The study area of the deep Japan Trench (7600, 7500, and 8000 m water depth in the northern,
central, and southernmost parts, respectively) is bounded to the north and south by subducting
seamounts (Erimo and Daiichi-Kashima Seamounts, respectively), where the trench floor is ele-
vated to 6000 and 5500 m, respectively. The trench floor is also relatively shallower (~7400 m) in
the boundary area between the central and northern Japan Trench, around 39.4°N, where a petit-
spot volcano field (Hirano et al., 2006) enters the subduction system (Fujie et al., 2020). There, a
large >1 km high escarpment suggests large-scale gravitational collapse and megalandslides on the
lowermost landward slope (Nakamura et al., 2020). HRS profiles, however, do not show young
large-scale landslide deposits, suggesting that the collapse structure is significantly older (Kioka et
al., 2019a).

3. Scientific objectives
Motivated by the mission to fill the gap in long-term records of giant (Mw 9 class) earthquakes,
Expedition 386 aimed at testing and developing submarine paleoseismology in the Japan Trench. 

Primary scientific objectives are as follows:

1. Identify the sedimentologic, physical, chemical, and biogeochemical proxies of event deposits 
in the sedimentary archive that allow for confident recognition and dating of past Mw 9 class 
earthquakes versus smaller earthquakes versus other driving mechanisms.

2. Explore the spatial and temporal distribution of such event deposits to investigate along-strike 
and time-dependent variability of sediment sources, transport and deposition processes, and 
stratigraphic preservation.

3. Develop a long-term earthquake record for giant earthquakes.

Objectives 1 and 2 are related to the mission of testing and developing submarine paleoseismology
to produce robust long-term records as input for addressing Objective 3 in the Japan Trench, as
compared with global examples. To address these objectives, Expedition 386 implemented a mul-
ticoring approach by MSP shallow subsurface (40 m) giant piston coring to recover the continuous
upper Pleistocene–Holocene stratigraphic successions of isolated trench-fill basins along an axis-
parallel transect of the 7–8 km deep Japan Trench. Cores from 29 Giant Piston Corer (GPC)
deployments at 15 sites located in 11 individual trench-fill basins will be used for multimethod
applications to characterize event deposits for which the detailed stratigraphic expressions and
spatiotemporal distribution will be analyzed for proxy evidence of extreme events.

The Expedition 386 multicoring approach at 7445–8023 m water depth also comprised the first
ever high-resolution investigation and sampling of the >10 m deep subsurface in a hadal oceanic
trench, which act as terminal sinks for sedimentary mass and carbon. Such hadal environments
are the deepest places on our planet and arguably one of Earth’s most challenging environments
for earth science research. They act as terminal sinks for sedimentary mass and carbon and form
high-resolution archives, presenting the possibility of unraveling the history of deep-ocean ele-
mental cycles. Hence, a secondary objective of Expedition 386 is to systematically describe the
Japan Trench hadal environment in unparalleled high temporal and spatial resolution, quantify
sedimentary and dissolved geochemical concentrations, and characterize hadal microbiological
communities. This aims at investigating the deep-ocean elemental cycle and is expected to shed
new light on sediment and carbon fluxes of event-triggered sediment mobilization to a deep-sea
trench and its influence on the hadal environments.
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4. Site selection and coring strategy
Site selection for the multicoring approach was based on high-resolution multichannel seismic
(HRMCS) data (Kodaira et al., 2017; Nakamura et al., 2013, 2020, submitted) and HRS data (Kioka
et al., 2019a). HRMCS data revealed variable thickness of trench-fill basins ranging from practi-
cally 0 to >300 m, reflecting along-strike variation in the structural style of horst-graben basins
bending along faults in the downgoing slab and Mesozoic–Cenozoic sediment cover of the Pacific
plate (Nakamura et al., 2013; Boston et al., 2014). Sites were located in basins where trench-fill
sediment thickness is >50 m, even where the lower part of the trench fill is not well imaged in the
HRS data. There, the acoustic basement in HRS data is interpreted as linked to local landslides or
deformation of trench-fill sediments by coseismic slip propagation to the trench (Kodaira et al.,
2012; Strasser et al., 2013; Kioka et al., 2019a; Nakamura et al., 2020, submitted). Sites were
selected that allowed sampling of event deposits that are well characterized by homogeneous
acoustic facies intercalated within acoustically stratified sediments imaged by HRS data (Figures
F4). In most cases, two sites are located <2–5 km apart in an individual trench-fill basin for which
site-to-site correlation is well constrained by good reflector continuity (Kioka et al., 2019a). The
two sites form a couple that allows for coring both an expanded and a condensed stratigraphic
section, applying the composite-stratigraphy concept to address Objective 1 and reaching further
back in time (Objective 3). Correlation between sites across different basins is possible in many
cases in the northern and southern Japan Trench (Kioka et al. 2019b). However, these correlations
are partly obscured by steep morphologies across subducting horst or landslides structures. To
study along-strike variability (Objective 2), we located fewer coring sites in basins with better
along-strike continuity, whereas high site location density is chosen where basins are smaller and
continuity is restricted.

5. Operational strategy

5.1. Offshore operations
The coring platform used for Expedition 386 was the R/V Kaimei (100.5 m long; 5747 tonnes)
operated by the Japan Agency for Marine-Earth Science and Technology (JAMSTEC). This
dynamically positioned vessel has onboard laboratory facilities adaptable to a wide range of scien-
tific applications. For Expedition 386, the usual suite of European Consortium for Ocean Research
Drilling (ECORD) containerized laboratories were not required, and the laboratories aboard were
adapted to accommodate all analytical equipment required to carry out IODP shipboard and
time-critical Science Party sampling and analysis.

The expedition used a GPC system, enabling deployment of either a 20, 30, or 40 m GPC using its
12,000 m cable (Figure F5). At all Expedition 386 sites, the proposed site locations (Strasser et al.,
2019) were first surveyed by acquiring at least one site-crossing multibeam swath bathymetry and
HRS to confirm that the seafloor and subseafloor sediment targets were free of large solid obstruc-
tions that can bend the piston corer barrel on impact. Upon confirmation of a suitable site loca-
tion, the Kaimei was dynamically positioned at the proposed sites approved by the IODP
Environmental Protection and Safety Panel. The coordinates for the position of the GPC system
deployments at the seabed were calculated from a combination of the corrected ship’s position and
the position of a transponder mounted on the cable 50 m above the GPC (Figure F5), with all holes
at Sites M0081–M0095 situated within 300 m of the specified coordinates (Figure F6; Table T1).

Mobilization of the vessel took place in Yokusuka, Japan, with Japan-based scientists and the full
complement of Marine Works Japan (MWJ) and The Institute for Marine-Earth Exploration and
Engineering (MarE3) staff joining on 13 April 2021. Kaimei set sail from Yokusuka on 13 April,
and the offshore phase of the expedition continued until the 1 June, when Kaimei returned to
Yokusuka. Following completion of operations at Site M0088, a ~30 h port call was made in Hachi-
nohe on 7 and 8 May for crew and technician change and to load supplies. Demobilization also
took place at Yokusuka, where the refrigerated (reefer) containers were offloaded from the vessel
in preparation for transfer to the D/V Chikyu.
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Scientists departed the vessel on 1 June, and MarE3 and MWJ staff disembarked following com-
pletion of demobilization. The cores, core catcher samples, headspace gas samples, and interstitial
water (IW) splits collected offshore were transported under refrigeration to Chikyu.

In total, 25 days of Expedition 386 were spent operational on station, 8.5 days were spent in transit
between sites, 2 days were spent in port during the expedition, 13 days were spent on standby at
station because of weather, 0.2 days were spent on equipment-related downtime, and 1.4 days were
spent carrying out a medical evacuation from the vessel. See Table T1 for a summary of offshore
operations and core recovery. Shipboard-generated core recovery plots are available in the weekly
ship reports on the ECORD Expedition 386 website (http://www.ecord.org/expedition386/ 
reports).

As with all mission-specific platform expeditions, no cores were split during the offshore phase;
therefore, a comprehensive onshore phase complemented the offshore phase, unfortunately pro-
longed due to the continuation of the COVID-19 pandemic. Table T2 summarizes the descrip-
tions and measurements made during Expedition 386 and indicates whether they were conducted
offshore or onshore.

Figure F5. GPC deployment sequence, Expedition 386. (1) The GPC system is lowered by winch toward the seafloor with a
transponder mounted 50 m above the system for precise positioning and a small trigger corer suspended below the piston
coring system. (2) The trigger corer hits the seafloor, triggering the release of the lever arm, and the release of the main
coring system. The piston coring system is driven into the seafloor sediments by the weight of the weight head and the
main coring barrel. (3) As the piston corer barrel enters the sediment, a piston inside the piston corer barrel moves up on
top of the sediment being cored by the main coring barrel, preventing disturbance of the sediment layers. (4) Once pene-
tration is completed, the entire system is recovered to the surface. Onboard Kaimei, the core barrel sections are opened and
the core sections are cut, recorded, and moved into the laboratory for measurement and storage.

GPC deployment sequence
Kaimei

(length 100.5m)

Water
depth
8000 m

1 2 3 4

Transponder

 50m

Transponder

 50m

Transponder

 50m

 Inclinometer
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Table T1. Hole summary, Expedition 386

Site Latitude Longitude

Southern Japan Trench
M0081 36°4.336′N 142°44.14′

M0082 36°6.050′N 142°45.508
M0095 36°53.501′N 143°24.473
M0092 36°54.672′N 143°25.416
M0091 37°24.747′N 143°43.729

Central Japan Trench
M0090 38°17.834′N 144°3.549′

M0089 38°43.202′N 144°7.538′

M0083 38°45.413′N 144°7.755′

Central/Northern Japan Trench
M0093 39°4.909′N 144°13.000
M0094 39°14.854′N 144°12.309
M0087 39°26.439′N 144°12.971

Northern Japan Trench
M0086 39°46.756′N 144°16.524
M0088 40°5.586′N 144°19.541
M0084 40°23.726′N 144°25.328
M0085 40°26.244′N 144°26.231
Figure F6. Site map, Expedition 386. Bathymetric overview map of the Japan Trench (modified after Kioka et al., 2019a)
between the Daiichi Seamount in the south and the Erimo Seamount in the north. Red dots = site locations along the Japan
Trench axis. Black bold and dashed lines mark the Nakaminato and Ogawara canyon in the south and north, respectively.
Note that locations are indicative.
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Total 
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length (m)
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GPC 
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(Hole B)
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(2021)
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core 
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GPC 
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(Hole D)

Date 
collected

(2021)

Trigger 
core 

(Hole E)

GPC 
main 

(Hole F)

Date 
collected

(2021)

E 8020 1.21 19.89 20 Apr 1.07 35.57 22 Apr 1.07 37.74 14 May 96.55 93.2
′E 7993 1.455 18.71 21 Apr 0.97 36.67 15 May 57.81 92.3
′E 7697 0.895 28.345 30 May 29.24 47.2
′E 7702 1.1 30.07 23 May 0.785 36.205 25 May 68.16 110.5
′E 7802 0.835 19.22 19 May 0.765 31.12 20 May 51.94 83.9

E 7445 1.154 19.6 18 May 1.075 33.935 28 May 55.76 89.2
E 7607 1.43 18.1 9 May 0.705 36.9 10 May 57.14 91.7
E 7620 1.615 19.52 24 Apr 1.4 36.89 1 May 0.92 36.605 11 May 96.95 93.0

′E 7454 0.775 26.135 27 May 26.91 43.6
′E 7349 0.805 18.28 29 May 19.09 60.9
′E 7520 1.475 18.975 3 May 0.835 26.345 22 May 47.63 75.5

′E 7502 1.4 18.24 2 May 19.64 30.4
′E 7550 1.09 17.69 5 May 0.96 36.48 6 May 56.22 90.3
′E 7590 0.95 19.94 26 Apr 0.46 35.44 28 Apr 0.5 37.821 12 May 95.11 93.2
′E 7600 0.72 18.31 27 Apr 0.33 33.69 29 Apr 53.05 86.7

IODP Expedition 386 totals: 831.19
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5.2. Onshore Science Party
A number of analyses were completed in the period between the offshore and onshore phases of
the expedition. X-ray computed tomography (CT) scans were carried out on all sections, including
trigger cores, using the X-ray CT scanner on Chikyu. Headspace samples taken offshore were ana-
lyzed aboard Chikyu for gas chromatography with flame-ionization detection (GC-FID). Smear
slides taken offshore were described and entered into the drilling information system (DIS)
Spreadsheet template.

The global situation resulting from the COVID-19 pandemic necessitated changes in the structure
and operation of the Onshore Science Party (OSP). This was held aboard Chikyu on 14 February–
15 March 2022; however, due to travel and entry restrictions to Japan, only Japanese-resident
Science Party members and operator staff were able to attend. This forced a number of significant
changes to be made to the core flow prior to, during, and after the OSP. The most significant of
these was the decision to conduct only IODP shipboard sampling and analysis during the OSP. A
further restriction forced upon the operators was the limitations on staff numbers to attend the
OSP in person. As a result, a complicated core flow was designed (Figure F7), ensuring that analy-
ses that could not be completed aboard Chikyu were carried out at ECORD Science Operator
(ESO) laboratories at the Marum Bremen Core Repository and the European Petrophysics Con-
sortium at the University of Leicester. Data derived from analyses conducted in Japan and Europe
were shared with the full Science Party, including the Japanese participants aboard Chikyu, as they
were produced and with the remaining 26 scientists around the world after a full QA/QC process
conducted by ESO and MarE3 operator staff. 

Table T2. Locations where samples were sent for further analysis after the offshore phase. GRA = gamma ray attenuation,
MS = magnetic susceptibility, PWV = P-wave velocity, RGB = red-green-blue color space, PCR = polymerase chain reaction,
SEM = scanning electron microscopy, EDS = energy dispersive X-ray spectroscopy. SP = Science Party member home insti-
tution. 

Discipline Analysis Location Phase

Physical properties Moisture and density (MAD) Chikyu OSP
Discrete P-wave velocity EPC Post-OSP
MSCL (GRA, MS, PWV, NGR) Kaimei Offshore
Handheld penetrometer Chikyu OSP
Penetrometer Chikyu PSP
Shear vane Chikyu PSP
Linescan and RGB Chikyu OSP
Color reflectance Chikyu OSP

Geochemical characterization X-ray diffraction (XRD) BCR OSP
X-ray fluorescence (XRF) BCR OSP
Total carbon (TC) BCR OSP
Total organic carbon (TOC) BCR OSP
CHN BCR OSP
GC-FID (hydrocarbons) Chikyu Pre-OSP
IW standard cations Chikyu OSP
IW standard anions BCR OSP
IW salinity, pH/alkalinity, ammonia Kaimei Offshore
Sulfides BCR OSP

Paleomagnetic studies Pmag Chikyu OSP-PSP

Micropaleontological analysis Radiolarians Chikyu and SP OSP-PSP
Foraminifera SP OSP

Microbological analysis PCR rRNA SP Pre-OSP, PSP

Tephra SEM-EDS SP Pre-OSP, PSP
Smear slide description Chikyu OSP, PSP

Sedimentology Visual core description Chikyu and SP OSP
Smear slide description Chikyu and SP Pre-OSP, OSP
X-ray CT Chikyu Pre-OSP
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Figure F7. Core processing and measure
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5.3. Personal Sampling Party
The relaxation of travel restrictions and the opening of Japan’s borders to overseas visitors in Sep-
tember 2022 enabled the final phase of the onshore portion of the expedition to take place. The
Personal Sampling Party (PSP) took place aboard Chikyu on 15–30 November 2022. All Science
Party members were invited to attend, and MarE3 and ESO operators finalized planning for the
sampling of the expedition cores to satisfy individual research proposals and to complete IODP
standard physical properties measurements. ESO operator staff traveled to Japan to help coordi-
nate and assist MarE3 staff in Science Party logistics and PSP workflow. Over the course of 2
weeks, all samples and measurements were completed, fulfilling the sample requirements for 44
Science Party sample requests and completing IODP penetrometer and shear vane measurements
for those core sections not already measured during the OSP.

Sampling planning was coordinated by ESO over several months, in close communication with
scientists. All samples once taken, were packed, labeled, and stored according to agreed standards
and then shipped to scientists’ home institutions after the conclusion of the PSP. Sample informa-
tion held in the Harumon system underwent full QA/QC and was then integrated into the Expedi-
tionDIS database by the ESO Database Managers.

ment flow during offshore, OSP, and PSP phases, Expedition 386. WR = whole round.
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6. Principal results

6.1. Southern Japan Trench

6.1.1. Sites M0081 and M0082
Sites M0081 and M0082 are in the southernmost trench-fill basin (Basin S1) of the Japan Trench
(Figure F6). The basin has an elongated shape with a northeast–southwest trend extending ~18
km in a trench-parallel direction with its rather flat basin floor at around 8025 m water depth. The
width of the asymmetric basin, with its steeper (up to 50% slope gradient) northwestern and more
gentle (~20% slope gradient) southeastern margins, ranges 3800–5200 m. Site M0081 was selected
to core the basin floor, where the greatest sediment recovery was anticipated based on the subbot-
tom profiles, which are characterized by closely, regularly spaced acoustic laminations down to
>50 m subsurface with intercalated, approximately 2–3 m thick acoustically transparent intervals
separated by high-amplitude reflections (Figure F8). The acoustically transparent intervals thin
with the general reflection pattern, becoming slightly less coherent toward a bathymetric high. Site
M0082 was located here to sample a condensed section overlying a basal high ~40 m subsurface.

Visual core description–derived lithologies based on texture are dominated at both sites by clayey
silt, silty clay, and clay with minor components of medium sand, fine sand, very fine sand, and silt
(Figures F9, F10). Detailed smear slide observations indicate that there is a large siliceous biogenic
component that can dominate the lithology (lithogenic-rich siliceous ooze vs. siliceous-rich, litho-
genic silty clay). The most common sedimentary structures at both sites are thin beds (1–3 cm
thick) and laminae, sometimes forming parallel laminated intervals that contain fine sand, very
fine sand, silt, and clayey silt with rare but occasionally present foraminifers and calcareous nan-
noplankton, as revealed by microscopic observation. These structures occur within interpreted
event beds that are characterized by a coarse-grained basal layer ranging from medium sand to
silty clay. A sharp or bioturbated contact is found at the base of the coarse-grained layer. The
coarser grained basal deposits contain laminae and beds (1–5 cm thick) and are often capped by
clays. This clay deposit can be a few centimeters to meters thick, mostly lacking bioturbation as,
for example, in a notable ~5 m thick clay bed at ~10–15 meters below seafloor (mbsf ) (Interval 2,
below). The sediments have undergone extensive organoclastic sulfate reduction and/or anaerobic
oxidation of methane that is manifested as iron monosulfides. These postdepositional processes
(bioturbation and formation of iron monosulfides) overprint the primary depositional bedding
features and are seen filling burrows as mottling and filling porosity in laminae as color bands. The
lithostratigraphic succession at Site M0081 comprises the following three intervals in a downcore
direction (as summarized for Hole M0081F, shown in Figure F9):

Figure F8. Hydroacoustic Line 386_Underway_010, a trench-parallel line that passes 730 m west of Site M0081 and inter-
sects Site M0082, showing the acoustic character of the southernmost trench-fill basin in the Japan Trench. SP = shotpoint.
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Figure F9. Composite Strater plot, Hole 
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• Interval 1 is a 9.8 m thick silty clay interbedded with thin beds and laminae. 
• Interval 2 is a 5 m thick interval of clay with sparse iron monosulfides and bioturbation. 
• Interval 3 is silty clay interbedded with thin beds (1–3 cm), laminae, and parallel laminae.

