Marine Geology 477 (2024) 107387

Contents lists available at ScienceDirect

Marine Geology

o %

ELSEVIER journal homepage: www.elsevier.com/locate/margo

Check for

Japan Trench event stratigraphy: First results from IODP giant piston coring |
in a deep-sea trench to advance subduction zone paleoseismology

Michael Strasser >, Ken Ikehara‘b, Charlotte Pizer®, Takuya Itaki”, Yasufumi Satoguchi,
Arata Kioka *°, Cecilia McHugh ’, Jean-Noel Proust ¢, Derek Sawyer ", IODP Expedition 386
Expedition Management Team, IODP Expedition 386 Expedition Science Party

@ Department of Geology, University of Innsbruck, Innrain 52f 6020, Innsbruck, Austria

b Geological Survey of Japan, National Institute of Advanced Industrial Science and Technology (AIST), Tsukuba Central 7, 1-1-1 Higashi, Tsukuba, Ibaraki 305-8567,
Japan

¢ Lake Biwa Museum, 1091 Oroshimocho, Kusatsu, Shiga 525-0001, Japan

4 Department of Earth Resources Engineering, Graduate School of Engineering, Kyushu University, Nishi-ku, Fukuoka 819-0395, Japan

€ Department of Systems Innovation, School of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

f School of Earth and Environmental Sciences, Queens College, City University of New York65-30, Kissena Blv.Flushing, NY 11367, USA

8 Géosciences-Rennes, CNRS, Université Rennes, Campus de Beaulieu, 35042 Rennes cedex, France

h The Ohio State University, School of Earth Sciences, 125 South Oval Drive Columbus, Ohio, 43210, USA

ARTICLE INFO ABSTRACT

Editor: Michele Rebesco The International Ocean Discovery Program (IODP) Expedition 386, Japan Trench Paleoseismology, represents
the first utilization of giant piston coring (GPC) within scientific ocean research drilling. This allowed for a

Keywords: Mission Specific Platform (MSP) multi-site, multi-hole, shallow subsurface coring in an ultra-deep water sub-

Event stratigraphy duction zone trench. The primary objective of the expedition was to investigate the concept of submarine

Hadal Trench Sedimentology

) paleoseismology in the Japan Trench, which involves studying long-term records of deposits in the deep sea that
Paleoseismology

Core-to-seismic correlation can provide insights into past earthquake events. In this paper, we compile and interpret initial shipboard data
Giant piston coring and results to (1) establish first-order event stratigraphic correlation of thick event beds (> 50 cm in thickness)
10DP between sites, (2) test previously published event-stratigraphic predictions of earthquake-related event deposits
Japan Trench as proposed based on high-resolution hydro-acoustic subbottom profiler (SBP) data, and (3) derive SBP-scale
event deposits age estimates to (4) discuss the advantages and limitations of giant piston coring for scientific
drilling operations and the potential of new event stratigraphy results for advancing submarine paleoseismology.

The findings of the study identified a total of 77 SBP-scale event beds across 15 sites along a trench-parallel
transect spanning over 600 km. These event beds exhibit clear expressions in SBP data, with approximately 49 %
matching precisely with SBP units previously identified by Kioka et al. (2019a). For the remaining 51 % of SBP-
scale event beds, thin, acoustically-transparent bodies were observed between high-amplitude horizons, for
which SBP-based seismic interpretation alone would not be definitive. Consequently, the study concluded that
the SBP-scale event-stratigraphy observed in IODP 386 cores validates the event-bed mapping conducted by
Kioka et al. (2019a) and improves SBP interpretation for event beds in the 0.5 to 1 m thickness range.