The identification of intervals is not as clear for Site M0082 because the clay and silty clay intervals
are thinner than at Site M0081, ranging in thickness from centimeters to 1.5 m. There are notable
tephra layers in the upper part of the succession, and their characteristic facies is found at both
Sites M0081 and M0082 at ~7 and 2.5 mbsf, respectively, as key beds allowing correlation between
holes and sites, with a superposition of the two tephra layers occupying similar stratigraphic posi-
tions in both cores. Another tephra layer was only observed at Site M0082 at 22 mbsf. The differ-
ence in the subsurface depth of the correlative tephra layers suggests lower sedimentation rates at
Site M0082. Even under the ultra-deepwater hadal environment, benthic and planktonic foramin-
ifers occur with varying moderate to good preservation in sediment. Except for the agglutinated
foraminifers, which may be either in situ or reworked, all foraminifers are considered to be alloch-
thonous. Because of low foraminiferal abundance, no provenance interpretation of benthic fora-
minifers can be made, but for one sample in the lower part of Site M0082 (386-M0082D-1H-25,
102.5–105.5 cm; 25.68 mbsf ) the common assemblage of brownish orange stained benthic and
planktonic foraminifers suggests a source no shallower than an outer neritic environment.

Physical property logs of Sites M0081 and M0082 show mostly parallel variations. Bulk density
increases downcore from ~1.20 g/cm3 at the top of the core to ~1.40 g/cm3 at the bottom at both
sites (Figures F9, F10). At both sites, several peaks in bulk density exceeding 1.5 g/cm3 occur (e.g.,
at 3, 7, 8, 12, and 14 m core depth) and correspond to peaks in magnetic susceptibility (exceeding

M0081F. cps = counts per second.
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Figure F10. Composite Strater plot, Hole
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100 × 10−5 SI, well above a baseline of roughly 50 × 10−5 SI) and natural gamma radiation (NGR).
At basin Site M0081, the zone between ~20 and 30 m core depth is characterized by rapid fluctu-
ations of high- and low-density values and corresponds to similar fluctuations in magnetic suscep-
tibility, resistivity, and NGR. Although magnetic susceptibility generally tends to vary over short,
centimeter-scale depths, a ~3 m thick zone of nearly continuous readings of 65 × 10−5 SI occurs at
~11–14 m core depth (Interval 2, above). This interval is also a high-NGR zone with readings up
to 40 counts/s. A comparable high-gamma interval also occurs at Site M0082 at 4.5–5.5 mbsf, also
with corresponding high magnetic susceptibility and high bulk density values. Undrained shear
strength increases with depth at both sites, but maximum values at the base of the deepest hole at
Site M0081 are approximately three times higher than at the base of the deepest hole at Site
M0082. 

The downcore IW and headspace gas profiles of sulfate, alkalinity, ammonium, bromide, and
methane concentrations show characteristic changes related to organic matter degradation at both
Sites M0081 (Figure F9) and M0082 (Figure F10). This suggests that intensive remineralization
occurs, which is also supported by the observed high total organic carbon (TOC) content. This
process is most active in the uppermost ~3–5 mbsf, gradually diminishes farther downcore, and
occurs at comparable rates at both sites. Dissolved Fe and Mn are very high in the uppermost
meter of the sediment column at both sites, indicating organic matter remineralization by inten-
sive dissimilatory Mn and Fe reduction. The nonlinear, wavy decrease in Mn concentrations below
the uppermost meter may indicate repeated periods of non-steady state diagenesis preserved in
the IW record. Below the uppermost sediment interval, organoclastic sulfate reduction becomes
the dominant electron acceptor for organic matter remineralization, followed by methanogenesis
at greater depths. Dissolved Si concentrations (>800–1000 μM) are very high immediately below

 M0082D. For lithology legend, see Figure F9. cps = counts per second.
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the sediment surface (~0.2–0.3 mbsf ) and remain high throughout the recovered intervals at both
sites. Amorphous silica appears to dissolve throughout the core, causing some of the highest dis-
solved Si concentrations reported in marine sediments (e.g., Frings, 2017). In general, patterns and
concentrations of IW and dissolved gas parameters are similar at Sites M0081 and M0082, indicat-
ing that overall similar depositional and diagenetic processes affected both sites. One significant
difference between Sites M0081 and M0082 is the depth of the sulfate–methane transition (SMT),
which is located at ~9–10 mbsf at Site M0081 and at ~3–4 mbsf at Site M0082. This could be
explained by different depositional histories, including different sedimentation rates, organic
matter reactivities, organic matter delivery rates, and/or variable methane fluxes from depth. The
solid phase at Sites M0081 and M0082 is dominated by siliceous material, indicated by high Si
contents and corroborated by smear slide descriptions. Fine-grained siliciclastic material, as
approximated by Al contents, is quantitatively the second-most important sediment component.
Carbonate material, as shown by the inorganic carbon (IC) and partly the Ca contents, is very low
but not zero. The Fe contents broadly parallel the Al records and, at first pass, do not indicate
significant vertical redistribution by diagenetic dissolution-precipitation processes. This is differ-
ent for Mn, which exhibits several dramatic peaks reaching up to 0.36 wt% throughout the sites,
indicating diagenetic migration of Mn.

The paleomagnetic intensity profiles of Site M0081 are characterized by a wide range in intensity,
ranging from 10−5 to 10−4 A/m orders (Figure F9). They are generally scattered, but at Site M0081
their background intensity generally increases downward from the top to around 1.5 mbsf and
decreases to more constant lower background values below around 20 mbsf. A similar trend in
background intensity can be observed at Site M0082 (Figure F10), but at a shallower subsurface
level. Preliminary paleomagnetic data of Sites M0081 and M0082 display various trends in decli-
nation profiles, but their trends at Site M0081 are different among the profiles from different
holes. This observation suggests that the preliminary reconstruction applied to correct for the rel-
ative rotation of the core sample along the vertical axis during penetration of the GPC system into
the subbottom sediments is not fully adequate and needs to be improved for correlating the paleo-
magnetic secular variations. The preliminary correction applied to declination profiles at Site
M0082 reveals more consistent declination profiles characterized by short cyclic oscillation in the
upper intervals and a longer arch shape trend in the lower part. On the other hand, the inclination
does not relate to the horizontal rotation like the declination. In inclination profiles, some sudden
drops are observed at Site M0081 (e.g., around 20 mbsf ) and at Site M0082 (~8–9 mbsf ). These
features may be correlatable between holes and enable chronological tie points using inclination
data.

Radiolarian fossils are abundant throughout the samples analyzed from Holes M0081D and
M0082D, and their preservation is good. Stratigraphic changes of relative abundance for three
radiolarian species or species group—Cycladophora davisiana Ehrenberg, Tetrapyle circularis/ 
fruticosa group sensu Matsuzaki et al. (2020), and Lithomelissa setosa Jørgensen—are used as the
main radiolarian events (Events 1–7) for Expedition 386. At Site M0081, the relative abundance of
Cycladophora davisiana is less than 6% throughout. Therefore, the whole section recovered from
Hole M0081D is included in C. davisiana Zone ‘a, corresponding to the Holocene (Morley et al.,
1982). Although the relative abundance of the Tetrapyle group is generally low, ranging 2%–8%, it
is relatively high (>5%) below 27.9 mbsf, likely correlated with the mid-Holocene warm period
(Matsuzaki et al., 2020; Chinzei et al., 1987). Relatively high values (>3%) of Lithomelissa setosa are
observed at the bottom of the core (34.1 mbsf ), which could correlate to the upper of two small
peaks in the abundance patterns of L. setosa, which could be correlated among most of the sites
and is regarded as a potential key marker (Events 2 [upper peak] and 4 [lower peak]). At Site
M0082, the relative abundance of C. davisiana is less than 15% throughout the core and tends to
be somewhat higher (>10%) below 27 mbsf. Therefore, it is likely that the entire section recovered
from Site M0082 is included in C. davisiana Zone ‘a, corresponding to the Holocene. The lower
part of the core could possibly correspond to the earliest Holocene, near the boundary of C. davi-
siana Zones ‘a and ‘b (Morley et al., 1982). The relative abundance of the Tetrapyle group varies
between 2% and 10%; however, it is difficult to recognize an interval with relatively high abun-
dances (>5%). The relative abundance of L. setosa reaches a maximum (>3%) at 23.2 mbsf that
could be correlated to Event 2.
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6.1.2. Sites M0092 and M0095
Sites M0092 and M0095 are in a trench-fill basin located in the central part of the southern Japan
Trench (Basin S2; Figure F6). The basin has an elongated shape with a northeast–southwest trend
extending ~6 km in a trench-parallel direction and a rather flat basin floor at around 7700 m water
depth. The width of the asymmetric basin, with its steeper northwestern and gentler southeastern
margins, ranges 1500–2500 m. Subbottom data image the basin infill in the main depocenter
around Site M0092 as a package of acoustically laminated basin infill, in places more than 50 m
thick (Figure F11). The lower part shows slightly higher amplitudes imaging a very gently folded
older basin-fill succession. The upper surface of this gently deformed older basin-fill is onlapped
by an overlying, horizontally stratified package, which also includes approximately 1–2 m thick,
intercalated acoustically transparent intervals in the shallow subsurface. Site M0095 was selected
to core where the younger and older basin-infill packages are relatively condensed and expanded,
respectively, compared to the main depocenter of the basin around Site M0092.

Visual core description–derived lithologies based on texture are dominated at both sites by clayey
silt, silty clay, and clay with minor components of medium sand, fine sand, very fine sand, and silt
(Figures F12, F13). Detailed smear slide observations indicate that there is a large siliceous bio-
genic component that in places can dominate the lithology (e.g., lithogenic-rich siliceous ooze vs.
siliceous-rich, lithogenic silty clay). Bioturbation, except for three fining-upward sequences in the
upper 9 and 6.5 m at Sites M0092 and M0095, respectively, is common and varies between slight
to heavy. The sediments have undergone extensive organoclastic sulfate reduction and/or anaero-
bic oxidation of methane that is manifested as iron monosulfides. These postdepositional pro-
cesses (bioturbation and formation of iron monosulfides) overprint the primary depositional
bedding features and are seen filling burrows, as mottling, and filling porosity in laminae as color
bands. The lithostratigraphic succession at Site M0092 comprises the following three intervals in a
downcore direction:

• Interval 1 is a ~9 m thick, medium- to thick-bedded interval comprising three major fining-
upward sequences characterized by a sharp contact over a heavily bioturbated and iron 
monosulfide-rich clay.

• Interval 2 is a ~10 m thick bioturbated clay with scattered silty clay horizons and silt laminae.
• Interval 3, from 18.7 mbsf to the base of Hole M0092D, is medium- to thick-bedded silty clay 

and clay.

The uppermost part of the Interval 3 is characterized by three fining-upward successions from a
sharp base, very fine sand to silt layer overlain by silty clay to stacked silt to silty clay. Below, the
sediments progressively contain more tightly spaced sand and silt beds and laminae with depth.

Figure F11. Hydroacoustic Line 386_Underway_096, a trench-parallel line that intersects Site M0092 and passes nearby
Site M0095, showing the acoustic character along strike of the trench-fill basin located in the central part of the southern
Japan Trench.
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Figure F12. Composite Strater plot, Hole
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Brownish white silt-sized tephra occurs in this interval (Section 386-M0092D-1H-28, 63.5 cm) as
patches in the silty sediment. 

Similarly, the lithostratigraphic succession at Site M0095 comprises three comparable intervals in
downcore direction, which are likely correlative to Site M0092:

• Interval 1 is a ~6.5 m thick, medium- to thick-bedded interval comprising three fining-upward 
sequences with a sharp sand base and fining-upward fine sand and silt laminae overlain by 
thick homogenous clayey silt and silty clay. These depositional packages lack bioturbation. The 
lowermost package also shows soft-sediment deformation such as recumbent and drag folds.

• Interval 2 is a ~8.75 m thick clay interbedded with two clayey silt beds 4–6 cm thick and sparse 
silt laminae.

• Interval 3, from 15.2 mbsf to the base of Hole M0095B, is a much more thickly (compared to 
the second interval) interbedded clay with silt beds, silty clay beds, and laminae. Three silt beds 
of 10 to 20 cm thickness are present in the upper part of this interval. 

No tephra layers were observed at Site M0095. Even under the ultra-deepwater hadal environ-
ment, benthic and planktonic foraminifers were observed at Sites M0092 and M0095 with varying
moderate to good preservation in sediment. Except for the agglutinated foraminifers, which may
be either in situ or reworked, all foraminifers are considered to be allochthonous. Because of low
foraminiferal abundance, no provenance interpretation of benthic foraminifers can be made.

 M0092D. For lithology legend, see Figure F9. cps = counts per second.
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Figure F13. Composite Strater plot, Hole
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Physical property logs show mostly parallel trends and variations. Bulk density increases down-
core from ~1.20 g/cm3 at the top to ~1.35 g/cm3 at the bottom of the deepest hole at both sites, and
magnetic susceptibility mostly shows high-frequency variations typically with values of ~30–80 ×
10−5 SI, and NGR fluctuates between 9 and 45 counts/s (with the baseline generally increasing with
depth in the uppermost ~9 and ~7 m at Sites M0092 and M0095, respectively) (Figures F12, F13).
At both sites, several peaks in bulk density exceeding 1.4 g/cm3 occur and mostly correspond to
peaks in magnetic susceptibility (exceeding 100 × 10−5 SI). The peaks generally have asymmetric
shapes with a sharp and abrupt base and upward-decreasing trends above, corresponding to dep-
ositional sediment packages with a coarse base and fining-upward trend at respective depths.
Well-pronounced peaks occur at ~8.4; between 18.7 and 20; and at 25.7, 31.4, and 33.3 mbsf in
Hole M0092D and at ~6.1, between 15.5 and 17, and at 24.3 mbsf in Hole M0095B. The peaks at
8.4 (Hole M0092D) and 6.1 mbsf (Hole M0095B) are unusual in that they cover a broader depth
range compared to the other peaks and are characterized by a decreasing trend that is sharper
than the increasing trend. The same broader depth ranges also show elevated NGR values. Reliable
P-wave velocity measurements are available for the uppermost ~14 m at both sites and fluctuate
around a value of ~1500 m/s in the uppermost 4 and 3 mbsf, decrease to ~1484 m/s at 8 and 6
mbsf at Sites M0092 and M0095, respectively, and increase with depth to reach maximum values
of ~1550 m/s. Undrained shear strength measurements generally increase with depth at both sites
with similar trends. Below ~10 and 6 mbsf at Sites M0092 and M0095, respectively, variability
increases, with few meter-thick intervals characterized by elevated undrained shear strength
values.

The geochemical pore water profile in the top part of the cores at both sites show elevations in
redox sensitive elements (V, Mo, U, Fe, and Mn) and abrupt decreases in sulfate and barium.
Methane is low in the shallow parts of the cores and becomes important at a depth where sulfate is
below detection, which defines the SMT at ~8 mbsf at Site M0092 and at ~6 mbsf at Site M0095
(Figures F12, F13). Combined, these observations are consistent with organic matter remineral-
ization, likely by intensive dissimilatory Fe reduction. Below the uppermost sediment interval,

 M0095B. For lithology legend, see Figure F9. cps = counts per second.
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organoclastic sulfate reduction becomes the dominant electron acceptor for organic matter rem-
ineralization as evidenced by the loss of sulfate and dramatic increase in Ba. Sulfate reduction and
subsequent formation of diagenetic sulfide minerals is also evident from the abundance of most
likely iron sulfides in the visual core descriptions (VCDs). The abundance of amorphous silica
(biogenic opal in diatom frustules and sponge spicules as well as volcanic ash) in the smear slide
descriptions can account for the very high dissolved Si concentrations immediately below the sed-
iment surface. Amorphous silica appears to reach an equilibrium value around 800–900 μM,
which is some of the highest dissolved Si concentrations reported in marine sediments (e.g.,
Frings, 2017). The solid phase at Sites M0092 and M0095 is dominated by siliceous material,
which is indicated by high Si contents and corroborated by smear slide descriptions. Fine-grained
siliciclastic material, as approximated by Al contents, is quantitatively the second-most important
sediment component. Carbonate material, as shown by the IC and partly by the Ca contents, is
very low but not zero. The Fe contents broadly parallel the Al records and, at first pass, do not
indicate significant vertical redistribution by diagenetic dissolution-precipitation processes. The
coupled but marked variation of total carbon (TC), TOC, and IC may imply transport of material
into the Japan Trench. Although intensive remineralization may occur at the top part of sediments
at Sites M0092 and M0095, relatively higher TOC and TC contents (almost >1 wt%) were observed
in the deeper sediments, suggesting that significant amounts of organic matter may persist in the
trench sediments. The high methane concentrations and elevated C1/C2 values in the deeper
sediments of the two sites show that remineralization by microbes is important in these hadal
sediments. 

Preliminary paleomagnetic data from Sites M0092 and M0095 display similar trends in their
intensity, declination, and inclination profiles (Figures F12, F13). The paleomagnetic intensity
profiles of Site M0092 are characterized by large fluctuations. A low of intense variability and
lower values in the 10−5 A/m order is recognized in all profiles at around 19 mbsf in Hole M0092B,
18 mbsf in Hole M0092D, and 15 mbsf in Hole M0095B. A longer low-intensity interval is recog-
nized below 30 mbsf at Site M0092, which could correlate to the intensity low at the bottom of
Hole M0095B. Declination profiles in the upper ~9 and 6.5 m show higher frequency fluctuations,
which are punctuated by a scattered declination interval around 7.5–9 and 5–6.5 mbsf in Holes
M0092D and M0095B, respectively. A positive declination excursion occurs at ~13–15, 11.5–12.5,
and 8–9 mbsf in Holes M0092B, M0092D, and M0095B, respectively. Below these depths, lower
values are consistently observed around 16, 14, and 10 mbsf, respectively, followed by a general
downward increase documented in all holes and a more gentle decrease with depth toward the
bottom of Hole M0092D. The inclination profiles fluctuate between 30° and 60°. Inclination drops
are identified at 6–6.5, 14, and 30 mbsf in Hole M0092D and 6 and 12 mbsf in Hole M0095B. An
inclination high is recognized at around 8.5 mbsf in Hole M0092D and 7.0 mbsf in Hole M0095B.
Similar trends in declination and inclination variation suggest that the data reflect the paleomag-
netic secular variation. The scattered declination intervals in the upper portion indicate an unsta-
ble sediment magnetization record. The magnetization process of these intervals is interpreted as
different from other intervals.