The initial age constraints obtained from shipboard radiolarian biostratigraphy enable us to provide rough
estimates of event ages by linearly interpolating between previously dated events occurring less than 2000 years
ago and a datum around 11,000 years ago reported in four boreholes from trench basins in the Southern, Central,
and Northern Japan Trench. Inter-site stratigraphic correlation reveals distinct SBP-scale event stratigraphies for
the trench segments located to the north and south of the structurally complex “boundary area” at approximately
39.3-39.4°N, which is hypothesized to potentially act as a persistent rupture barrier for megathrust earthquakes.
We observe more frequent but thinner event deposits in the Southern and Central Japan Trench, and fewer but
thicker event beds in the Northern Japan Trench. This spatial variation may be related to the different seis-
mogenic behavior of the various asperities along the Japan Trench megathrust and/or to differences in the
response of slope sediments to earthquake shaking. However, here-presented investigations at the SBP-scale level
are deemed too simplistic for robust application of the “submarine paleoseismology” approach. The extensive
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and high-quality dataset from IODP GPC, coupled with the encouraging initial correlation results presented here,
leads us to hypothesize that further detailed studies can identify and characterize event deposition dynamics at
the micro-facies level, refine sediment provenance, and constrain precise event ages necessary for evaluating
synchronicity in paleoseismological interpretation. These studies will also enable robust exploration of along-
strike correlations or variations, facilitating the extraction of paleo-earthquake signals from Japan Trench

event stratigraphies.

1. Introduction

The deepest oceanic realms on Earth are in hadal (>6000 m water
depth) trenches, formed by the downward bending of the oceanic lith-
osphere in plate convergent settings (e.g., Kioka and Strasser, 2022).
Here, most of the stresses accumulated by global plate tectonics are
released by episodic subduction earthquakes with often devasting con-
sequences (e.g., Bilek and Lay, 2018). Understanding subduction zone
processes in hadal trenches as one of the least explored aquatic envi-
ronments on Earth represents new frontiers for marine geology research
(e.g., Jamieson et al., 2010; Kioka and Strasser, 2022; Ueda et al., 2023
and references therein). As a result of the technological challenges in
surveying and subseafloor sampling in such great water depths, hadal
oceanic trenches are also arguably one of Earth’s most challenging en-
vironments for scientific ocean drilling research. Forty-three years ago,
the legendary Drilling Vessel (D/V) Glomar Challenger set a long-
standing record for the deepest coring site sampled by scientific ocean
drilling, recovering two 15.5 m and 20.5 m long cores from water depths
7034 and 7029 m below sea level (mbsl) in the Mariana Trench (Site
461) during Deep-Sea-Drilling-Program (DSDP) Leg 60 (Hussong et al.,
1982). In 2021, International Ocean Discovery Program (IODP) Expe-
dition 386 broke this record by recovering 29 long cores of up to 37.82 m
from 15 sites located at water depths between 7445 and 8023 mbsl in the
Japan Trench (Ikehara et al., 2023; Strasser et al., 2023). This success
was facilitated by Mission Specific Platform (MSP) Giant Piston Coring
(GPC) from Research Vessel R/V Kaimei, which for the first time in 50
years of scientific ocean drilling, enabled efficient multi-site, multi-
coring subsurface sampling in ultra-deep water hadal environments
(MclInroy et al., 2024).

At the Japan Trench, the devastating impact of the 2011 Tohoku-oki
megathrust earthquake sparked a tremendous international research
effort to better understand the causes, effects, and frequency of sub-
duction zone earthquakes (e.g., Uchida and Biirgmann, 2021; Kodaira
et al., 2021 and reference therein). However, current observational data
series are too short to fully capture the complete spectrum of spatial and
temporal variability of megathrust slip behavior (Wirth et al., 2022).
Longer observations that span multiple seismic cycles are required to
conclusively reveal whether earthquake behavior has predictable cyclic
recurrence characteristics (Moernaut, J., 2020) and whether patterns of
fault coupling, and rupture barriers are persistent (Daigle et al., 2023
and references therein). Over the last decade, several research efforts
have focused on surveying, sampling and studying hadal trench-fill
basins hypothesized to act as terminal sinks for earthquake-triggered
submarine sediment-gravity flows and thus may record stratigraphic
evidence of past megathrust earthquakes (e.g., Ikehara et al., 2016,
2021; Kanamatsu et al., 2022, 2023; Usami et al., 2018; Oguri et al.,
2013; McHugh et al., 2020; Kioka et al., 2019a, 2019b; Schwestermann
et al., 2020; Strasser et al., 2013). IODP Expedition 386 was motivated
to explore ‘submarine paleoseismology’ at the Japan Trench to generate
a multi-millennial record of giant (~ Magnitude(M)9 class") subduction

! we acknowledge that quantitative reconstruction of paleo-magnitudes to

distinguish “giant” (M > 9) from “great”, but still in the high M8++ range, is
impossible. We here follow terminology used in recent literature despite its
potential overstatement and also use “giant” for M9-type (similar to 2011
Tohoku-oki earthquake), for which M might actually also has been in the high
M8++ range.

zone earthquakes, such as the 2011 Tohoku-oki earthquake (Ikehara
et al., 2023; Strasser et al., 2023).

The ‘submarine Paleoseismology’ approach combines spatiotem-
poral mapping of earthquake-related event deposits in the continuous
deep sea sedimentary record to define past rupture limits and statistical
analyses of earthquake recurrence patterns along subduction margins (e.
g., Goldfinger et al., 2012; Moernaut, J., 2020; Walton et al., 2021). The
approach is underpinned by the assumptions that (1) there is a pre-
dictable relation between earthquake rupture characteristics, ground-
motion-induced sediment remobilization, margin-physiography-
controlled sediment transport and event-layer deposition; and (2) that
synchronicity can be established from sedimentological and geochro-
nological data (e.g., Howarth et al., 2021).

Currently available data sets for subduction zone submarine paleo-
seismology have mostly been limited by conventional 10 m long coring
(see compilations by De Batist et al. (2017), Howarth et al. (2021), and
references therein). These cores often only comprise a few seismo-
turbidites that do not fully capture the complete spectrum of spatial and
temporal variability of megathrust slip behavior and earthquake-
triggered sediment remobilization processes. Yet, they are mostly
spatially extensive, allowing for assessment of stratigraphic correlation
of event beds based on multiproxy signature between widely separated
sites and for positive correlation to instrumental and historic earth-
quakes. For several subduction margins, state-of-the-art submarine
paleoseismology research hence has achieved qualitative and in places
even quantitative calibration of the “submarine event-bed paleoseis-
mometer” (e.g., Goldfinger et al., 2012; Ikehara et al., 2016; Polonia
et al., 2017; Kioka et al., 2019a, 2019b; Howarth et al., 2021).

As demonstrated by pioneering studies using the CALYPSO coring
system, inferred earthquake-related event deposits can be tracked
further back in time by sampling longer sedimentary sequences using
giant piston coring technique (Gracia et al., 2010; Pouderoux et al.,
2014; Seibert et al., 2024; and St-Onge et al., 2012). However, appli-
cation of the submarine paleoseismology approach on such long tem-
poral records (i.e., reaching back in time to sample several low-
recurrence events) still requires spatially extensive records that sample
different types of events over long distances at locations with different
flow accumulation to test the robustness of seismic event interpretation.
Since feedback between earthquake type, seafloor motion, and its
eventual manifestation in the stratigraphic record are complicated, no
single proxy-technique can provide the full paleoseismic history at an
individual site (Goldfinger et al., 2012; Howarth et al., 2021). Hence,
submarine paleoseismology requires comprehensive, margin-wide,
multi-site, long-term (i.e., deep subsurface) records to be studied by a
broad range of disciplines, the results of which need to be integrated
temporally and spatially. Efficiently coring and comprehensively deci-
phering such long records from deep water environments such as sub-
duction trenches poses technological, logistical as well as scientific
challenges, that are difficult to be addressed by smaller research groups
on national levels.