Radiolarian fossils are abundant in all examined samples from Holes M0092D and M0095B, and
their preservation is good. At Site M0092, the relative abundance of C. davisiana varies between
0% and 22% and tends to be high (>5%) below 27.4 mbsf. The sharp increase in the relative abun-
dance of C. davisiana from <5% to >10% at this depth could be correlated to the boundary horizon
of C. davisiana Zones ‘a and ‘b (Event 5), corresponding to the Holocene/Pleistocene boundary
(Morley et al., 1982). A primary peak in the abundance of C. davisiana at 29.5 mbsf is likely cor-
related to Event 6, and probably the high value at the bottom might be correlated to Event 7, cor-
responding to Davisiana Event (DAE)-2 (~12 ka) and DAE-3 (~17 ka) of Matsuzaki et al. (2014).
The relative abundance of the Tetrapyle group ranges 0%–7%, and higher values (>5%) between
12.9 and 25.3 mbsf are likely correlated with the mid-Holocene warm period (Matsuzaki et al.,
2020; Chinzei et al.,1987). Two peaks in the abundance of L. setosa at 14.9 and 27.4 mbsf are likely
correlated to Events 2 and 4, respectively. At Site M0095, the relative abundance of C. davisiana
fluctuates between 1% and 14% and tends to be high (>10%) below 19.6 mbsf. The sharp increase
in the relative abundance of C. davisiana from <5% to >10% at this depth could be correlated
to the boundary horizon of C. davisiana Zones ‘a and ‘b (Event 5), corresponding to the
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Holocene/Pleistocene boundary (Morley et al., 1982). Two peaks in the abundance of C. davisiana
at 19.6 and 25.9 mbsf are likely correlated to Events 6 and 7, which in turn correspond to DAE-2
(~12 ka) and DAE-3 (~17 ka) of Matsuzaki et al. (2014).

6.1.3. Site M0091
Site M0091 is in a trench-fill basin located in the northern part of the southern Japan Trench
(Basin S3; Figure F6). The basin has an elongated shape with a NNE–SSW trend extending ~16 km
in a trench-parallel direction and rather flat basin floor at around 7805 m water depth. The width
of the asymmetric basin, with its steeper western (~20% slope gradient) and gentler (~3% slope
gradient) eastern margins, ranges 5500–6200 m. Trench-parallel subbottom profiles show along-
strike changes in acoustic characters (Figures F4, F14): Some areas show acoustically laminated
basin infill sequences, in places more than 50 m thick (around Site M0091), with intercalated 1–4
m thick acoustically chaotic-to-transparent packages separated by high-amplitude reflections.
Juxtaposed against such undisturbed trench-fill are several kilometer-wide areas with slightly ele-
vated seafloor and disrupted seafloor morphologies with chaotic acoustic facies below hummocky
horizons with limited signal penetration (defining the acoustic basement at a very shallow subsur-
face depth less than 5–10 m below seafloor). Around Site M0091, an acoustically transparent layer
beneath the seabed reflector is up to ~4 m thick but thins to approximately 2 m on a basal high in
the north. Another even thicker acoustically chaotic-to-transparent package with similar ponding
geometries and a prominent high-amplitude basal reflection is imaged between ~8 and 13 m sub-
surface depth near Site M0091. Below the prominent basal high-amplitude horizon, the deeper,
mostly subparallel horizons defining the lower part of the acoustically laminated basin fill appear
to be very slightly, progressively inclined toward the south. A sharp steeply inclined boundary
resembling a fault abruptly terminates the laminated package against the acoustic basement about
500 m south of Site M0091.

VCDs reveal that the lithology at Site M0091 is dominated by clay and silty clay with discrete lam-
inae to beds of clayey silt, silt, and very fine sand (Figure F15). Sand, silt, and clay percentage esti-
mates from smear slides in the dominant lithologies confirm these grain size–based lithologies.
Total lithogenic, vitric, and biogenic components in smear slides document a bulk composition
dominated by variable mixtures of lithogenic and biogenic grains (80%–100%) with some vitric
components (0%–20%). The main lithology names derived from the smear slide observations thus
far suggest a dominance of silty siliceous ooze. In general, coarser grained sediment beds contain
more lithogenic components (clay minerals, quartz, feldspar, and vitrics) than biogenic grains (dia-
toms, sponge, spicules, radiolarians, and calcareous microfossils). The most common sedimentary
structures observed are laminae, sometimes with parallel laminated intervals that contain fine
sand, very fine sand, silt, and clay. Also, intervals that lack any sedimentary structures are
observed. These deposits tend to have sharp, gradational, or bioturbated contacts and fine
upward. The sediments have undergone extensive organoclastic sulfate reduction and/or anaero-
bic oxidation of methane, which manifests as iron monosulfides of variable intensity downcore.

Figure F14. Hydroacoustic Line 386_Underway_092, a trench-parallel line that passes nearby Site M0091, showing the
acoustic character along strike of the trench-fill basin located in the northern part of the Southern Japan Trench.
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Figure F15. Composite Strater plot, Hole
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Bioturbation is common and ranges from slight to heavy. The lithostratigraphic succession at Site
M0091 comprises the following three intervals in a downcore direction: 

• Interval 1 is a ~8 m thick medium- to thick-bedded interval dominated by clay to silty clay with 
coarser grained laminae and beds of variable thickness (centimeter to meter scale) ranging 
from silty clay to fine sand. A reddish brown silt-sized bioturbated tephra is distributed in 
patches in this upper interval in Section 386-M0091D-1H-7, 82–87.6 cm (6.12–6.17 mbsf).

• Interval 2 is a ~5 m thick single large event deposit with a basal 30 cm thick very fine to fine 
sand, laminated, fining-upward bed that grades into a thick clay above. Some few coarse-
grained laminae and beds occur within the upper part of the thick clay bed. Bioturbation and 
iron monosulfides are absent throughout the interval.

• Interval 3, from 13.14 mbsf to the base of Hole M0091D, is composed of clay with minor silty 
clay occurrences. Occurrences of laminae and other coarse-grained beds are roughly of equal 
frequency throughout this interval. 

Even under the ultra-deepwater hadal environment, benthic and planktonic foraminifers were
observed at Site M0091 with varying moderate to good preservation in sediment. Except for the
agglutinated foraminifers, which may be either in situ or reworked, all foraminifers are considered
to be allochthonous. Because of low foraminiferal abundance, no provenance interpretation of
benthic foraminifers can be made.

Physical properties logs of Site M0091 show mostly parallel trends and variations (Figure F15).
Bulk density increases downcore from ~1.20 g/cm3 at the top to ~1.70 g/cm3 at a prominent peak
at ~13 mbsf. Outstanding peaks in magnetic susceptibility (up to 600 × 10−5 SI) and P-wave veloc-
ity (~1600 m/s) are also observed at this depth; they correspond to the base of the thick event bed
of Interval 2 and likely define the high-amplitude reflector at comparable depth in the hydroacous-
tic subbottom profiles. Below this depth, bulk density remains nearly constant at ~1.3 g/cm3. NGR

 M0091D. For lithology legend, see Figure F9. cps = counts per second.
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show a similar downward increasing trend from 10 to 40 counts/s to the peak at 13 mbsf, where
values sharply decrease to ~20 counts/s. In Interval 3, NGR fluctuates between 20 and 48 counts/s,
showing larger variations than observed in the intervals above. Although magnetic susceptibility
mostly shows high-frequency variations, typically with values trended around 50 × 10−5 SI, the 5 m
thick event bed between 8 and 13 mbsf shows very smooth upward decreasing values from 100 ×
10−5 to 40 × 10−5 SI, in concert with the fining-upward trend shown in the VCDs. Reliable P-wave
velocity measurements are available for the uppermost ~15 m and fluctuate around ~1500 and
1510 m/s in Intervals 1 and 3, respectively, but show values as low as ~1475 m/s within the thick
event bed of Interval 2 with the outstanding peak at its base. Undrained shear strength generally
increases with depth, with the gradient of increasing strength with depth roughly doubling below
13 mbsf.

The downcore pore water and headspace gas profiles of sulfate, alkalinity, ammonium, bromide,
and methane concentrations show characteristic changes related to organic matter degradation
(Figure F15). The slow increase of salinity in the IW with depth points to downcore addition of
ions that are metabolic products of organic matter degradation. Additionally, dissolved Fe and Mn
concentrations are very high in the uppermost meter of the sediment column, indicating organic
matter remineralization by intensive dissimilatory Mn and Fe reduction. Below this uppermost
sediment interval, organoclastic sulfate reduction becomes the dominant electron acceptor for
organic matter remineralization, followed by methanogenesis onset at about 12 mbsf, and marks
the SMT. Around about 9 mbsf, the alkalinity and ammonium profiles show an inflection in their
generally increasing concentration trend. This suggests non-steady state processes. The observa-
tion is supported by the sulfate profile, which shows a slight elevation at the same depth (around 9
mbsf ) in the otherwise linear decrease with depth. Sulfate is depleted at around 13 mbsf, marking
the SMT. Similarly, a strong increase of U concentrations between 8 and 12 mbsf, corresponding
with an increase in Fe, indicates sources of reactive iron that is subject to reductive processes. All
these signals are strong indicators of non-steady state conditions and are related to the thick event
bed observed in the lithology. The very high dissolved Si concentrations are related to the dissolu-
tion of amorphous silica throughout the core, which can be explained by the abundance biogenic
opal in diatom frustules, sponge spicules, and vitric volcanic components. Additionally, the solid
phase data show that the overall sediment composition is dominated by siliceous material. Car-
bonate phases are very low in concentration, as indicated by the overall low amounts of IC. Ca,
Mn, and Fe mainly follow the Al trend, suggesting no significant enrichment of authigenic mineral
formation. Similar to the IW profiles, all solid phase profiles analyzed using X-ray fluorescence
(XRF) show a strong change around 9 mbsf in their overall concentration trends. The organic car-
bon content in the sediments at Site M0091 is relatively high, reaching values up to 1.82 wt% and
leading to the high mineralization rates observed in the IW profiles (Glud et al., 2013). The cou-
pled but marked variations of TC, TOC, and IC may imply allocthonous material input into the
Japan Trench. In addition, although intensive remineralization occurs at the top part of the sedi-
ments, high TOC and TC contents were found in the deeper sediments, suggesting that amounts
of organic matter may be buried in the trench sediments. Because the high methane concentra-
tions and C1/C2 values were observed in the deeper sediments, the roles of microbes in the fate of
sedimentary organic carbon in the hadal sediments are also of significance. 

The paleomagnetic intensity profiles of Site M0091 show large fluctuations, ranging between ~2
and 10 × 10−5 A/m (Figure F15). They are characterized by a linear downward increase to a pro-
nounced peak of ~6 × 10−5 A/m at ~ 3 mbsf, a relative intensity low between ~4 and 5 mbsf, and
another roughly linear downward increase to reach higher intensity values between ~6 and 8 mbsf.
Between 9 and 16 mbsf are lower values, followed by 4–5 high intensity peaks between 16 and 24
mbsf, decreasing values between 24 and 29mbsf, and one peak of 6 × 10−5 A/m at 31 mbsf. Prelim-
inary paleomagnetic data display various trends in declination profiles, but their trends between 0
and 12 mbsf are different in the profiles from different holes. This observation suggests that the
preliminary reconstruction applied to correct for the relative rotation of the core sample along the
vertical axis during penetration of the GPC system into the subbottom sediments is not fully ade-
quate and needs to be improved for correlating the paleomagnetic secular variations. Also, the
scattered declination intervals between 8 and 14 mbsf are interpreted as indicating that the mag-
netization process of this interval corresponding to the thick event bed is different from other
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intervals. The declination trends in between 14 and 19 mbsf, characterized by a positive declina-
tion excursion at ~15–16 mbsf in both holes, are interpreted as paleomagnetic secular variation.
The inclination profiles generally fluctuate between 30° and 60° and show similar trends in both
holes. At around 16 mbsf, an inclination low is identified in both profiles, which is likely to corre-
spond with similar signatures observed at other sites such as M0083 and M0085. The similar
trends in declination and inclination variation below 14 mbsf at Site M0091 suggest that the data
reflect paleomagnetic secular variation.

Radiolarian fossils are abundant throughout the samples analyzed from Hole M0091D, and their
preservation is good. The relative abundance of C. davisiana ranges between 1% and 9% and tends
to be high (>5%) below 26.6 mbsf. Therefore, it is likely that the entire section of this core is
included in C. davisiana Zone ‘a, corresponding to the Holocene (Morley et al., 1982), and it is
possible that the lower part of the core correlates with the earliest Holocene, near the boundary of
C. davisiana Zones ‘a and ‘b. The relative abundance of the Tetrapyle group ranges 3%–12%; how-
ever, it is difficult to define the interval with relatively high abundances (>5%) that could be indic-
ative for the mid-Holocene warm period (Matsuzaki et al., 2020; Chinzei et al.,1987). It may be
possible to correlate the two peaks in the relative abundance of L. setosa at 2.3 and 26.6 mbsf with
Events 2 and 4, respectively.

6.2. Central Japan Trench

6.2.1. Site M0090
Site M0090 is in a small trench-fill basin located within the relatively elevated trench-floor seg-
ment in the central Japan Trench (Basin C1; Figure F6). The basin has a nearly flat basin floor at
around 7445 m water depth and an elongated shape with a north–south trend extending ~3.5 km
in a trench-parallel direction. Toward the north, the basin floor deepens and the strike of the
trench axis changes to trend northeast–southwest. The width of the asymmetric basin, with its
steeper western (~20% slope gradient) and gentler eastern (~6%–10% slope gradient) margins, is
approximately 1 km. Hydroacoustic subbottom profiles show the basin-fill is characterized by
closely regularly spaced acoustic laminations down to the acoustic basement at around 0.06 s two-
way traveltime (TWT) (~45 m subsurface) (Figure F16).

The VCDs reveal that the lithology at Site M0090 is dominated by silty clay/clayey silt, and alter-
nating very fine sand to silt and silty clay layers with clayey silt are also present (Figure F17). Fur-

Figure F16. Hydroacoustic Line 386_Underway_089, a trench-parallel line that passes nearby Site M0090, showing the
acoustic character along strike of the trench-fill basin located within the relatively elevated trench-floor segment in the
central Japan Trench. SP = shotpoint.
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Figure F17. Composite Strater plot, Hole
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thermore, six tephra layers were observed deeper in Hole M0090D. In terms of composition, the
available smear slides show that there is a biogenic component almost as relevant as the lithogenic
component, as indicated by a decreasing abundance of diatoms, sponge spicules, and radiolarians.
The main lithology is biosiliceous-rich silty clay with additional lithogenic components such as
quartz, feldspar, pyrite, and vitric grains. The most abundant minerals in the dominant lithology
are quartz, feldspars, and clays followed by micas with hints of palygorskite, pyrite, pyroxene, and
heavy minerals but no carbonates or amphibole group minerals. The most common structures are
laminae, sometimes forming parallel laminated intervals that contain fine sand, very fine sand, and
silt interbedded with clay. These deposits have sharp, gradational, or bioturbated contacts and
sometimes display a fining-upward trend. Iron monosulfides are present at variable intensities,
indicative of sulfate reduction and/or anaerobic methane oxidation during early diagenesis. Bio-
turbation is common and ranges from slight to heavy. The lithostratigraphic succession at Site
M0090 comprises the following six intervals in a downcore direction:

1. Interval 1 (0–3.195 mbsf) is characterized by alternating millimeter- to centimeter-thick, 
sharp-based silt layers with bioturbated clay intervals of 10–30 cm. Two articulated bedsets are 
dominated by silt and/or very fine sand with parallel/wavy laminations, at times with sediment 
deformation, and lacking bioturbation. A reddish brown silt-sized tephra is intercalated as 
patches in the bioturbated silty sediments between these two bedsets.

2. Interval 2 (3.10–11.80 mbsf) is dominated by bioturbated lithogenic, siliceous-rich silty clay 
alternating with very thin silt laminae or thin sand beds with sharp contacts, repeated roughly 
every 10 cm but more frequently every 30 cm or more.

3. Interval 3 (11.80–16.00 mbsf) comprises dominant clayey to sandy silt with alternating silt or 
very fine sand laminae with irregular spacing ranging from a few centimeters to 30 cm. The 

 M0090D. For lithology legend, see Figure F9. 
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nature of the contacts are sharp, irregular, or gradational and bioturbation overall is slight to 
absent. Two light reddish brown silt-sized tephras are intercalated as lenticular beds at ~15 
and 15.3 mbsf.

4. Interval 4 (16.00–30.20 mbsf) is a succession dominated by bioturbated clayey silt/silty 
clay/clay with irregularly spaced thin (millimeter thick) silt or very fine sand laminae, mostly 
with a sharp base. A characteristic dark reddish brown to white silt to fine sand–sized tephra 
occurs at ~25.7 mbsf and is predominantly composed of pumiceous type volcanic glass shape, 
abundant hornblende, and a lesser amount of orthopyroxene and opaque minerals. It also con-
tains hornblende similar to cummingtonite and characteristic ß-quartz. With this characteris-
tic composition it can be used as an intersite correlation tie point for stratigraphic correlation 
across basins in the central Japan Trench (see Sites M0083 and M0089). Another tephra layer 
occurs as a light brown graded bed (composed of dominant pumiceous-type volcanic glass 
shape with fibrous and bubble-wall types and rare heavy minerals [pyroxene, apatite, and 
opaque minerals]) overlain by pink reworked tephra) at the base of this interval.

5. Interval 5 (30.20 mbsf to the bottom of Hole M009D) is dominated by the presence of biotur-
bated clayey silt/silty clay with alternating silt laminae occurring roughly every 10 cm. This 
interval contains a brownish white silt-sized tephra at ~31.65 mbsf. 

Even under the ultra-deepwater hadal environment, benthic and planktonic foraminifers can oc-
cur with varying moderate to good preservation in sediment. Except for the agglutinated foramin-
ifers, which may be either in situ or reworked, all foraminifers are considered to be allochthonous.
Because of low foraminiferal abundance, no provenance interpretation of benthic foraminifers can
be made, with the exception of samples from 14.34 mbsf in Hole M0090B and 12.51 in Hole
M0090D, with displaced fauna from an outer neritic environment, and from 33.53 mbsf in Hole
M0090D, which contains displaced faunas possibly from outer neritic to middle bathyal environ-
ments.