IODP Expedition 386 addressed these challenges at the Japan Trench
(Ikehara et al., 2023; Strasser et al., 2023). There, the assumptions
behind the “submarine paleoseismology approach were initially vali-
dated by examining the sedimentary deposits from the most recent
magnitude (M) 9 earthquake in 2011 (e.g., Strasser et al., 2013; Kioka
et al., 2019b; Ikehara et al., 2021). In the deepest trench-basins of the
southern and central Japan Trench, these are several decimetres to
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meter thick, mostly fine-grained sediment gravity flow deposits, imaged
in high-resolution hydro-acoustic subbottom profiler (SBP) data by
distinct, acoustically-transparent bodies with ponding geometries
(Kioka et al., 2019a). Subsequently, key methodology was developed to
reliably recognize, map, and date event deposits in the sediment span-
ning the last 1500 years and correlate them to the occurrence and dis-
tribution of known historical megathrust earthquakes (Ikehara et al.,
2016; Ikehara et al., 2017a; Bao et al., 2018; Kioka et al., 2019b;
McHugh et al., 2020; Schwestermann et al., 2020, 2021; Kanamatsu
et al., 2022, 2023). This resulted in the initial “calibration of the marine
event-deposit paleoseismograph” in the Japan Trench (see more details
section 2.2 below).

Importantly, the prior development of submarine paleoseismology at
the Japan Trench provided the foundational knowledge and site survey
data required to test and apply the approach on even greater spatial and
temporal scales accessible only by deeper coring systems. In 2021-2023,
this goal was realized by IODP Expedition 386, on which 29 giant piston
cores were recovered at 15 sites along a trench-parallel transect span-
ning ~600 km of the Japan Trench subduction zone. This achievement
not only constitutes the first research expedition to perform deep-
subsurface (>10 m below sea floor; mbsf) and high spatial resolution
sampling of a hadal oceanic trench but also, the first coordinated
multidisciplinary international research effort investigating sedimen-
tary event beds recorded in marine archives to test for earthquake origin
and long-term earthquake magnitude — frequency relation (Ikehara
et al., 2023; Strasser et al., 2023).

In this paper, we compile and interpret IODP Expedition 386 initial
shipboard data and results to (1) establish first-order event stratigraphic
correlation of thick event beds (i.e., > 50 cm in thickness) between sites,
and (2) test previously published event-stratigraphic predictions of
earthquake-related event deposits as proposed based on SBP data (Kioka
et al., 2019a). We also aim at elaborating on the advantages and limi-
tations of IODP giant piston coring and at discussing our results with
respect to the potential for further analyses of the entire IODP data set to
address overarching submarine paleoseismology objectives at the Japan
Trench.

2. Regional setting

2.1. Japan Trench subduction zone, earthquake history and margin
segmentation

Along the Japan Trench, the Pacific Plate is subducting beneath the
Okhotsk plate at a rate of 8.0-8.6 cm/y (DeMets et al., 2010). Instru-
mental and likely complete historical records of tsunamigenic subduc-
tion earthquakes extend about 400 years into the past, with more
sporadic accounts for the preceding millennium (written records and
oral legends for the 869 CE Jogan, 1454 CE Kyotoku and 1611 CE Keicho
events; Goto et al., 2019; Sawai, 2020 and references therein; CE =
Common Era). Geological records documenting occurrence of large
tsunamis preserved along the east-facing coast of Honshu span about
3000 years (to occasionally 5000 years; Goto et al., 2019, 2021; Sawali,
2020; Takada et al., 2016; Higaki et al., 2021; Nakanishi et al., 2022;
Ishizawa et al., 2022; Fig.1).