Physical properties logs of Site M0090 show mostly parallel trends and variations (Figure F17).
Bulk density shows an overall slightly increasing trend with depth from 1.27 g/cm3 near the sea-
floor to 1.35 g/cm3 at the bottom of Hole M0090D. The shallowest 0–3 m core depth shows the
highest bulk density fluctuations, including pronounced peaks reaching >1.6 g/cm3 at 1.7 and 3.1
mbsf. Marked higher values with a sharp base and a decreasing upward trend also occur in mag-
netic susceptibility (>100 × 10−5 to 300 × 10−5 SI) and P-wave velocity (up to 1655 m/s) at these
same depths, which corresponds to the two sand/silt-dominated bedsets of Interval 2. NGR shows
a downward increasing trend from 0 near the seafloor to 40 counts/s at the peak at 3.1 mbsf, where
values sharply decrease to ~25 counts/s. Below this depth, bulk density and magnetic susceptibil-
ity vary over short, centimeter-scale depths around average values of approximately 1.3 g/cm3 and
60 × 10−5 SI, respectively, with isolated spikes at the location of silt/sand beds and a local high zone
between ~12 and 16 mbsf corresponding to Interval 3 (with a sharp peak at ~12 mbsf correspond-
ing to the coarsest beds and an overall trend decreasing from the base of Interval 3 toward its top).
NGR fluctuates around 35 counts/s, and a relative low zone shows opposite trends to the magnetic
susceptibility and density profiles in the zone between ~12 and 16 mbsf (Interval 3). Reliable P-
wave velocity measurements are only available to ~6 mbsf and are 1512 m/s on average. Undrained
shear strength generally increases with depth. 

The IW concentration profiles of ammonium and alkalinity at Site M0090 indicate high rates of
organic matter remineralization (Figure F17). Additionally, the methane concentration profiles,
with highest methanogenesis rates in the uppermost 3–5 mbsf, point to a shallow SMT at about
4.5 mbsf. The slow increase of salinity in the IW with depth points to the downcore addition of
ions that are likely metabolic products of organic matter degradation or other authigenic alter-
ation processes. Dissolved Fe and Mn concentrations are very high in the uppermost meter of the
sediment column, indicating organic matter remineralization by intensive dissimilatory Mn and
Fe reduction followed by the process of organoclastic sulfate reduction in the deeper sediments.
Dissolved U concentrations do not exceed 22 nM and are only observed in the uppermost sedi-
ments above the SMT, marking the zone of reduced but sulfide-free conditions in the sediment.
Dissolved Ba increases below the SMT, reaching high (compared to the other sites) values. This
suggests potentially input of marine barite at this site that is dissolved below the SMT with the
consequential release of Ba to the IW (e.g., Torres et al., 1996). Furthermore, the release of dis-
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solved Fe around 22.5 mbsf could potentially point to a likely impact on the geochemical signa-
tures at Site M0090 by postdepositional alteration of volcanic glass shards. The high contents
(>1.0%) of TC and TOC in the upper part of Site M0090 suggests large amounts of carbon burial in
the central Japan Trench, whereas intensive remineralization occurs in the upper part of downcore
sediments. The coupled but marked variations may imply the indication for organic geochemical
stratigraphy and amounts of nonlocal materials likely exported into the Japan Trench. Because the
high methane concentrations and C1/C2 values and low concentrations of SO4

2− were observed in
the deeper sediments, the roles of microbes in the fate of sedimentary organic carbon in the hadal
sediments are of significance. The solid phase data show that the sediments at Site M0090 are
dominated by siliceous material. Iron and Mn mainly mirror the content profile of Al, suggesting
detrital sources. One exception is a strong increase in Mn at around 23 mbsf that is likely related
to Mn-enriched volcanic deposits.

The paleomagnetic intensities measured at Site M0090 are characterized by large fluctuations
(Figure F17). Intensities increase from near the seafloor to 3 mbsf. Then they decrease downward
to 6 mbsf in both holes. Short intervals around 1 m in length with low intensities are observed at
6–7 mbsf. High peaks of about 5.0 × 10−5 A/m are observed at around 8 mbsf. Intensities then
decrease from 8 to 12 mbsf. Again, a short interval with low intensities is observed at ~12 mbsf.
Intensities gradually increase downward, reaching peaks (13 × 10−5 and 8 × 10−5 A/m) at 15 mbsf
and dropping at 16 mbsf. Below this depth, intensity gradually increases to 22 mbsf and then
decreases to the bottom of Hole M0090D. The declination variations of Hole M0090B and the
corrected declination in Hole M0090D are similar and characterized by a negative peak at 3 mbsf,
a positive peak at 4.5 mbsf, a positive small peak at 11 mbsf in Hole M0090D, a negative peak at 18
mbsf, and a sudden offset at 30 mbsf with some scattered distribution in declination. The inclina-
tion profiles generally fluctuate between 30° and 60°. An inclination drop from 70° to 90° is
observed at 5 mbsf. Another noteworthy interval of inclination, rising from ~30° to around 60° is
observed between 27 and 30 mbsf. Preliminary paleomagnetic data from Holes M0090B and
M0090D display similar trends in intensity and declination. Declination variation may be record-
ing paleomagnetic secular variation because several unique peaks are observed here that could be
potential tie points. 

Radiolarian fossils are abundant throughout the samples analyzed from Hole M0090D, and their
preservation is good. C. davisiana ranges between 1% and 14% and tends to be high (9%–14%)
below 29.3 mbsf. The increase of C. davisiana from 27.2 to 29.3 mbsf could be correlated with
the boundary horizon between C. davisiana Zones ‘a and ‘b (Event 5), corresponding to the
Holocene/Pleistocene boundary (Morley et al., 1982). A primary peak of the relative abundance of
C. davisiana at 29.3 mbsf is likely correlated with Event 6, corresponding to DAE-2 (~12 ka) of
Matsuzaki et al. (2014). The relative abundance of the Tetrapyle group ranges 2%–6%; however, it
is difficult to define the interval with relatively high abundances (>5%) that could be indicative of
the mid-Holocene warm period (Matsuzaki et al., 2020; Chinzei et al.,1987). A peak in the relative
abundance of L. setosa at 14.5 mbsf may correlate with Event 2. 

6.2.2. Sites M0083 and M0089
Sites M0083 and M0089 are in a trench-fill basin located in the central Japan Trench (Basin C1;
Figure F6). The basin has an elongated shape with a NNE–SSW trend extending ~14 km in a
trench-parallel direction. The basin floor at around 7635 m water depth is flat in the central part
(extending ~6 km) and slightly shallows toward the north-northeast and south-southwest to 7605
and 7595 m water depth, respectively. The width of the asymmetric basin, with its steeper (25%–
30% slope gradient) northwestern and gentler (~15%–20% slope gradient) southeastern margins,
ranges between ~2460 and 3060 m near Sites M0083 and M0089, respectively. Site M0083 was
selected to core in the main depocenter of the basin where an expanded basin-fill succession was
anticipated based on the subbottom profiles (Figure F18). The subsurface is characterized from
top to bottom by (1) a sharp, high-amplitude seafloor reflector; (2) a series of three acoustically
transparent or semitransparent packages with strong basal reflections, varying in thickness from
approximately 1–2 m (shallowest) to 5–7 m (lower and middle); (3) flat-lying, closely spaced,
acoustically laminated high-amplitude reflections; and (4) a basal basin-fill sequence of regularly
spaced acoustic laminations down to >0.1 s TWT (~75 m subsurface depth) with intercalated,
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approximately 1–3 m thick acoustically semitransparent intervals separated by high-amplitude
reflections. This older package, although flat lying, is laterally not continuous, with diffuse basal
highs separating apparent compartments of deposition. The acoustically (semi-)transparent inter-
vals significantly thin and, together with the general reflection pattern, form (pseudo-)onlaps
toward the acoustically laminated sequence draping the elevated acoustic basement in the south.
There, Site M0089 was located to sample a condensed section overlying a basal high at ~0.6 s
TWT (~45 m subsurface depth).

Visual core description–derived lithologies based on texture are dominated at both sites by clayey
silt, silty clay, and clay with minor components of medium sand, fine sand, very fine sand, and silt
(Figures F19, F20). Detailed smear slide observations indicate that there is a large siliceous bio-
genic component that can dominate the lithology (lithogenic-rich siliceous ooze vs. siliceous-rich,
lithogenic silty clay). The most common sedimentary structures at both sites are thin beds (1–3
cm thick) and laminae sometimes forming parallel laminated intervals that contain fine sand, very
fine sand, silt, and clayey silt. These deposits can have sharp, erosional, wavy, gradational, and bio-
turbated lower and upper contacts. The sediment above the basal contacts can fine or coarsen
upward and can also comprise convolute and chaotic bedding structures with folded and dipping
beds, drag folds, and floating silt and very fine sand clasts. Also present at Sites M0083 and M0089
are intervals of homogeneous sediment. These intervals range in thickness from 1 cm to 4 m.
Their lithology is generally clay dominated, but silty clay and clayey silt are also present and can
rarely contain calcareous nannofossils (as observed in smear slides from the thick clay bed
between ~9 and 12 mbsf (Interval 4, below) at Site M0083 and thinner (10 cm thick) bed at ~2
mbsf at Site M0089. The sediments have undergone secondary depositional processes: bioturba-
tion and the formation of iron monosulfides. These postdepositional processes overprint the pri-
mary depositional bedding features. The lithostratigraphic succession at Site M0083 comprises
the following eight intervals in a downcore direction, as defined in Hole M0083D (Figure F19):

1. Interval 1 (0–1.2 mbsf) is composed of bioturbated interbedded clay and clayey silt–silty clay.
2. Interval 2 (1.2–7.2 mbsf) is a ~6 m thick single event bed with a sharp basal contact and course 

base grading upward into 4 m thick chaotic clay with dipping layers and floating silt clasts and 
patches.

3. Interval 3 (7.2–8.9 mbsf) is composed of bioturbated interbedded silty clay or clayey silt and 
clay.

4. Interval 4 (8.9–13.9 mbsf) is a 5 m thick single event bed with a sharp basal contact with fining-
upward sandy laminae that grade upward into a 3.5 m thick clay bed that lacks bioturbation.

5. Interval 5 (13.9–19.8 mbsf) is composed of silty clay and clayey silt thickly interbedded with 
clay, both containing laminae and parallel laminated intervals of very fine sand, sandy silt, and 
silt. Three pyroclastic-rich sediments are described in Sections 386-M0083B-1H-16, 27 cm, 

Figure F18. Hydroacoustic Line 386-Underway_021, a trench-perpendicular line that passes west of Site M0089, showing
acoustic character at this location. SP = shotpoint.
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Figure F19. Composite Strater plot, Hole
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386-M0083B-1H-17, 22 cm, and M0083D-1H-21, 12.5 cm, and recognized as reworked tephra 
layers because of their rounded volcanic glass shards.

6. Interval 6 (19.8–26.8 mbsf) is bioturbated clayey silt–silty clay interbedded with clay.
7. Interval 7 (26.8–31.6 mbsf) contains a wide range of lithologies and primary structures: clay, 

silty clay and clayey silt, silt, sandy silt and very fine sand that are interbedded forming laminae, 
parallel laminae sets and beds <50 cm thick.

8. Interval 8 (30.40 mbsf to the bottom of the hole) is bioturbated clayey silt–silty clay interbed-
ded with clay and thus is similar to Intervals 1, 3 and 6.

The lithostratigraphic succession at Site M0089 comprises the following five intervals in a down-
core direction (Figure F20):

1. Interval 1 (0–5.40 mbsf) is composed of thickly bedded silty clay–clayey silt, clay, and laminae 
ranging in grain size from silt to fine sand. The sequence is sparsely to moderately bioturbated 
with several intervals that lack bioturbation.

2. Interval 2 (5.40–11.80 mbsf) comprises interbedded clay and silty clay or clayey silt. The beds 
range in thickness from ~0.25 to 1 m. Laminae are rare. The lithology in this interval is sparsely 
to heavily bioturbated.

3. Interval 3 (11.80–14.60 mbsf) is composed of closely spaced interbedded clay, silty clay, silt 
beds (~0.5–0.75 m thick) and laminae.

4. Interval 4 (14.65–20 mbsf) comprises clay with a few thin beds of clayey silt and silty clay (<50 
cm thick) and rare laminae toward the base. The section is sparsely to moderately bioturbated 
throughout.

 M0083D. For lithology legend, see Figure F9. cps = counts per second.

21
0

16
0

11
0

6010 1.
48

1.
28

44342414 644424 1.
4

1.
2

10.
8

0.
6

Density
(g/cc)

Natural
gamma

(cps) Sulfate
(mM)

Alkalinity
(mM)

TOC
(%)

Methane
(ppm)

20
00

0

10
00

0

0

0.
00

1

0.
00

01

1E
-0

5

1E
-0

6

1E
-0

7

90450-4
5

-9
0

9060300-3
0

151050

MS
(SI x 10-5)

Paleomagnetic
intensity

(A/m)

Paleomagnetic
declination

Paleomagnetic
inclination
23 publications.iodp.org · 39



K. Ikehara et al. Expedition 386 Preliminary Report

https://doi.org/10.14379/iodp.pr.386.20

Figure F20. Composite Strater plot, Hole
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5. Interval 5 (20–36.9 mbsf) is composed of silty clay with a few beds of clay. Otherwise, laminae 
of silt to medium sand occur throughout and tend to be closely spaced. It is sparsely to heavily 
bioturbated except for from 21.45 to 22.9 mbsf. At ~23.2 mbsf (interval 386-M0089D-1H-23, 
55–58 cm), a characteristic light gray and white, silt to fine sand–sized tephra layer occurs. It 
contains equal amounts of volcanic glass shards (the pumiceous volcanic glass shape type is 
dominant with significantly lower amounts of moderate vesicularity and fibrous types) and 
minerals, namely quartz (including characteristic ß-quartz), feldspar, and heavy minerals 
(abundant hornblende including hornblende-similar cummingtonite), smaller amounts of 
orthopyroxene and opaque minerals, and rare apatite. With this characteristic composition, 
this tephra can be used as an intersite correlation tie point for stratigraphic correlation across 
basins in the central Japan Trench (see Site M0090). Additional tephra layers were observed at 
~26.9 mbsf as three successive 0.4, 0.5 and 1.5 cm thick black, white, and black silt to fine 
sand–sized tephra layers (interval 386-M0089D-1H-26, 102.2–105.7 cm), composed of 
abundant pumiceous (in the basal part) and fibrous types of volcanic glass shards with a lower 
concentration of bubble-wall types and rare heavy mineral (mostly clinopyroxene). Another 
pyroclastic-rich 2 cm thick dark gray silt to very fine sand layer occurs at ~31.8 mbsf (Section 
386-M0089D-1H-31, 63 cm) and is recognized as reworked tephra because of observed cross-
lamination sedimentary structures and rounded volcanic glass shards.

Even under the ultra-deepwater hadal environment, benthic and planktonic foraminifers can oc-
cur with varying moderate to good preservation in sediment. Except for the agglutinated foramin-
ifers, which may be either in situ or reworked, all foraminifers are considered to be allochthonous.

 M0089D. For lithology legend, see Figure F9. cps = counts per second.
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Because of low foraminiferal abundance, no provenance interpretation of benthic foraminifers can
be made, with the exception of three samples from 31.1 mbsf in Hole M0083D and 20.5 and 25.8
mbsf in Hole M0089D with displaced fauna interpreted to be from an outer neritic to upper
bathyal environment (200–600 m water depth). 

Physical properties logs show distinctly different patterns at the two sites (Figures F19, F20). At
Site M0083 (here described for Hole M0083D; Figure F19) bulk density rapidly increases to ~1.37
g/cm3 at 1 mbsf, below which depth the values stay at a comparably high level to 6.9 mbsf with a
pronounced peak of 1.59 g/cm3 at 7.1 mbsf. Downcore from these peaks, bulk density values range
1.27–1.37 g/cm3 until the next peak of 1.42 g/cm3 occurs at 13.9 mbsf. At the same depth, pro-
nounced asymmetric peaks in magnetic susceptibility of more than 200 × 10−5 SI, NGR reaching
>40 counts/s, and P-wave velocity of >1550 m/s are observed. Above, NGR and magnetic suscep-
tibility show a steady increase from ~10 counts/s and ~20 × 10−5 SI, respectively, at the top. This
trend is interrupted by a characteristic triple peak pattern in magnetic susceptibility, with the
uppermost peaks at 7.1 mbsf (mimicking a peak in bulk density), the middle peaks at 8.2 mbsf, and
the small lowermost peak at 8.9 mbsf, respectively. Downcore from the pronounced peaks at 13.9
mbsf, bulk density drops to values similar to those at the core tops, intercalated with intervals and
peaks >1.45 g/cm3 between 16.2 and 17.8 mbsf, between 18.6 and 19.5 mbsf (asymmetric peak),
and at 23 mbsf. Throughout this interval and to the base of the hole, magnetic susceptibility shows
high-frequency fluctuations, typically with values of approximately 20 × 10−5 to 70 × 10−5 SI. Below
23 mbsf, bulk density increases continuously to the maximum value of 1.53 g/cm3 at 28.6 mbsf.
Below this depth, bulk density values range 1.31–1.45 g/cm3 to the bottom of Hole M0083D. Mod-
est to strong asymmetric peaks in magnetic susceptibility and downcore increasing values and
sharp drops are observed at 25.8–26.7 and 30.0–30.9 mbsf. Only the lower peak corresponds to a
peak in bulk density, whereas both correspond to troughs in NGR, which otherwise shows a gen-
eral increasing trend from 30 to 40 counts/s from 23 mbsf to the bottom of the hole. The bulk
density datasets from Site M0089 (here described for Hole M0089D; Figure F20) show pro-
nounced, mostly asymmetric peaks characterized by a sharp basal density contrast of ~0.1 g/cm3

to peak values >1.45 g/cm3 with an upward decreasing trend) at 1.6, 4.9, 6.6, 9.5, 12.5, and 14.5
mbsf. These peaks correspond to silt and sand beds described in the VCDs. Below this depth, the
bulk density profile shows large high-frequency fluctuations between 1.25 and 1.35 g/cm3 interca-
lated with 11 sharp peaks exceeding >1.45 g/cm3 below 26 mbsf, also corresponding to coarser
grained sediment beds described in the VCDs. Magnetic susceptibility fluctuates generally
between 20 × 10−5 and 70 × 10−5 SI. The uppermost part shows characteristic modest double peak
pattens with the upper and lower peak at 1.6 and 2.4 mbsf, respectively. A more pronounced asym-
metric peak of more than 200 × 10−5 SI is observed at 14.5 mbsf, mimicking a density peak and
sand bed at the same depth. There is another pronounced peak of 600 × 10−5 SI at ~23.2 mbsf,
which does not have a corresponding density peak but links to the tephra layer observed in the
VCDs. NGR values generally increase from ~10 counts/s at the core top to more than 30 counts/s
at ~4 mbsf. Downcore from these depths, NGR values generally fluctuate between 30 and 40
counts/s to the base of the hole, with maximum values of 45.9 counts/s at 6.5 mbsf corresponding
to asymmetric peaks in density but a relative low in magnetic susceptibility at the same depth.
Reliable P-wave velocity measurements are available for the upper ~10 and 8 m at Sites M0083 and
M0089, respectively. Values at Site M0083 fluctuate around ~1495 m/s in the uppermost 7 m and
decrease to ~1484 m/s below the pronounced peaks at 7.1 mbsf. At Site M0089, P-wave velocity
fluctuates around ~1495 m/s in the uppermost 4 m and slightly increases with depth to ~1540 m/s
at 8.4 mbsf. Undrained shear strength slightly increases with depth at both sites, but maximum
values at the base of the deepest hole at Site M0089 are approximately three times higher than at
the base of the deepest hole at Site M0083. 