The instrumental, historical, and geologic data clearly document
along-strike and temporal variability in rupture mode for past earth-
quakes, suggesting that the recurrence interval of M9-type megathrust
ruptures may be as short as 570 years (Philibosian and Meltzner, 2020).
A “supercycle”” of giant earthquakes with a recurrence interval of ~

2 The term “supercycle” is used in the literature for different types of cycle
behavior in recurrence characteristics of major megathrust earthquake that
have differing implications for fault mechanics and earthquake hazard. As
addressing this is not the scope of this study, we here use the term as referenced
in the respective cited study.

Marine Geology 477 (2024) 107387

600-700 years and superimposed on the cycle of great (M7-8) earth-
quakes has been proposed for the megathrust off Tohoku (here referred
to as the Tohoku-asperity; Fig.1Ac; Satake, 2015). The occurrence of
three giant earthquakes in the last 1500 years is consistent with return
times of 260-880 years for M9-type earthquakes off Tohoku as calcu-
lated from seismic moment frequency relation (Uchida and Matsuzawa,
2011), and other recurrence estimates based on slip deficit accumula-
tion over time assuming full interplate coupling (590-730 y; Uchida and
Biirgmann, 2021) and seismo-mechanical modelling (520-800 y
[Barbot, 2020]; ~600 y [Nakata et al., 2021]).

From the available data, one might consider a potential persistent
barrier around 39.3°N, separating the Tohoku asperities (approximate
2011 rupture area) from the Sanriku asperities in the north (Philibosian
and Meltzner, 2020; Fig. 1). Yet, there appears to be separation between
asperities along dip as well as along strike, and segmentation may not
extend to the shallow domain of the megathrust, as the 1896 CE (and
possibly 1611 CE) tsunami earthquakes appear to have traversed the
Tohoku/Sanriku barrier. To the south of the 2011 rupture area, the Izu
section seems to have less frequent earthquakes in general during the
last 400 years (Philibosian and Meltzner, 2020). Earthquake rupture and
the source of the Empo Boso-oki earthquake and tsunami of 1677 CE
(Sawai et al., 2012), as well as an older tsunami-deposit dated about
1000 years ago, might also be explained by displacement on one of the
other plate boundaries near the plate triple junction (Pilarczyk et al.,
2021).

Seismotectonics-based hypotheses have been presented to link the
southern and northern rupture termination of the 2011 earthquake to
structural heterogeneities in the overriding and subducting slab (e.g.,
Bassett al., 2016; Fujie et al., 2020). The impact of these features in and
around the megathrust is thought to influence frictional properties,
coupling and seismogenic behavior and therefore could represent
potentially persistent rupture barriers. In the south, an abrupt SW-NE-
striking boundary in upper-plate structure (black thick dashed linein
Fig. 1) interpreted from gravity data, juxtaposes geological terranes
composed of volcanic and plutonic rocks (in the north) and accretionary
complexes (in the south) (Bassett et al., 2016). This contrast is suggested
to explain the pattern of inter-seismic locking and giant earthquakes in
the north (i.e., the Tohoku asperity) and interseismic creep and fewer or
no giant earthquakes in the south (i.e., Izu section). In the north, recent
magmatic intrusions and thermal metamorphism of the incoming
pelagic sedimentary sequences overlying the down-bending Pacific
oceanic crust has generated an area of ‘petit-spot’ volcanism at
39.3-39.4°N (Hirano et al., 2006). Fujie et al. (2020) suggest these
features induce regional variations in friction along the megathrust
preventing giant near-trench interplate coseismic slip. The trench floor
along this part of the margin (herein referred to as “Boundary area be-
tween the Central and Northern Japan Trench”) is also relatively shal-
lower (~7400 m; as compared to ~7600, ~7500, and ~ 8000 mbsl in
the northern, central, and southernmost parts, respectively), and high
escarpment (>1 km) suggest large-scale gravitational collapse and
mega-landslides on the lowermost landward slope (Nakamura et al.,
2020, 2023).