The downcore pore water and headspace gas profiles of sulfate, alkalinity, ammonium, bromide,
and methane concentrations show characteristic changes related to organic matter degradation
and suggest that intensive remineralization occurs at both Sites M0083 and M0089 (Figures F19,
F20). It is most active in the uppermost ~3–5 m and gradually diminishes farther downcore,
occurring at comparable rates at both sites. Notably, the ammonium and alkalinity profiles at Site
M0083 are less linear and more wavy than those at Site M0089, potentially indicating more pro-
nounced and/or more clearly preserved non-steady state diagenesis at Site M0083. The salinity
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changes closely follow ammonium, alkalinity, and bromide, implying seawater salinity in the sedi-
ments with the gradual downcore addition of ions that are metabolic products of organic matter
degradation. Patterns and concentrations of most other IW parameters are similar between Sites
M0083 and M0089, indicating that overall similar depositional and diagenetic processes affected
both sites. The coupled but marked variation of TC, TOC, and IC may imply allocthonous mate-
rial input into the Japan Trench. In addition, although intensive remineralization occurs at the top
part of sediments, high TOC and TC contents were found in the deeper sediments, suggesting that
significant amounts of organic matter may be buried in the trench sediments. The high methane
concentrations and C1/C2 values observed in the deeper sediments highlights the role of microbes
in the fate of sedimentary organic carbon in the hadal sediments. At Site M0083, dissolved Fe and
Mn are very high in the uppermost meter of the sediment column, indicating organic matter rem-
ineralization by intensive dissimilatory Mn and Fe reduction. At Site M0089, Mn and especially Fe
concentrations are much lower, and Mn remains elevated down to around 5 mbsf, potentially a
sign of less intense and/or deeper dissimilatory Mn and Fe reduction. Below the uppermost sedi-
ment interval, organoclastic sulfate reduction becomes the dominant electron acceptor for
organic matter remineralization, followed by methanogenesis at greater depth. Sulfate reduction
and subsequent formation of diagenetic sulfide minerals is also evident from the abundance of
what is most likely iron sulfides, as shown in the VCDs. One significant difference between Sites
M0083 and M0089 (based on IW and dissolved gas profiles) is the depth of the SMT, which is
located at ~10–12 mbsf at Site M0083 and at ~4–5 mbsf at Site M0089. This could be explained by
different depositional histories at these sites, including different sedimentation rates, organic mat-
ter reactivities, organic matter delivery rates, and/or variable methane fluxes from depth. Very
high dissolved Si concentrations are measured immediately below the sediment surface. Amor-
phous silica appears to dissolve throughout the core, causing very high dissolved Si concentra-
tions. In contrast, subdued changes in dissolved Sr and Ca suggest very limited dissolution of
carbonate material in the sediment. The solid phase at Sites M0083 and M0089 is dominated by
siliceous material, indicated by high Si contents and corroborated by smear slide descriptions.
Fine-grained siliciclastic material, as approximated by Al contents, is quantitatively the second-
most important sediment component. Carbonate material, as shown by the IC and partly by the
Ca contents, is very low but not zero. The Fe contents broadly parallel the Al records and, at first
pass, do not indicate significant vertical redistribution by diagenetic dissolution-precipitation pro-
cesses. This is different for Mn, which exhibits several dramatic peaks at Site M0083 (but not at
Site M0089), indicating diagenetic migration of Mn.

The paleomagnetic intensity profiles of Sites M0083 and M0089 are characterized by two patterns
(Figures F19, F20). One is an interval containing spiky peaks (e.g., 7–15 mbsf in Hole M0083B),
and the other is characterized by smoothed variation with a lower intensity value (e.g., 2–7 mbsf in
Hole M0083B). Other than those smoothed intervals, a low-intensity interval is observed below 25
mbsf at Site M0089. Preliminary paleomagnetic data for Sites M0083 and M0089 display declina-
tion profiles that are characterized by long periodic changes. More frequent fluctuations of decli-
nation than those at Site M0083 are recognized in the upper interval of Site M0089 (0–9 mbsf ).
Another feature is scattered declination intervals around 12–14 mbsf at Site M0089. The inclina-
tion of all the holes from both sites oscillates between 30° and 60° and is characterized by a low
around 16 mbsf at Site M0083 and around 4 mbsf at Site M0089. These features may be confirmed
as remarkable paleomagnetic signals as robust chronological tie points to be correlated across
sites. 

Radiolarian fossils were abundant throughout the samples analyzed from Holes M0083D and
M0089D, and their preservation is good. At Site M0083, the relative abundance of C. davisiana is
less than 6% throughout the core; therefore, it is likely that this entire section of the hole lies within
C. davisiana Zone ‘a, corresponding to the Holocene (Morley et al., 1982). In addition, abun-
dances tend to be high (>5%) in the lower part of Hole M0083D (33.2 mbsf). The relative abun-
dance of L. setosa in the same horizon is higher than those of others (>2%); therefore, this could be
correlated to Events 2 or 4. At Site M0089, the relative abundance of C. davisiana varies between
1% and 23% and tends to be significantly higher (>10%) below 24.6 mbsf. This could correlate with
the boundary horizon of C. davisiana Zones ‘a and ‘b (Event 5), corresponding to the Holocene/ 
Pleistocene boundary (Morley et al., 1982). Two significant peaks in the relative abundance of C.
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davisiana at 24.6–25.8 and 29.6 mbsf are likely to correlate to Events 6 and 7, corresponding to
DAE-2 (~12 ka) and DAE-3 (~17 ka) of Matsuzaki et al. (2014), respectively. The low abundance of
C. davisiana between 36.0 and 36.5 mbsf below Event 7 possibly corresponds to the minimum C.
davisiana abundance between Zones ‘b1 and ‘b2 (approximately 24 ka) of Morley et al. (1982) and
Itaki et al. (2009). The relative abundance of the Tetrapyle group ranges 0%–10%, and higher values
(>5%) tend to be recognized between 7.9 and 19.4 mbsf, probably corresponding to the mid-
Holocene warm period (Matsuzaki et al., 2020; Chinzei et al.,1987). Two minor peaks in the
relative abundance of L. setosa in C. davisiana Zone ‘a at 14.6 and 23.7 mbsf are likely correlated to
Events 2 and 4, respectively.

6.3. Central/northern Japan Trench

6.3.1. Site M0093
Site M0093 is in a trench-fill basin located at the boundary area between the central and northern
Japan Trench (Basin C/N1; Figure F6). The basin has an elongated shape with a north–south
trend. At Site M0093, a high-amplitude seafloor layer appears to resolve as a couplet of two paral-
lel reflectors. An acoustically transparent layer ~2–3 m in thickness is present beneath the seafloor
layers near Site M0093, where it overlies a 12–15 m thick package of acoustically laminated mate-
rials of high amplitude and a lower part of the trench-fill less clearly imaged by the hydroacoustic
data down to ~0.040 s TWT (~ 30 m subsurface depth) (Figure F21).

VCDs from Site M0093 show the following five intervals downcore (Figure F22).

1. Interval 1 is a ~5.5 m thick bedded, silty clay interval interbedded with widespread and locally 
deformed silty beds and laminae and a basal fining-upward sandy layer.

2. Interval 2 is a ~8.5 m thick bedded section composed of a several dozen silty to fine sand 
deposits scattered within clayey background sedimentation.

3. Interval 3 is composed of a ~1.2 m thick fining-upward succession from silty clay to clay. 
4. Interval 4 is recognized as a 0.6 m thick normally graded succession with basal laminae of fine 

sand to a very fine sand bed and three several centimter–scale silty layers interbedded with 
silty clay.

5. Interval 5 is a ~10.2 m thick section of silty to sandy clay with scattered planar laminae and 
centimeter-thick beds of silty to very fine sand. 

Iron monosulfides are absent in Intervals 3 and 4 but are sparsely present in Intervals 1, 2, and 5.
Smear slide analyses show that the textures observed at Site M0093 are dominated by clayey silts

Figure F21. Hydroacoustic Line 386_Underway_055, a trench-parallel line that passes nearby Site M0093, showing the
acoustic character along strike of the trench-fill basin located in the boundary area between the central and northern Japan
Trench.
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Figure F22. Composite Strater plot, Hole
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with minor silts. Sediment composition is mostly lithogenic (30%–70%) with some scattered bio-
genic components (maximum = 62%). Calcareous nannofossils and radiolarians are observed in
one sample (>5%) of Interval 2. Although the abundance of volcanic material varies from 7% to
62.5% and there is particularly high volcanic glass content in Sections 386-M0093B-1H-10
through 24, no visible tephra layer is described at this site. Foraminifera are only observed in Sam-
ple 386-M0093B-1H-8, 60 cm, with an abundance of 6%. No mica or shell fragments are docu-
mented at Site M0093. However, a sample from the lowest part of Interval 1 contains a diverse
assemblage of calcareous foraminifers, including well-preserved thin-walled taxa. The provenance
of the displaced calcareous assemblage is interpreted to be from an upper bathyal environment
within the oxygen minimum zone (200–600 m water depth).

Bulk density values do not increase with depth; instead, they reveal variation between 1.2 and 1.7
g/cm3 (Figure F22). However, two intervals are characterized by a downcore increase in density:
(1) between ~1.5 and ~5.5 mbsf, where values increase from 1.3 to 1.6 g/cm3 and (2) between ~8
and ~13.5 mbsf, where values increase from 1.4 to 1.65 g/cm3. At 16, 20, and 23.5 mbsf, three
layers (between 1 and 1.5 m thick) are characterized by a sharp density increase at the bottom (to
0.4 g/cm3) and a gradual upcore decreasing trend. Over these trends, several pronounced density
peaks are highlighted in Hole M0093B. Magnetic susceptibility measurements show the upper-
most 5 m of Hole M0093B are characterized by an increase from 25 × 10−5 to 80 × 10−5 SI. Below
this depth, values fluctuate above a baseline value of approximately 25 × 10−5 SI throughout the
cored depths. Two pronounced peaks at 6.4 and 7.7 mbsf exceed 100 × 10−5 SI. Magnetic suscepti-
bility values show a gradual downward increase in Interval 1 and high peaks in the upper part of
Interval 2. Values are also high in the lower part of Interval 5. Magnetic susceptibility is low,
whereas density is high in the middle to lower parts of Interval 2 and the upper part of Interval 5.
NGR gradually increases downward and shows high values in Intervals 3–5.

Indicators of organic matter degradation in the IW and headspace samples (ammonium, alkalinity,
bromide, and methane concentrations) (Figure F22) suggest that intensive remineralization
occurs at Site M0093. It is most active in the uppermost ~3–5 m, gradually diminishes downcore,
and occurs at comparable rates at Site M0093. Notably, the ammonium profile is less linear, poten-

 M0093B. For lithology legend, see Figure F9. cps = counts per second.
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tially indicating more pronounced and/or more clearly preserved non-steady state diagenesis. Dis-
solved Fe and Mn are very high in the uppermost meter of the sediment column, indicating
organic matter remineralization by intensive dissimilatory Mn and Fe reduction. The non-linear,
wavy decrease in Mn concentrations below the uppermost meter may indicate repeated periods of
non-steady state diagenesis preserved in the IW record. Below the uppermost sediment interval,
organoclastic sulfate reduction becomes the dominant electron acceptor for organic matter rem-
ineralization, followed by methanogenesis at greater depth. Sulfate reduction and subsequent for-
mation of diagenetic sulfide minerals is also evident from the abundance of most likely iron
sulfides in the VCDs. Sulfate is depleted below about 14 mbsf, with a small reoccurring peak and
complete depletion at about 18 mbsf marking the transition of sulfate and methane. The SMT is
also clearly visible in the Ba profile, which shows the highest concentrations below the SMT and a
decrease directly above it. The abundance of amorphous silica (biogenic opal in diatom frustules
and sponge spicules along with volcanic glass shards) in the smear slide descriptions supports the
very high dissolved Si concentrations immediately below the sediment surface. Amorphous silica
appears to dissolve throughout the core, causing some of the highest dissolved Si concentrations
reported in marine sediments (e.g., Frings, 2017). In contrast, subdued changes in dissolved Sr
suggest very limited dissolution of carbonate material in the sediment. The high silicate content in
the solid phase, in tandem with low calcium and IC contents, indicates that silicate minerals are
dominating the sediment composition, which is in good agreement with smear slide petrologic
observations. Solid phase Fe does not parallel the Al concentration profile, indicating diagenetic
dissolution-precipitation processes in the sediment column.

The variation of paleomagnetic intensity in Hole M0093B is characterized by two modes (Figure
F22). One is the intervals that show largely fluctuated intensity between around 1.0 × 10−5 and 8.5
× 10−5 A/m (0–2, 5.6–9.5, 14.2–22.4, and 23.7–26.3 mbsf ), and the other is characterized by
smoothed variation with lower values (2–5.6, 9.5–14.2, and 22.4–23.7 mbsf ). Declination is rela-
tively constant with spiky fluctuations, although small sudden offsets are identified at 6 and 22
mbsf. The inclination profile of Hole M0093B generally fluctuates between 30° and 60°. At 10 and
18 mbsf, large sudden shifts in inclination can be seen. Inclination between 10 and 18 mbsf is
biased to the shallow side, but it reverts to fluctuations in the 30° to 60° range below 18 mbsf.
Preliminary paleomagnetic data from Hole M0093B reveal that the intensity profile is character-
ized by both smoothed low intensity intervals and intervals of high fluctuations. The declination is
relatively constant. The interval of shallow inclination in the interval 10–18 mbsf corresponds to
the low-intensity interval. This may suggest that this low inclination is not representative of geo-
magnetic secular variation.

No radiolarian-based age determinations were made at this site.

6.3.2. Site M0094
Site M0094 is in a trench-fill basin (Basin C/N2) at the boundary area between the central and
northern Japan Trench (Figure F6). The basin has an elongated shape with a NNW–SSE trend and
a ~7470 m water depth. The subbottom profile shows a well-stratified section comprising both
acoustically transparent and acoustically laminated packages, which are mostly flat lying (Figure
F23). The uppermost 7–8 m is composed of an alternation of high- and low-amplitude reflectors.
This interlayered package overlies a distinct acoustically transparent layer that is ~4–6 m thick.
Beneath the transparent layer lies another package of high-amplitude reflections overlying the
acoustic basement at ~0.035 s TWT (~26 m subsurface depth).

VCDs of core sections from Site M0094 indicate the following four intervals in a downcore direc-
tion (Figure F24): 

• Interval 1 is a ~4.5 m thick bedded interval composed of several millimeter- to centimeter-
scale deposits grading from basal fine sand beds to very fine sand and silty beds interspersed 
into a silty clay/clayey silt background sedimentation.

• Interval 2 is a 5.9 m thick bedded, highly deformed fining-upward sequence grading from very 
fine sand to silt and clayey silt/silty clay.
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Figure F24. Composite Strater plot, Hole
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• Interval 3 is a ~5.2 m thick bedded interval composed of several dozen silty to fine sand 
deposits that range from millimeter- to several centimeter–scale in thickness scattered within 
clayey background sedimentation. 

• Interval 4 is a ~2.6 m thick fining-upward sequence with a basal silty bed fining-upward to a 
silty clay/clayey silt bed overlying a 1.9 m thick clay bed without any bioturbation. 

Smear slide analyses show that the textures at Site M0094 are dominated by clayey silts. The sedi-
ment composition is mostly lithogenic (2%–65%) with scattered biogenic components (maximum
= 60%). Calcareous nannofossils are observed in two samples in Intervals 2 and 3. The abundance
of volcanic material varies from 3.7% to 74%. A silt-sized, 0.8 cm thick tephra layer is intercalated
in silty sediment in Interval 3. The tephra is composed predominantly of pumiceous type volcanic
glass shards. No mica or shell fragments are documented in Hole M0094B.

Figure F23. Hydroacoustic Line 386_Underway_102, a trench-parallel line that passes nearby Site M0094, showing the
acoustic character along strike of the trench-fill basin located in the boundary area between the central and northern Japan
Trench. SP = shotpoint.
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Downcore bulk density variations in Holes M0094A and M0094B are ~1.25–1.6 g/cm3 and ~1.3–
1.67 g/cm3, respectively (Figure F24). From the top of Hole M0094B to ~1 mbsf, bulk density
increases steadily with depth and reaches a high of ~1.6 g/cm3 at ~1.1 mbsf. A sharp dip in bulk
density thereafter (~1.4 g/cm3 at 1.1 mbsf ) is observed. The bulk density profile at Hole M0094B
shows an undulating pattern between ~1.1 and ~4.2 mbsf with at least three localized highs and
lows (densities ranging ~1.36–1.66 g/cm3). Higher bulk densities could be typically attributed to
the dominance of sandy beds, whereas soft, clayey sediments would yield lower bulk density val-
ues. Bulk density at intermediate depths (e.g., between ~4.2 and ~11 mbsf ) remains fairly uniform
with an average value of ~1.4 g/cm3. However, between ~11 and 16 mbsf, an undulating density
pattern resumes. Density values increase steadily between ~16 mbsf and the bottom of Hole
M0094B. A linear increase in bulk density toward the bottom of Hole M0094B is consistent with a
steady increase in other physical properties (e.g., magnetic susceptibility, NGR, resistivity, and
shear strength). The downcore magnetic susceptibility variations at Site M0094 span 16 × 10−5 to
188 × 10−5 SI. The top sections of the cores from Holes M0094A and M0094B show consistent
trends comprising high-frequency undulations. The average magnetic susceptibility at this site
appears to be ~40 × 10−5 SI. The central section of Hole M0094B (~4.4–10.75 mbsf ) shows a
downcore increasing magnetic susceptibility trend. However, it drops abruptly from 80 × 10−5 to
40 × 10−5 SI over a span of ~0.06 m at ~10.77 mbsf. A number of distinct highs and lows at the
bottom of Hole M0094B are clearly evident. Broadly, a downcore increasing trend with a few
marked fluctuations (e.g., ~4.4, 10.75, and ~15 mbsf ) are observed. An anomalous high magnetic
susceptibility peak (~188 × 10−5 SI) at ~15 mbsf is evident. This peak seems to correspond well
with a dark thin tephra layer. A corresponding positive shift in the bulk density values (~1.62
g/cm3) between ~14 and 15.5 mbsf is also observed. Magnetic susceptibility and density profiles
show remarkable peaks, which correspond with coarse-grained siltier and sandier layers. Mag-
netic susceptibility values increase downward in Intervals 2 and 4. The density profile indicates no
clear increase in the upper part of Intervals 2 and 4 but a gentle and rapid increase in the lower
part of Interval 2 and 4, respectively. Relatively high NGR counts occur in Intervals 1, 3, and 4, and
the lowest count occurs in the upper part of Interval 2.