Slightly oblique subduction of N-S to NNW-SSE trending horst-and-
graben structures formed by flexural bending of Pacific plate results in
relatively rough trench-floor morphology with 0.5-15km long and
0.5-5km wide isolated trench-fill and graben-fill basins, with different
along-strike connectivity (Figs. 1, 2a, b). Trench-basins in the central
Japan Trench tend to be comparatively smaller (with basin areas defined
as connected areas of flat seafloor <4 km?) than those in the southern
and northern trench (basin areas up 30 and 25 km?, respectively (Kioka
et al., 2019a, 2019b; Supplementary Table (Tab—S1). Trench basins
represent the terminal depositional sinks for different sediment-gravity
flow accumulation pathways (Fig. 2a; Kioka et al., 2019a), including
those with and without upslope connectivity to shelf or coastal areas.
The different lateral sediment transport systems from the upper slope
into the trench are funnelled and can be reflected to form flow path
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Fig. 1. Compilation of available earthquake and tsunami records of the Japan Trench Subduction Zone. A: Map modified after Kioka et al., 2019a, with schematic
illustration showing the coseismic (red) and postseismic slip areas (orange) of the 2011 Tohoku-oki earthquake (after Uchida and Biirgmann, 2021); source areas of
historically-known major (conceptually compiled from Nagai et al., 2001; Kanamori, 1971; Tanioka and Satake, 1996; Takeuchi et al., 2007; Sawai et al., 2012, 2015;
Goto et al., 2019); and geological structures (bold dashed black lines) hypothesized to be potential persistent barriers to giant megathrust ruptures (Philibosian and
Meltzner, 2020; Bassett et al., 2016; Fujie et al., 2020). Green stars mark IODP sites (this study, see Fig.2 for site number annotations); B to E: rupture history of the
Japan Trench megathrust fault in space (y-axis = along-trench distance (same scale as A)) and time (x-axis = time) from historical (B, C) and geological (C, D, E) data.
CE = Common Era; ka = calendar years before present (1950 CE); note change in relative scale at 1500 cal. BP. Time covered by (B) likely complete instrumental and
historical, and (C) only sparse historical data. C, D, E divide the geological record into (C) calibrated by historical seismology; (D) covered by coastal tsunami records
and offshore coring sites with high-resolution age constraints, and (E) not yet validated by state-of-the-art paleoseismologic research on cores (i.e., main target of this
study). See legend for references, from which data was compiled. Where no range for age uncertainties is plotted, uncertainties are estimated to be smaller than
symbol size. Note large dating uncertainties for coastal tsunami deposits compared to offshore paleoseismic event deposits, because of low determinative accuracy in
low-sedimentation rate, often noncontinuous coastal sedimentary sequences (e.g., Ishizawa et al., 2022). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

systems along the trench axis for several tens of kilometres, connecting
individual trench-slope basins. These systems are separated by bathy-
metric highs formed by the interconnection of different structural ele-
ments of the flexural-bended Pacific plate entering the subduction zone
system (Fig. 2a, b).

2.2. Previous studies of seismically-triggered event deposits at the Japan
Trench

A recent “boom” in submarine paleoseismology research at the Japan
Trench has identified event beds resulting from earthquake-triggered
sediment remobilization within basins along the slope and trench axis.
Several thick (>50 cm) event beds are recognizable within sediment
cores (extending back 2000-4000 years; refs) and as acoustically
transparent bodies with ponding geometries in SBP data (extending
<2000 years; refs). A variety of dating techniques has been used to
successfully relate event beds in the uppermost sequences to historical
earthquakes including the 2011 CE Tohoku-oki, 1454 Kyotoku and 869
Jogan, and extrapolation of sedimentation rates was used to postulate
older events estimated to span >10,000 years (Kioka et al., 2019a;
Fig.1).