In contrast to the other sites, very low ammonium, alkalinity, and methane concentrations indicate
that no intensive organic matter remineralization occurs at Site M0094 (Figure F24). This could be
explained by the low amount of reactive organic carbon (despite the high TOC values of up to 1.25
wt%) or, more likely, by very high sedimentation rates (or a combination of both). The low miner-
alization rates are also mirrored in the broad iron reduction zone that stretches to almost 5 mbsf
in Hole M0094B and furthermore supported by the overall low changes in salinity with depth. The
increase in dissolved Mn and Fe at greater depths (below ~10 mbsf ) coinciding with a change in
lithology from Interval 2 to Interval 3 indicates a source of ferrous iron likely related to the reduc-
tion of deeply buried oxides or iron-rich clay minerals (e.g., Köster et al., 2021). The cation con-
centrations (especially, Na2+, Mg2+, and Ca2+) show very little variation with a small increase at
around 5 mbsf. Sulfate occurs throughout the sediment column with a slight decrease with depth
in the uppermost ~6 m suggesting low sulfate reduction rates, whereas the sulfate increase with
depth below ~8 mbsf indicates a source of sulfate from below. Dissolved Li shows an increase in
concentrations in the lowermost sediments below 15 mbsf. This Li increase exceeds typical seawa-
ter values (which could be suggested as a source for the increased sulfate values at depth) and thus
likely suggests other Li sources such as deep subseafloor clay mineral diagenesis (e.g., Torres et al.,
2015). The high silicate content in the solid phase, in tandem with low calcium and IC contents,
indicates that silicate minerals are dominating the sediment composition, which is in good agree-
ment with smear slide petrologic observations. High amounts of solid phase Fe and low total sul-
fur (TS) point to an iron-dominated system.

The paleomagnetic intensity data from Hole M0094B (Figure F24) reveal a peak at 3 mbsf, and
their variation between 4 and 8 mbsf are smoothed. Scattered but relatively higher intensities are
recognized between 12 and 14 mbsf. The declination reveals several short fluctuations, but the
general trend is around 20°. The inclination profile shows values predominantly distributed
between 30° and 80°. General inclination values below 11 mbsf become shallower. Preliminary
paleomagnetic data from Hole M0094B reveal unique patterns in the intensity profile that are
23 publications.iodp.org · 47
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smoothed and highly fluctuated intervals. The signature of paleomagnetic secular variations is not
clear in the preliminary results from this site.

No radiolarian-based age determinations were made at this site.

6.3.3. Site M0087
Site M0087 is in a trench-fill basin (Basin C/N3) at the northern part of the boundary area
between the central and northern Japan Trench (Figure F6). The basin has an elongated shape
with a north–south trend and comprises two (north and south) distinct subbasins (depocenters)
separated by an east–west trended topographic ridge (Figure F25). The northern and southern
subbasins have water depths of 7480 and 7520 m, respectively. A horseshoe-shaped depression is
found at the lowest landward slope of the northern subbasin. Site M0087 is located in the southern
subbasin. The basin is filled by alternating acoustically laminated, high-amplitude materials and
layers with lower amplitudes, which overlie the acoustic basement at ~0.040 s TWT (~ 30 m sub-
surface depth). At Site M0087, an acoustically transparent unit up to 4 m thick lies above a flat-
lying package of acoustically laminated materials. There is a series of flat-lying reflections with
lower amplitudes, which appear to be additional acoustically transparent layers.

Site M0087 sediment cores are composed of the following five intervals downcore (Figure F26): 

• Interval 1 is composed of a stack of a 9 m thick unit, which consists of clay without any 
bioturbation, and an underlying coarse-grained (medium sand to silt) layer with a sharp and 
erosional basal surface.

• Interval 2 is characterized by matrix (clay)-supported mud clasts with subrounded and 
irregular shapes in the upper part and a laminated fine to very fine sand layer with an erosional 
basal surface. The thickness of this interval differs between Hole M0087B (~2.1 m) and Hole 
M0087D (~0.8 m).

• Interval 3 is a ~5.1 m thick unit composed of thick clay with deformed and irregular-shaped silt 
and very fine sand patches and basal fine to very fine sand and without bioturbation.

• Interval 4 shares the same lithologic characteristics with those of Interval 1.
• Interval 5 (23 mbsf to the bottom of Hole M0087D) is also characterized by matrix (clay)-

supported mud clasts with subrounded shapes in the upper part and partly laminated very fine 
and fine sand to clay with a fining-upward grain size trend in the lower part. 

Smear slide observations suggest that grain sizes include silt, clayey silt, and silty clay. The major
components are lithogenic and biogenic grains. 

Figure F25. Hydroacoustic Line 386_Underway_049, a trench-parallel line that passes nearby Site M0087, showing the
acoustic character along strike of the trench-fill basin located in the boundary area between the central and northern Japan
Trench. SP = shotpoint.
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Figure F26. Composite Strater plot, Hole
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Four tephra beds are described at this site. Two tephra beds occur in the uppermost part of mass
transport deposits (MTDs), one in Interval 3 of Hole M0087B and one in Interval 5 of Hole
M0087D. Therefore, these tephras do not occupy true tephrostratigraphic horizons. The other
two tephra beds (17.981–17.989 mbsf in Hole M0087B and 20.16–20.165 mbsf in Hole M0087D)
occur at the same lithostratigraphic horizons below thick sand beds and have similar petrographic
characters: light reddish brown, silt-sized, pumiceous type volcanic glass shards with fewer fibrous
type shards, and abundant hornblende with a smaller amount of orthopyroxene and clinopyrox-
ene. Based on the similarity of these petrographic characters, these two beds can be correlated
with each other. Of the 11 samples examined, only 2 benthic and 1 planktonic foraminifers from 1
sample of Hole M0087A and 1 broken agglutinated benthic foraminifer from 1 sample of Hole
M0087C were found.

In Holes M0087C and M0087D, bulk density increases downcore from ~1.3 g/cm3 at the mudline
to ~1.6 g/cm3 at the bottom of Hole M0087D at 26.2 mbsf (Figure F26). Hole M0087D shows three
zones with steady increases in bulk density with depth: 0–3, 7–8, and 10–15 mbsf. Other zones
show higher fluctuations in density, which are most pronounced between 3 and 7 mbsf. Below 15
mbsf, bulk density increases to the bottom of the hole with some fluctuation. The highest density
value of Site M0087 (1.70 g/cm3) is measured at 21.0 mbsf in Hole M0087D. Magnetic susceptibil-
ity at Site M0087 fluctuates around a baseline value of approximately 44 × 10−5 SI throughout the
cored depth but also shows several pronounced peaks that exceed 100 × 10−5 SI. A 5 m thick zone
of continuous readings close to 50 × 10−5 SI (only with a slight trend of values increasing down-
core) occurs in both holes at similar depths (between 8 and 13 mbsf in Hole M0087B and between
10 and 15 mbsf in Hole M0087D), with a very sharp drop at the base. Below this zone, magnetic
susceptibility fluctuates; the highest value of Hole M0087B is 167 × 10−5 SI at 18 mbsf, and the
highest value of Hole M0087D is 133 × 10−5 SI at 23.2 mbsf. Peaks in magnetic susceptibility and
density profiles are principally correlated with coarse-grained layers at the basal parts of each unit.
Gradual upward decreasing trends in both profiles from the peaks indicate fining-upward grain
size trends. NGR profiles are similar to those of magnetic susceptibility and density, but some
peaks in NGR occur slightly above the peaks in magnetic susceptibility and density.

 M0087D. For lithology legend, see Figure F9. cps = counts per second.
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The downcore pore water profiles of sulfate, alkalinity, and ammonium in the uppermost ~10 m at
Site M0087 show characteristic changes related to organic matter degradation (Figure F26). The
downcore decrease in sulfate concentrations is mainly caused by organoclastic sulfate reduction,
but sulfate is not depleted within the retrieved cores. The absence of the SMT is due to sulfate
supply from below the coring depth. In addition, elevated Fe and Mn concentrations throughout
the cores, especially for the uppermost 10 m of sediments, reflect dissimilatory Fe and Mn
reduction coupled by organic matter oxidation. High Si concentrations at this site are probably
sustained by biogenic opal dissolution, as evidenced by smear slide observation that shows a sub-
stantial amount of diatom frustules and sponge spicules in the sediments. The slight downcore
increase in B concentrations suggest B desorption from clay minerals and/or biogenic silica
dissolution. In contrast, the downcore Li profiles in the uppermost ~10 mbsf could reflect low-
temperature silicate diagenesis, which adsorbs and incorporates Li in the secondary minerals. One
notable feature of the pore water profiles at Site M0087 is the reversal of most pore water species
toward seawater values below ~10 mbsf. The high silicate content in the solid phase, in tandem
with low calcium and IC contents, indicates that silicate minerals are dominating the sediment
composition, which is in good agreement with smear slide petrologic observations. High amounts
of solid phase Fe, which does not parallel the Al profile, and low TS point to an iron-dominated
system, likely with formation of iron sulfide minerals, as suggested from smear slides.

Paleomagnetic intensity profiles are characterized by intervals of high fluctuations, which domi-
nate the profiles for both holes (Figure F26). Smoothed variations with lower values found
between 8 and 12 mbsf in Hole M0087B and between 10 and 13 mbsf in Hole M0087D might be
correlated. Paleomagnetic declination patterns of the two holes show different trends. The inclina-
tion profile of the two holes generally fluctuates between 30° and 60°. The large offset in inclina-
tion at 13 mbsf of Hole M0087B and 15 mbsf of Hole M0087D can be regarded as the same event.
Preliminary paleomagnetic data of the two holes reveal similar trends in intensity and inclination
but not declination, which makes correlation difficult. 

No radiolarian-based age determinations were made at this site.

6.4. Northern Japan Trench

6.4.1. Site M0086
Site M0086 is located at the deepest part of the flat floor of a trench-fill basin (Basin N1) at the
southern part of the northern Japan Trench (Figure F6). The basin has a slightly elongated shape
with a north–south trend at a water depth of around 7500 m. The subbottom profile comprises
a distinct series of both acoustically transparent and acoustically laminated packages (Figure F27).
The youngest basin-fill package comprises a series of ~4 m thick alternating high- and low-
amplitude layers. Beneath this youngest package, the upper acoustically transparent layer (~10 m
thick), forms a distinct marker horizon. A 10–12 m package of high-amplitude reflections under-
lies the upper transparent layer. A lower acoustically transparent layer (~3 m thick), occurs
between the upper high-amplitude package and a thicker (up to 25 m) lower package of laminated
materials.

Figure F27. Hydroacoustic Line 386_Underway_047, a trench-parallel line that passes nearby Site M0086, showing the
acoustic character along strike of the trench-fill basin located in southern part of the northern Japan Trench.
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Figure F28. Composite Strater plot, Hole
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A giant piston core from Site M0086, composed of silty clay/clayey silt with sparse clay, silt, or very
fine sand layers, comprises four intervals (Figure F28):

• Interval 1 (0–7.60 mbsf) presents an overall silty clay/clayey silt with scattered (less than one 
per meter) millimeter- to centimeter-thick silt laminae and three levels of clay.

• Interval 2 (7.60–16.70 mbsf) is characterized by a largely dominant lithology of silty clay with 
no visible primary sedimentary structure or presence of chaotic bedding.

• In Interval 3 (16.70–17.50 mbsf), the lithology changes to silt and very fine sand without 
bioturbation, with soft-sediment deformation in the upper part and diffuse very fine sand and 
silt patches.

• Interval 4 (17.50–18.255 mbsf) is composed of bioturbated clay and silty clay under a sharp 
boundary with Interval 3. 

Sediment lithology is described as siliceous ooze, silt, clayey silt, silt and clay, and sandy silt with
variable lithogenic, biosiliceous, and vitric components. 

No visible tephra bed is described at this site. Even under the ultra-deepwater hadal environment,
benthic and planktonic foraminifers occur in sediment. Benthic foraminifers in the upper part of
Interval 2 are common and well preserved and indicate the source environment as upper bathyal.

Bulk density values at Site M0086 increase downcore from ~1.2 g/cm3 at the top to ~1.6 g/cm3 at
the bottom (~18 m core depth) (Figure F28). Although bulk density generally increases steadily
with depth, there is a sudden increase at ~7.5 mbsf where Multi-sensor Core Logger (MSCL) bulk
density increases from ~1.25 to ~1.35 g/cm3. At this depth, there are also shifts in several other
physical properties datasets (e.g., magnetic susceptibility, resistivity, and NGR). Below this shift,
bulk density increases steadily to ~9.5 mbsf before it starts to slowly decrease with depth to ~12
mbsf. From 12 mbsf to the bottom of the core, bulk density steadily increases. There is a 1 m thick
interval at the bottom of Hole M0086B where bulk density increases above 1.6 g/cm3, which are
the highest values encountered at Site M0086. Magnetic susceptibility values at Site M0086 vary
between 20 × 10−5 SI at the top of the hole to a maximum of ~80 × 10−5 SI at the bottom. In the
uppermost ~7.5 m, magnetic susceptibility fluctuates around a baseline of ~35 × 10−5 SI. Below
~7.5 mbsf, magnetic susceptibility steadily increases with depth and the fluctuations are much
more suppressed. At this transition depth, there are also shifts in several other physical properties
datasets. Magnetic susceptibility and density curves show irregular peaks that correspond with
laminated silt horizons in Interval 1 and the lowermost siltier horizon in Interval 2 and reach their

 M0086B. For lithology legend, see Figure F9. cps = counts per second.
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highest values in the sandier Interval 3. The NGR profile shows peaks coinciding with clayey inter-
vals in Interval 1 and downcore increases Intervals 2 and 3.

Although salinity is near invariant throughout the cores, the IW concentration profiles of ammo-
nium and alkalinity at Site M0086 (Figure F28) show an increase by 0.75 mbsf that can be
explained by moderate rates of organic matter remineralization. The highest concentrations of
dissolved Fe and Mn are present in the uppermost 2.5 m of the sediment column, consistent with
organic matter remineralization by dissimilatory Mn- and Fe-oxide reduction. Elevated molybde-
num in the same interval can result from release of Mo that is adsorbed to these oxide phases. This
Mn- and Fe-oxide reduction is followed by organoclastic sulfate reduction below the SMT. At ~10
mbsf, evidence for the SMT is revealed by a transition to low sulfate and elevated methane. The
stepped concentration profiles of sulfate, alkalinity, and ammonium with a strong slope change at
~1.1 mbsf clearly indicate non-steady state conditions and likely result from a very recent sedi-
mentary event. IW Si concentrations are elevated throughout the cores. This is consistent with the
smear slides which show abundant diatoms as well as volcanic glass shards. It is also consistent
with elevated Si concentrations in the solid phase. Boron is also very elevated in the IW samples,
with every sample being much higher than seawater. Although boron continues to rise while Si is
mostly stable throughout the core, diatoms are the most likely source of boron as well. Lithium
concentrations drop substantially from seawater values suggesting authigenic phases are forming
that have an affinity for Li.

The variation of paleomagnetic intensity is characterized by fluctuations with higher values above
8 mbsf and smoothed variations with lower values below 8 mbsf (Figure F28). The paleomagnetic
declination shows high fluctuations throughout the entire core. Inclination fluctuates between 30°
and 60°. Large inclination drops are recognized at 10 and 13 mbsf.

No radiolarian-based age determinations were made at this site.

6.4.2. Site M0088
Site M0088 is on a trench-fill basin (Basin N2) floor in the northern Japan Trench (Figure F6). The
basin has an elongated shape with a north–south trend and water depths around 7520–7550 m. A
horseshoe-shaped depression occurs at the lowest part of the landward slope. Two thick acousti-
cally transparent layers are the most characteristic features seen in the subbottom profiles (Figure
F29). A thin (~2 m) package of semitransparent materials occurs above the upper acoustically
transparent layer (>10 m thick). A ~10 m thick package of high-amplitude reflections separates the
upper transparent layer from a lower transparent layer (~7–8 m thick). The lowest layers of basin
fill comprise a package of acoustically laminated materials with generally lower amplitude.

Figure F29. Hydroacoustic Line 386_Underway_056, a trench-parallel line that passes nearby Site M0088, showing the
acoustic character along strike of the trench-fill basin located in central part of the northern Japan Trench.
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Figure F30. Composite Strater plot, Hole
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VCDs for Site M0088 indicate the cores are composed of the following five intervals, which are
defined by their lithostratigraphic character (Figure F30). From the top of the hole to the base,
these are as follows:

1. Interval 1 (~0 to 2–2.5 mbsf) consists of slightly to moderately bioturbated silty clay and clay 
with moderate to heavy iron monosulfide abundance.

2. Interval 2 consists of two units. The upper unit (~2–2.5 to 11.5–14.2 mbsf) is a thick silty clay 
to clay bed that is not bioturbated and contains soft-sediment deformation. The lower unit 
(~11.5–14.2 to 14.8 mbsf) is composed of a fining-upward sand to silt succession with planar 
and wavy laminations.

3. Interval 3 (~14.8–30.1 mbsf) consists of slightly to moderately bioturbated silty clay and clay 
with iron monosulfide staining and includes silt laminae.

4. Interval 4 (~30.1–35.6 mbsf) consists of slightly to nonbioturbated silty clay to clay. Thick 
fining-upward sand to silt successions are included within the silty clay to clay.

5. Interval 5 (~35.6–36.5 mbsf) consists of nonbioturbated silty clay to clay with sparse iron 
monosulfide. 

No visible primary tephra bed is observed at this site. Smear slide observations of major lithologies
reveal that the texture is clayey silt with some silty clay and silt. The smear slides show that litho-
genic and biogenic components are the major components (80%–100%) and volcanic components
are minor (0%–20%). Benthic foraminifers with medium to good preservation are present to rare
in all samples except for one. Planktonic foraminifers with good preservation are present in only
one of the samples. Samples examined for foraminifers contain abundant diatoms, radiolarians,

 M0088D. For lithology legend, see Figure F9. 
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and sponge spicules along with some glass, iron monosulfides, and possible crustacean fragments.
Benthic foraminifers in the upper part of Interval 4 with well-preserved thin-shelled taxa suggest
that the provenance of the displaced assemblage is from an upper bathyal environment (200–600
m water depth).

Bulk density in the upper part of both holes shows the same trend to ~8.5 and ~5 mbsf in Holes
M0088B and M0088D, respectively (Figure F30). These intervals are characterized by a density
increase of 0.1 g/cm3 followed by a second increase to 1.4 g/cm3. Bulk density then remains fairly
constant downcore over a thickness of 4 m. Below 8.5 and 5 mbsf in Holes M0088B and M0088D,
respectively, values show opposite trends, with an increase from 1.3 to 1.4 g/cm3 in Hole M0088B
and a decrease from 1.32 to 1.25 g/cm3 in Hole M0088D. Both holes are characterized by a pro-
nounced peak that exceeds 1.6 g/cm3 between 14 and 15 mbsf. In Hole M0088D, this peak has a
particular asymmetric shape. It is characterized by a very sharp base, where density values imme-
diately drop by about 0.3 g/cm3 from a maximum value of 1.6 to 1.3 g/cm3. Above this peak, den-
sity gradually decreases upward over around 1 m to 1.2 g/cm3. Below 20 mbsf, the bulk density of
Hole M0088D increases with depth from 1.1 to 1.35 g/cm3. At the bottom of the hole at 35.55
mbsf, the highest bulk density peak is 1.64 g/cm3. Magnetic susceptibility in Holes M0088B and
M0088D shows consistent values that can be divided into four zones:

1. The uppermost 2 m show a fluctuation around a baseline value of ~30 × 10−5 SI.
2. Throughout the following ~10 m, magnetic susceptibility appears relatively constant at ~30 × 

10−5 SI.
3. There is then a succession of four peaks at around 15, 16, 17, and 18 mbsf. The first peak is 

characterized by an asymmetric shape with a very sharp lower base, which reaches 140 × 10−5 
SI in Hole M0088B and 100 × 10−5 SI in Hole M0088D before the value immediately drops to 
50 × 10−5 SI. The value gradually increases to ~60 × 10−5 SI and then sharply decreases, forming 
the second peak. The three other peaks have values of around 60 × 10−5 SI in Hole M0088D. 

4. Zone 4 is recorded only in Hole M0088D from 20 mbsf downcore. It shows an increasing trend 
in values from ~10 × 10−5 to 40 × 10−5 SI with four superimposed peaks. The first three peaks 
around 23, 26, and 28.5 mbsf are about 2.5 m thick. They show a downcore rapid increase fol-
lowed by a more gentle decrease. In contrast, the last peak at 35.5 mbsf shows a rapid but more 
gradual increase to over 150 × 10−5 SI followed by a more rapid decrease. 

Magnetic susceptibility, density, and NGR show higher values in the fine to medium sand layer in
Intervals 3 and 5. The values show sharp increases at the base of Interval 2 and decrease toward
the top of the interval in correlation with a fining-upward trend in grain size. In addition, NGR
shows high values and an upward decreasing trend in correlation with the clay lithology of Interval
3. It shows high values in the silty parts of Intervals 2 and 5.

Indicators of organic matter degradation in the IW and headspace samples (ammonium, alkalinity,
bromide, and methane concentrations) suggest that intensive remineralization occurs at Site
M0088 (Figure F30). This process is most active in the uppermost ~4–5 m and gradually dimin-
ishes farther downcore. Notably, the ammonium profile at Site M0088 presents a rather wavy pat-
tern, potentially indicating a pronounced and/or clearly preserved non-steady state diagenesis.
The salinity changes closely follow ammonium and alkalinity, implying seawater salinity in the
sediments with the gradual downcore addition of ions that are metabolic products of organic mat-
ter degradation. At Site M0088, dissolved Fe and Mn are highest in the uppermost meter of the
sediment column, indicating organic matter remineralization by intensive dissimilatory Mn and
Fe reduction. Below the uppermost sediment interval (~0–5 mbsf ), organoclastic sulfate reduc-
tion becomes the dominant electron acceptor for organic matter degradation, followed by metha-
nogenesis at greater depth. Sulfate reduction and subsequent formation of diagenetic sulfide
minerals is also evident from the abundance of most likely iron sulfides in the VCDs. The depth of
the SMT at Site M0088 can be located at ~5–7 mbsf. The SMT is clearly visible in the Ba profile,
which shows the highest concentrations below the SMT and a decrease directly above it. The high
silicate content in the solid phase, in tandem with low calcium and IC contents, indicates that
silicate minerals dominate the sediment composition, consistent with smear slide petrology. TOC
in the sediments at Site M0088 is relatively high, reaching up to 1.79 wt% and leading to the high
mineralization rates observed in the IW profiles. Although intensive remineralization occurs in
23 publications.iodp.org · 54
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the top part of the sediments, high TOC and TC contents were found in the deeper sediments,
suggesting that high amounts of organic matter may be buried in the trench sediments. High
methane concentrations and C1/C2 values were observed in the deeper sediments; therefore, the
roles of microbes in the fate of sedimentary organic carbon in the hadal sediments are also of sig-
nificance.

Variation in paleomagnetic intensity at Site M0088 between 0 and 14 mbsf is characterized by
smoothed low intensity, whereas the intervals between 14 and 17 mbsf are characterized by highly
fluctuating intensity (Figure F30). The lower part is characterized by smoothed intensity intervals
with four high peaks. Paleomagnetic declination of the interval between 0 and 14 mbsf shows fluc-
tuations. Smoothed declination changes below 14 mbsf can be recognized. The lower declination
pattern, which shows a large hump, could be interpreted as signatures of paleomagnetic secular
variation. The paleomagnetic inclination profile broadly shows variation between 30° and 90°.
There is a general shallowing trend downward throughout the profile from ~60° to ~40°. Prelimi-
nary paleomagnetic data display a unique pattern in intensity profiles, which are similar to those at
Site M0084. They are characterized by smoothed low intensity and highly fluctuating intensity
intervals. The declination pattern of the lower interval in Hole M0088D probably represents a sig-
nature of paleomagnetic secular variation.

In Hole M0088D, radiolarian fossils are abundant with good preservation. The sharp increase in
the relative abundance of C. davisiana from <5% to >10% at 27.5 mbsf could be correlated with the
boundary horizon of C. davisiana Zones ‘a and ‘b (Event 5; ~11.5 ka), corresponding to the
Holocene/Pleistocene boundary (Morley et al., 1982). Two peaks in the relative abundance of C.
davisiana at 27.5 and 33.9 mbsf are likely to correlate with Events 6 and 7, corresponding to DAE-
2 (~12 ka) and DAE-3 (~17 ka) of Matsuzaki et al. (2014). Two minor peaks in the relative abun-
dance of L. setosa at 15.3 and 23.4 mbsf are likely correlated to Events 2 and 4, respectively.

6.4.3. Sites M0084 and M0085
Sites M0084 and M0085 are in the northernmost trench-fill basin (Basin N-3) of the northern
Japan Trench (Figure F6). The basin has an elongated shape with a NNE–SSW trend, and its water
depth is around 7600 m. Site M0084 was selected to core at the point in the basin floor where the
greatest sediment recovery was anticipated based on the subbottom profiles, which are character-
ized by several thick acoustically transparent packages and thick packages of acoustically lami-
nated materials with high amplitudes (Figure F31). The uppermost transparent package is the
thickest (10–12 m). The transparent packages become thinner toward a bathymetric high, with the

Figure F31. Hydroacoustic Line 386_Underway_029, a trench-parallel line that passes nearby Sites M0084 and M0085,
showing the acoustic character along strike of the trench-fill basin located in northern part of the northern Japan Trench.
SP = shotpoint.
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Figure F32. Composite Strater plot, Hole
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acoustic pattern revealing a condensed section where Site M0085 was located. The thickness of
the uppermost transparent package at the high is 1–2 m.

VCDs of core sections from Site M0084 show the following five intervals downcore (Figure F32): 

• Interval 1 (above ~2–3 mbsf) is a 1–3 m thick medium- to thick-bedded unit of bioturbated 
silty clay and clay.

• Interval 2 is a 12–15 m thick very thick-bedded silty clay with centimeter-scale, contorted silt 
layers and patches.

• Interval 3 (15–17 mbsf) is 1–2 m thick fining-upward sand to silt with well-defined planar and 
ripple lamination (foraminifers and micas).

• Interval 4 (15–17 to ~35 mbsf) is a ~20 m thick medium- to thick-bedded, fining-upward 
succession of very fine sand to bioturbated clay.

• Interval 5 is a 3.5 m thick clay with no primary sedimentary structures, bioturbation, or iron 
monosulfides. 

Iron monosulfides are characteristically absent in Intervals 2, 3, and 5 but present in Intervals 1
and 4.

Smear slide observations indicate that the sediment textures of Site M0084 are dominated by
clayey silt with silty clay and silt and sediment compositions are lithogenic (50%–80%) and/or sili-
ceous biogenic (20%–70%). The abundance of volcanic material is less than 50%, but a tephra layer
occurs at 21.735–21.795 mbsf in Interval 4. Foraminifers, micas, and shell fragments are observed

 M0084F. For lithology legend, see Figure F9. cps = counts per second.
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Figure F33. Composite Strater plot, Hole
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in the sections. Benthic foraminifers with well-preserved thin-shelled taxa in the upper part of
Interval 4 suggest that the provenance of the displaced assemblage is from an upper bathyal envi-
ronment.

VCDs of core sections from Site M0085 show less variability than those from Site M0084 and dif-
fer in a number of ways. From the seafloor downhole, a composite section comprises the following
intervals (Figure F33):

• Interval 1 is a 5 m thick silty clay with either a fining-upward succession of very fine sand, silt, 
silty clay, and clay or sand and silt laminae or patches.

• Interval 2 comprises a ~10 m thick clayey segment with minor laminated sand and silt layers, 
some of which comprise shell fragments.

• Interval 3 is composed of a ~16 m thick bioturbated clay and silty clay with fining-upward very 
fine sand and silt laminae that rests on a sharp based, decimeter-scale, laminated, fining-
upward coarse to very fine sand horizon.

• Interval 4 is a ~10 m thick thick-bedded, fining-upward succession of sand, silt, and 
bioturbated clay.

• Interval 5 is a 2 m thick succession of mud (matrix)-supported pebble and cobble clasts.

Iron monosulfides are sparse and bioturbation slight to moderate at Site M0085 except at the top
of Intervals 1 and 5 in nonbioturbated sandy and mud-supported clast horizons. Sediment tex-
tures at Site M0085 are mostly clayey silts with minor sandy silts, and sediment compositions are
lithogenic and/or siliceous biogenic. The abundance of volcanic material is less than 50% except
for samples from four tephra layers at 14.995–15.035 mbsf in Hole M0085B and 3.915–3.965,
32.05–33.12, and 33.668–33.688 mbsf in Hole M0085D. The lowermost two tephra layers occur as
blocks and patches in a MTD (Interval 5). Foraminifers, micas, and shell fragments are observed in

 M0085D. For lithology legend, see Figure F9. cps = counts per second.
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the sections. Two samples from Interval 3 contain few to common benthic and few to abundant
planktonic foraminifers. Benthic foraminifer assemblage from the upper part of Interval 3 shows
moderate preservation and suggests that the provenance of the displaced assemblage is inter-
preted to be from a middle to lower bathyal environment, whereas that from a laminated sand
layer in the lower part of Interval 3 has good preservation, indicating the provenance is from an
upper bathyal environment.

Magnetic susceptibility values at Sites M0084 and M0085 range 10.90 × 10−5 to 118.64 × 10−5 SI
and 11.05 × 10−5 to 267.02 × 10−5 SI, respectively (Figures F32, F33). Bulk density values measured
offshore using a MSCL range 1.05–1.66 g/cm3 at Site M0084 and 1.20–1.74 g/cm3 at Site M0085,
whereas those measured using onshore moisture and density measurements range 1.21–1.61 and
1.22–1.55 g/cm3, respectively. NGR ranges 6.45–31.57 counts/s for Site M0084 and 9.75–48.27
counts/s for Site M0085. Magnetic susceptibility, density, and NGR logs of Site M0084 show
strictly parallel variations with a slight wavy shape in Interval 1, a very smooth monotonous trend
in Interval 2, a sharp increase at the top of Interval 3 that ends up sharply at the erosion surface at
the base of the interval, a saw tooth shape with low values in Interval 4, and a quasilinear smooth
trend with very low magnetic susceptibility in the basal clay of Interval 5. In Interval 4, most peaks
in magnetic susceptibility values correlate to the very fine sand and silt layers. The very smooth
magnetic susceptibility, density, and NGR curves occur in Interval 5. Magnetic susceptibility and
density logs of Site M0085 show similar subparallel curves, with most of the peaks correlating with
the sandier horizons. The NGR log is smoother and generally anticorrelated with the other two
(low NGR values in the sandy parts and high values in the clayey parts). Interval 4 has large varia-
tions from high to low magnetic susceptibility and density values that correlate to the 2–5 m thick
sand and silty clay to clay alternations. The silty clay and clay in Intervals 1 and 3 show intermedi-
ate values of magnetic susceptibility, density, and NGR with some peaks in the sand/silt beds,
whereas clay Interval 2 shows very low amplitude variations.

The downcore pore water profiles of sulfate, alkalinity, ammonium, and bromide at Sites M0084
and M0085 show characteristic changes related to organic matter degradation (Figures F32, F33).
The rapid linear decrease in sulfate concentrations due to organoclastic sulfate reduction and
anaerobic oxidation of methane marks the SMT at ~5–7.5 mbsf at Site M0084 and ~3–4 mbsf at
Site M0085. Together with very high alkalinity and ammonium concentrations in the cores, this
suggests that intensive organic matter remineralization is taking place, which is also supported by
the observed high TOC contents. High Si concentrations at both sites are probably sustained by
biogenic opal dissolution, as evidenced by smear slide observations that show a substantial
amount of diatom frustules and sponge spicules in the sediments. Tephra alteration could also
contribute to the high Si concentrations, as reflected by the downcore increase in Sr concentra-
tions and the occurrence of discrete tephra layers. The general downcore increase in B concentra-
tions is likely caused by desorption from clay minerals. In contrast, the downcore Li profiles could
reflect low-temperature silicate diagenesis, which adsorbs and incorporates Li in the secondary
minerals, with the exception of the downcore increase in the lowermost 5 m at the bottom of Hole
M0085D, which may reflect a supply of Li from below. One notable feature of the pore water pro-
files at Site M0085 is the reversal of most pore water species toward the seawater values below
~11–12 mbsf. This feature is usually observed in the incoming plates of subduction zones where
seawater intrudes into the basement basaltic crust through seamounts or plate bending-related
fractures, thereby inducing a diffusional exchange with overlying sediments (Harris et al., 2013;
Torres et al., 2015; Zindorf et al., 2019).

Paleomagnetic intensity at Site M0084 is characterized by thick low-intensity intervals of 1 × 10−5

A/m between ~4 and 18 mbsf in Holes M0084B, M0084D, and M0084F, between 23 and 25 mbsf
in Holes M0084D and M0084F, and between 34 and 37 mbsf in Hole M0084F (Figure F32). Con-
versely, the intensity at Site M0085 decreases downward (from ~6 × 10−5 A/m to less than 1 × 10−5

A/m) from 2 to 12 mbsf in Holes M0085B and M0085D and then increases from 12 mbsf to the
core bottom in Hole M0085B and up to 22 mbsf in Hole M0085D (reaching intensities of ~6× 10−5

A/m) (Figure F33). Noticeable fluctuations in intensity between ~8 × 10−5 A/m and less than 1 ×
10−5 A/m from 22 mbsf to the core bottom in Hole M0085D are observed. Preliminary paleomag-
netic data from Sites M0084 and M0085 display various patterns of declination and inclination.
Inconsistent declination and inclination profiles between 4 and 19 mbsf in Holes M0084B,
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M0084D, and M0084F are recognized. The declination profiles for Holes M0085B and M0085D
reveal good agreement with the cyclic pattern between 0 and 6 mbsf. The inclination profiles
reveal remarkable inclination lows at 5 mbsf. These signatures suggest Holes M0085B and
M0085D possess good paleomagnetic records.

Two and six radiolarian events are recognized in Holes M0084D and M0085D, respectively. In
Hole M0084D, the increase in relative abundance of C. davisiana below 28 mbsf can be correlated
to the boundary horizon of C. davisiana Zones ‘a and ‘b (Event 5; ~11.5 ka), corresponding to the
Holocene/Pleistocene boundary (Morley et al., 1982). A primary peak in the relative abundance of
C. davisiana at 28.0 mbsf is likely correlated to Event 6, corresponding to DAE-2 (~12 ka) of Mat-
suzaki et al. (2014). In Hole M0085D, the increase in relative abundance of C. davisiana below 26.1
mbsf could be correlated with Event 5, and a primary peak in the relative abundance of C. davisi-
ana at 28.3 mbsf is likely correlated to Event 6. The increase in relative abundance of the Tetrapyle
group between 14.6 and 20.0 mbsf most likely corresponds with a mid-Holocene warm period
(Matsuzaki et al., 2020; Chinzei et al.,1987). A primary peak in the relative abundance of L. setosa
at 15.6 mbsf is likely to correlate with Event 2. From a MTD near the bottom of the core (32.2 and
33.2 mbsf ), ancient radiolarians were recovered, such as Lamprocyrtis heteroporos (Hays) and
Cycladophora sphaeris (Popova). Significantly, these species disappeared in the early Pleistocene.

7. Preliminary scientific assessment
The overarching goals of Expedition 386 were to sample and analyze the sedimentary sequence in
a series of trench-fill basins that records the past great earthquakes along the Japan Trench. This is
the first time giant piston cores of ~40 m have been taken from multiple sites along the ultradeep
hadal trench environment. Our main objectives were to (1) identify the sedimentologic, physical,
chemical, and biogeochemical proxies of event deposits in the sedimentary archive that allow for
confident recognition and dating of past Mw 9 class earthquakes versus smaller earthquakes ver-
sus other driving mechanisms; (2) to explore the spatial and temporal distribution of such event
deposits to investigate along-strike and time-dependent variability of sediment sources, transport
and depositional processes, and stratigraphic preservation; and (3) to develop a long-term earth-
quake record for giant earthquakes. Our additional objective was to systematically describe the
Japan Trench hadal environment in unparalleled high temporal and spatial resolution, quantify
sedimentary and dissolved geochemical concentrations, and characterize hadal microbiological
communities. For these objectives, the original operational plan was to sample the trench-fill
deposits from a total of 18 primary sites along the entire Japan Trench.