In particular, deposits generated by the 2011 earthquake, the sub-
sequent tsunami and its aftershock sequence have been extensively
studied using short-lived radionuclides (Oguri et al., 2013; McHugh
et al., 2016; Tkehara et al., 2016; Kioka et al., 2019b) and transient
disequilibrium pore water profiles (Strasser et al., 2013). The results

indicate that the significant volumetric sediment transport to the trench
is initiated by long-duration, low-frequency ground motion triggering
the remobilization of just the uppermost few centimeters of young,
unconsolidated, and fresh organic carbon (OC)-rich seafloor sediments
over a very wide area, which roughly correlates with the megathrust
rupture area (McHugh et al., 2016; Kioka et al., 2019b; Molenaar et al.,
2019; Schwestermann et al., 2020; Tkehara et al., 2020). This results in
characteristic, several decimetres to meter thick, mostly fine-grained
homogenous sediment gravity flow deposits in the terminal basins of
the 7-8 km deep Japan Trench. Examination of event deposits within
cores from different trench basins show coherent event-internal multi-
pulse stacking patterns that can be related to the flow accumulation of
remobilized sediment in their respective upslope source areas (Figs. 1, 2;
McHugh et al., 2016, Ikehara et al., 2021; Kioka et al., 2019a, 2019b;
Schwestermann et al., 2021). No evidence for significant earthquake-
related sediment remobilization is recorded in trench basins that are
depositional terminal sinks of sediment gravity flows from upslope areas
outside the 2011 rupture area (Kioka et al., 2019b). Likewise, the
sediment-provenance- and flow-accumulation-inferred source areas for
deposits related to the 1454 CE and 869 megathrust earthquakes
correlate roughly with rupture areas reconstructed from coastal geologic
evidence (Kioka et al.,2019b; Figs. 1, 2). Possible candidates for sub-
marine event deposits related to historical shallow, near-trench
“tsunami earthquakes” (e.g., 1896 CE, 1793, and 1611) were indi-
cated by Usami et al. (2018) on the landward slope and by Kioka et al.
(2019a) and Kanamatsu et al. (2022, 2023) suggesting possible



M. Strasser et al.

A

Marine Geology 477 (2024) 107387

141°E

142°E

143°E

144°E-

M0090
Basin C1

mooss @ ¢
M0092"
Basin S2
o M0091
R Basin S3
"l
e
&

02 04

(Flow accumulation [m2])1/2

06 08 10 12 14 16 18 20 22x10°

MO0089
MO0083

BasinC2 4

Basins C/N

MO0093 M0094 M0087
2

T BasinN2

M0086 nooss QD & N
Basin N1 M0084 M0085 ™

Basin N3 LN

Depth (m)

D
Tohoku

full-width rupture
(2011-M9-type)
lzu
asperity rupture
(1611-type)

clustered
rupture cascades

multi-asperity
rupture

B
e S—————— :&--.j;..d h
_____ ] - jh‘- — o - e _ _. hypothetical scenario

shallow
_ | | “tsunami earthquake”
(1896-type)

Sanriku intermediate
epth rupture
(1968-type)

_T _— T ______ ﬁ_ - :’L _ _. hypothetical scenario

Fig. 2. Margin physiography and schematic of paleoseismology approach testing for event-stratigraphic correlation, source area identification, reconstruction of
megathrust rupture area and distinguishing different types of hypothetical megathrust earthquake scenarios based on different stacking pattern in cores: (A) Flow
accumulation map (illustrated as the square root of flow accumulation (m?) and (B) along-trench bathymetric depth profile after Kioka et al. (2019a) with IODP
Expedition 386 site locations (Strasser et al., 2023) C) Schematic map based on (A) indicating source area of flow accumulation pathways relative to the main rupture
areas for full-width vs. shallow depth megathrust ruptures along the Izu, Tohoku and Sanriku asperity (in light purple, orange and green, respectively; note that
sketch is rotated relative to map (A) by 15 degree). (D) Schematic Core sections depicting the stacking pattern of deposits resulting from gravity flow from different
source area, as “calibrated” for the different megathrust ruptures in historical times, and for two contrasting hypothetical extreme scenarios (clustered cascade vs.
multi-asperity rupture). Note the fine tail from simultaneous multi-segment surficial slope sediment remobilization is expected to be mixed in the latter scenario. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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correlation of thin event deposits in the trench-basins (Fig. 1), but
conclusive information remains to be elaborated from cores with high
spatial coverages.