Expedition 386 was extremely successful. This is the first time a GPC system has been used in the
IODP framework, and the system has demonstrated its value, taking up to 40 m cores from multi-
ple sites. The coring objectives were almost completely achieved, and a total of 831.19 m of core
was recovered from 15 sites (from ~36°N to 40.4°N and in water depths between 7445 and 8020 m)
(Figure F6; Table T1), despite the strong Kuroshio current and rough weather preventing full
planned deployments at all primary sites. 

The potential range of scientific applications for this unique data set is very large, encompassing
paleoseismology, sedimentary processes, tectonics, geochemical cycles, paleoenvironment, and
microbiology. Below, we summarize the preliminary highlights of the scientific achievements of
Expedition 386.

7.1. Sediment lithology and event deposits in the trench-fill deposits 
The lithology in most basins is similar and dominated by clayey silt, silty clay, and clay with minor
components of medium sand, fine sand, very fine sand, and silt. The most common primary bed-
ding structures are thin beds (1–3 cm) and laminae sometimes forming parallel laminated or wavy
laminated intervals that contain fine sand, very fine sand, silt, and clayey silt. These deposits can
have sharp, erosional, wavy, gradational, and bioturbated lower and upper contacts. Notable for
the Japan Trench basins are intervals of coarse-grained beds and laminae of medium to very fine
sand and silt up to half a meter thick. Above, there can be intervals up to 6 m thick of homoge-
neous clay and silty clay that lack sedimentary structures and bioturbation. Typical event deposit
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stratigraphy is demonstrated by a fining-upward sequence from a sharp, erosional basal surface
below coarser (sandier) bed grading through laminated and/or graded sand to silt to clay without
any sedimentary structures or bioturbation. The thickness of each event deposit is variable, from a
few centimeters to >10 m. In some basins, the clay and silty clay intervals can also show soft-
sediment deformation structures such as contorted and dipping beds, recumbent and isoclinal
folds, and floating silt and sand patches. MTDs with clay clasts, contorted and dipping beds, and
other soft-sediment deformation structures were reported at northern Japan Trench Sites
M0084–M0088 but were not observed in the southern and central Japan Trench. Coarse-grained
(sandier) beds and fining-upward grain size trends of the event deposits are detectable in some
physical properties measurements. Rapid increasing and gradual upward decreasing magnetic
susceptibility and bulk density values is a typical pattern of thick event deposits from base to top,
respectively. Similar patterns are also resolved in X-ray CT data showing clear radiodensity
changes at the event deposits. Several event deposits also show characteristic signals but in places
with a slightly different pattern (e.g., peak occurs not at the base of event deposit, where the grain
size is coarsest, but in the middle to upper horizon of basal coarse bed). As the peak of NGR may
occur at the horizon of high concentration of clastic particles that contain high concentration of
radioactive elements such as K and Th, this suggests that the concentration of radioactive
elements in the event deposits is not solely controlled by grain size.

The sediment shows abundant lithogenic, vitric, and biosiliceous (diatoms and sponges spicules)
material, the latter two locally forming vitric ashes and ooze, respectively. Iron monosulfides were
observed throughout all records, often visually amplifying the stratigraphic laminations and bio-
turbation. Authigenic carbonates were restricted to a few occurrences of ikaite at Sites M0084 and
M0088, a carbonate nodule at Site M0095, and rare authigenic carbonate microcrystals observed
in smear slides, XRD data, and visual core description. Calcareous fossils such as foraminifers,
calcareous nannoplanktons, and shell fragments are occasionally observed. Bulk mineralogy
shows an abundance of quartz, feldspar, and clay minerals and minor occurrences of micas, pyrox-
ene, heavy minerals, and amphibole group minerals. Notably, palygorskite is locally present as a
weathering product of vitric glass shards and other volcaniclastic materials.

Stratigraphy of the event deposits shows spatial variability. In the northern Japan Trench basins,
the occurrence of a thick (>10 m) MTD at a few meters below seafloor is the most characteristic
feature. Well-preserved benthic foraminifers were observed in the MTD in some holes. These
MTDs were described and dated to 1.77 (+0.49/−0.31) bulk OC 14C ky before present (BP) by
Usami et al. (2021) and Schwestermann et al. (2021), respectively, although they reported only the
upper (muddy) part of the MTD. Similar lithofacies was also found in the lower part of the cores at
Sites M0084 and M0088, indicating the repeated occurrence of the MTD in the northern Japan
Trench basins. This is supported by the subbottom profiles in the basins as a repeated occurrence
of acoustically transparent layers. In the basins at the boundary area between the central and
northern Japan Trench, almost all core material was composed of event deposits several tens of
centimeters to several meters thick. Only thin intervals below the event deposits had a signature of
bioturbation. This suggests frequent deposition of event deposits in these basins. Two MTDs with
subrounded or irregular shaped and matrix-supported mud clasts were found at Site M0087.
Numerous event deposits a few centimeters to a few meters thick were intercalated in the biotur-
bated clay and silty clay in the cores from the central and northern part of the southern Japan
Trench. Prominent deposits in the uppermost part of the cored stratigraphic succession in these
basins likely correlate to deposits related to the 2011 Tohoku-oki, 1454 CE Kyotoku, and 869 CE
Jogan earthquakes, as previously described in shallow subsurface cores (Ikehara et al., 2016, 2018;
Kioka et al., 2019a, 2019b; Schwestermann et al., 2020). Occurrence of several tephra beds is
another characteristic of core lithology in the central Japan Trench. Stratigraphy of event deposits
in the southernmost Japan Trench is also characterized by numerous intercalations of event
deposits in the bioturbated clay and silty clay. The thickness of each event deposit ranges from a
few centimeters to ~5 m. In summary, numerous event deposits and their spatial variations in stra-
tigraphy, facies, and frequency of occurrence provide a solid base for achieving Objectives 1 and 2
in upcoming postexpedition research. Preliminary findings suggest that depositional processes
and driving mechanisms of event deposits vary widely along the Japan Trench.
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7.2. Chronology of hadal trench-fill sediments 
Because of the ultradeep hadal environment of the Japan Trench, it is difficult to apply the usual
method to establish the core age model using radiocarbon dates or isotope stratigraphy of plank-
tonic foraminifers. However, a combination of tephrochronology and radiolarian biostratigraphy
for Expedition 386 cores provided key information on depositional ages of the hadal trench-fill
sediments. Correlated tephra beds are the most robust stratigraphic tie points among holes and
sites. A few correlative tephra beds were recognized in some holes in the central to northern Japan
Trench. In particular, two tephra-based possible intersite correlations between Sites M0089 (386-
M0089D-1H-23, 58 cm) and M0090 (386-M0090D-1H-26, 57.8 cm) and between Sites M0087
(386-M0087B-1H-19, 16.4 cm, and 386-M0087D-1H-20, 87.5 cm) and M0094 (386-M0094B-1H-
16, 82.5 cm) are important. Because several more tephra beds are observed in the cores from the
central Japan Trench, detailed characterizations and eventual correlations to dated volcanic erup-
tions using the chemical compositions of each bed are expected to reveal further correlation tie
points and robust age constraints, respectively. According to paleoenvironmental changes in this
region, the relative abundance pattern of radiolarian species C. davisiana provided some radiolar-
ian bioevent horizons. Especially, a rapid increase in C. davisiana (Event 5) can be correlated with
the boundary horizon of C. davisiana Zones ‘a and ‘b, corresponding to the Holocene/Pleistocene
boundary at ~11.5 ka (Morley et al., 1982). This important horizon was recognized at Sites M0084,
M0085, M0088–M0090, M0092, and M0095. Minor peaks of C. davisiana also provide two radio-
larian bioevents (Events 6 and 7), which correspond to DAE-2 at ~12 ka and DAE-3 at ~17 ka
(Matsuzaki et al., 2014) in the upper Pleistocene sequences, and the minimum C. davisiana abun-
dance between Zones ‘b1 and ‘b2 (approximately 24 ka) of Morley et al. (1982) and Itaki et al.
(2009) may be reached at Site M0089. An increasing trend in relative abundance of the Tetrapyle
group, which is a typical Kuroshio fauna (Matsuzaki et al., 2020), suggests that these horizons are
likely correlated with a mid-Holocene warm period at ~6–8 ka.

Averaged sedimentation rates of the trench-fill basins are calculated as 1.63–2.55 m/ky based on
the radiolarian biostratigraphy. Although no biostratigraphic event horizon is available for the
basins at the boundary area between the central and northern Japan Trench (Basins C/N1, C/N2,
and C/N3), no SMT zone detected in the cores from these basins suggests that the sedimentation
rates are likely higher than those in the other basins.

Paleomagnetic secular variation is another important tool to date sediments below the CCD
(Kanamatsu et al., 2017, 2022). The characteristic variations of paleomagnetic declination after the
correction and inclination recognized in the holes from the southern to the central basins (Sites
M0081 and M0082 in Basin S1, Sites M0092 and M0095 in Basin S2, Site M0091 in Basin S3, Site
M0090 in Basin C1, and Sites M0083 and M0089 in Basin C2) reveal consistent fluctuations
between the sites. These variations probably represent the paleomagnetic secular variation over
several thousand years. On the other hand, the paleomagnetic variations at sites from basins at the
boundary area between the central and northern Japan Trench (Site M0093 in Basin C/N1, Site
M0094 in Basin C/N2, and Site M0087 in Basin C/N3), whose lithology is characterized by a fre-
quent turbidite intercalation, are not as distinct as those observed in the southern and the central
basins. In the northern basins (Site M0088 in Basin N1 and Site M0084 in Basin N3), paleomag-
netic direction in the significantly thick MTD interval reveals no consistent variation between
holes. Variations at the sites in the northern basins prevent interhole correlations, except at Site
M0085 (Basin N3). In summary, preliminary Expedition 386 results reveal high potential for estab-
lishing robust age models as a solid base for addressing Objective 3 in upcoming postexpedition
research.

7.3. Hydroacoustic characteristics of the trench-fill basins 
Expedition 386 also conducted hydroacoustic surveys (see Operational strategy) for several
basins, producing closely-spaced high-resolution grids of subsurface data to characterize the
architecture and depositional pattern of the trench-fill basins. Most of the basins have an elon-
gated shape aligned with the along-strike direction of the trench. Both landward (western) and
seaward (eastern) slopes are steep, but the landward slope is steeper. There are some horseshoe-
shaped escarpments in the lowermost part of the landward slope, suggesting the occurrence of
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submarine landslides. A typical example of a submarine landslide at the lowermost slope occurs in
the northern subbasin of Basin C/N3. The basin floor is generally flat, but minor undulations, iso-
lated bathymetric highs, and ridges with trench-normal to trench-oblique direction are recog-
nized. These occurrences might reflect recent tectonic movements, submarine landslides,
complicated basement structure, and possibly fluid migration.

Subbottom profiles of the trench-fill basins show the occurrence of relatively thick event layers as
acoustically transparent layers in each basin. The occurrence of a few thick acoustically transpar-
ent layers sandwiched with acoustically stratified packages with high- or low-amplitude reflec-
tions is a characteristic feature of the northern Japan Trench basins (Basins N1, N2, and N3). In
the southern and central Japan Trench, acoustically transparent layers are thinner but more fre-
quent intercalated within acoustically stratified sequences with generally high-amplitude reflec-
tion patterns. In the basins at the boundary area between the central and northern Japan Trench,
acoustically stratified packages with high-amplitude reflections are the dominant acoustic facies.
A few to several thin acoustically transparent layers are intercalated in the stratified package. The
spatial difference in acoustic facies at each area is concordant with the difference in core lithology.
These preliminary results also reveal that the successful acquisition of high-resolution hydro-
acoustic survey data, once fully integrated with coring results during postexpedition research, will
greatly contribute toward achieving Objectives 1 and 2. Furthermore, observed evidence of recent
active tectonic movements that might be related to giant earthquake megathrust rupture reaching
the trench as a possible origin of such deformation reveal important perspectives for addressing
Objective 3 beyond the development of long-term earthquake records but also linking past earth-
quake occurrences to type and location of rupture propagation along the shallow megathrust near
the trench.

7.4. Geochemistry and fluids of the trench-fill deposits in the hadal 
environment
Expedition 386 represents the first time >10 m subsurface sediment cores have been sampled from
multiple sites in the hadal oceanic trench. These sites act as terminal sinks for sedimentary mate-
rials, including carbon. The trench-fill sediments have a potential to form high-resolution archives
to unravel the history of deep-ocean elemental cycles. Thus, investigating the deep-ocean elemen-
tal cycle and shedding new light on sediment and carbon fluxes of event-triggered sediment mobi-
lization to a deep-sea trench and its influence on the hadal environments were important scientific
targets of Expedition 386.

The solid phase of all the sediment samples is characterized by high silicate mineral content
(approximately 30% Si and approximately 4% Al, as analyzed by XRF) and relatively high TOC
throughout the cores, including both event and hemipelagic deposits. Considering the high sedi-
mentation rates of the trench-fill sediments (~2 m/ky), a large mass accumulation rate of TOC is
expected along the entire Japan Trench. High TOC in the event deposits suggests that earthquake-
triggered sediment remobilization has contributed to these large mass accumulations of organic
carbon in the trench-fill sediments.

The downcore pore water and headspace gas profiles of sulfate, alkalinity, ammonium, bromide,
and methane concentrations show characteristic changes related to organic matter degradation.
This suggests that intensive remineralization occurs, which is also supported by the observed high
TOC contents. Values for salinity, Na+, and Cl- in the pore waters are approximately similar to
seawater values and change very little with depth at all of the sites. The sulfate concentration pro-
files show evidence of non-steady state behavior at all sites. In contrast to alkalinity and ammonia,
which increase with depth, sulfate concentrations decrease from the sediment surface to below
detection within 5–10 m below the seafloor at most sites. Dissolved methane increases below the
sulfate containing zone, marking a shallow SMT at all sites, with the highest values observed in the
northern basins. Three sites (Sites M0094 and M0087 at the boundary area between the central
and northern Japan Trench [Basins C/N2 and C/N3] and Site M0085 in the northern Japan Trench
[Basin N3]) show a return to elevated sulfate concentration with depth accompanied by elevated Li
concentrations (returning toward seawater values). In all other cases, Li decreases with depth in
the core. Silicon concentrations are very high and mostly constant (near 900 μM) throughout the
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sediment column at all sites. These high concentrations are related to the dissolution of amor-
phous silica throughout the core, which can be explained by the abundance of biogenic opal in
diatom frustules, sponge spicules, and vitric volcanic glass shards. Strontium concentrations are
mostly near seawater values except for the base of the cores, where concentrations are elevated.

Redox sensitive metals such as Fe, Mn, U, and Mo show extreme variability near and above the
SMT, but drop to below detection limit deeper in the core. Boron concentrations mainly increase
from slightly above seawater values to near 3 times seawater concentrations, suggesting a diage-
netic and/or deep source. 

In summary, preliminary results from IW and gas and solid phase geochemistry, together with the
successful offshore sampling for microbiology postexpedition analyses and research, reveal a solid
base for addressing the secondary objectives of Expedition 386 and provide exciting new perspec-
tives to advance our understanding of deep-sea elemental cycles and their influence on the hadal
environments.

8. Outreach
The overall aim of the ESO Outreach and Education effort is to promote the benefits of each expe-
dition’s science and the wider objectives of IODP/ECORD to a broad audience, including the sci-
ence community and public. To accomplish this objective, expedition outreach efforts focused on
publicizing the expedition’s aims and findings to international media and concentrated on media
networks developed in the IODP/ECORD/MarE3/JAMSTEC community and members of the Sci-
ence Party’s organizations. Because of the difficulties imposed by the global COVID-19 pandemic,
media activities were somewhat curtailed throughout the expedition, with large gatherings of
journalists and onboard ship visits not possible due to strict quarantine restrictions. As a result,
outreach activity focused on publication through social media and contact with press organiza-
tions and educational institutions.

Targeted activities in support of the expedition outreach and communication objectives included
the following:

• The expedition web page on the ECORD website, which acts as a source of information by 
including ship reports and blogs, includes links to expedition materials and a media pack with 
information about press conferences and media releases along with pictures and contact 
details to arrange interviews with expedition scientists.

• Expedition promotional materials, including an expedition logo, flier (in English and Japanese), 
and branded items such as caps, T-shirts, buffs (sports neck/head wear), iron-on patches, 
stickers, and mugs were available for the science party members, ESO and MarE3/JAMSTEC/ 
MWJ staff, and ship’s crew.

• Banners with IODP and ECORD logos and the expedition logo were available to display on 
board both Kaimei and Chikyu and serve as a backdrop for interviews and pictures. Wide-
spread use of logos ensures recognition in photographs/videos.

• To spread word about the various stages of the expedition, Science Party members were 
encouraged to contact and inform their university’s communications department. The aim 
was to raise awareness of their staff’s participation in the expedition and to enlist their support 
in promoting the expedition locally and nationally.

• Two press releases were issued to IODP/ECORD representatives, media departments of the 
participants, Japanese media, and international media, the first at the end of the offshore phase, 
and the second following completion of the OSP. Over 15 individual news articles covered the 
project, with a number of reposts across social news media outlets. Media coverage of the 
offshore phase of the expedition was extensive, with articles appearing on the BBC website; 
Austrian TV, The Weather Network, National Geographic Kids, Wired, Forbes, Terra Mater, 
the New York Post, Ohio State News, and Fox News. Footage will also be used in an upcoming 
Japan Broadcasting Corporation (NHK) documentary.

• Several ship-to-shore events were broadcast during the offshore phase, OSP, and PSP, includ-
ing to staff and students at universities in Japan, Taiwan, and the US, hosted locally by science 
23 publications.iodp.org · 63



K. Ikehara et al. Expedition 386 Preliminary Report

https://doi.org/10.14379/iodp.pr.386.20
party members and MarE3 staff members. The departure of Kaimei was broadcast live on You-
Tube, and a live link was made to the European Geosciences Union Town Hall meeting during 
the offshore phase. The Co-Chief scientists also hosted a presentation from Chikyu during the 
PSP to the ECORD Council in Tuscany.

• A video tour was recorded, and a live scientific presentation was given by Science Party mem-
bers during the PSP for universities and high schools in Taiwan. A similar video tour and Q&A 
session was given by the Co-Chiefs, ESO, and MarE3 staff for Scottish schools, hosted by “Our 
Dynamic Earth” in Edinburgh.

• Images were published on social media showing life and science on board Kaimei and Chikyu 
during the offshore phase, OSP, and PSP. All images will also be published in the ECORD/ESO 
Expedition Gallery.

• Regular promotion of the expedition’s accomplishments onshore and offshore were posted on 
ECORD and MarE3/JAMSTEC’s social media platforms such as Twitter, Facebook, Instagram, 
and YouTube (summary statistics unavailable).

• An expedition blog (https://expedition386.wordpress.com) was maintained throughout the 
expedition (onshore and offshore) and included regular updates from all phases of the expedi-
tion. Between the start of the offshore phase and the end of the PSP, the blog site had been 
visited over 11,500 times.
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