3. Materials and methods

Event-stratigraphic correlation and interpretation is based on
recently published IODP Expedition 386 data and results for which
detailed methods are available in Strasser et al. (2023). In this paper, we
uniformly compile lithostratigraphic, physical property and initial
radiolarian biostratigraphy data for the longest Hole at each Site
sampled by GPC during IODP Expedition 386 (Sites MO081 to M0095;
Fig. 2). These data are used to systematically identify and characterize
event beds with thicknesses resolvable within sub-bottom profile data at
each site (‘SBP-scale’ event beds; section 3.2), and correlate these within
and between different trench basins. The resulting first-order, margin-
wide Japan Trench event-stratigraphy is then used to test the SBP-based
event-stratigraphic prediction by Kioka et al. (2019a) and for discussing
the potential of reconstructing comprehensive long-term earthquake
histories along the entire subduction zone system.

3.1. Site locations and conceptual paleoseismology approach

IODP Expedition 386 was designed and implemented with coring site
locations strategically optimized to overcome the challenges in vali-
dating the assumptions behind the submarine paleoseismology
approach (Strasser et al., 2019). This involved targeting spatially well-
constrained trench basins representing terminal depositional sinks for
different sediment-gravity flow accumulation pathways (Fig. 2a). IODP
Expedition 386 targeted 11 trench basins with source areas spanning
across different margin segments (Fig. 2b). As a result, correlating cores
from each basin should capture sediment remobilization triggered by
earthquakes with a range of megathrust rupture scenarios (Fig. 2c).

For referring to the different basins in this study, we use the same
basin annotation as Strasser et al. (2023), numbering trench basins with
the prefix of the geographic location in the southern (S1-S3), central (C1
and C2), boundary area between the central and northern (C/N1-C/N3),
and northern (N1—N3) Japan Trench. These locations are listed in
Supplementary Table (Tab—S1) alongside the equivalent basin anno-
tation used by Kioka et al. (2019a). Within each basin, one to three
GPC-deployments recovered cores of the expanded stratigraphic section
in the main depocenter. At strategically located focus basins, also the
condensed stratigraphic section was sampled at the basin margin Sites
(Fig. 2a; Tab—S1). This ‘composite-stratigraphy concept’ was utilized to
(i) establish a robust stratigraphic pattern recognition for event inter-
pretation; (ii) quantify variability on local and basin scales; (iii) mini-
mize risk of sampling incomplete stratigraphy in one basin, and (iv)
reach further back in time.

3.2. Event identification and discrimination between “SBP-scale” events,
smaller events and hemipelagic pelagic background sediment

The identification of event deposits is based on interpretation of the
sedimentary successions in the deepest Hole at each Site. For each of
these 15 Holes, we integrate (i) line-scan images (including histogram-
equalized images to enhance colour-specific facies variation), (ii)
sagittal slice images of X-ray computed-tomography (CT) data, (iii) li-
thology defined by composition, structure and texture, and (iv) Multi-
Sensor-Core-Logging (MSCL)-derived physical property data including
magnetic susceptibility (MS), gamma-ray attenuation bulk density
(density) and Natural Gamma Radiation (NGR) (see details on data
acquisition methods in Strasser et al., 2023). Together, observations
from these datasets (compiled for each Hole in Supplementary
Figs. S1-15) are used to identify single event beds that result from
deposition of waning sediment-gravity flows. Criteria to define the base
of each event bed typically include (i) a sharp basal contact overlain by
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an overall fining-upward sequence, (ii) prominent peaks in physical
property values that have asymmetric shapes with an abrupt base and
upward-decreasing trends, and (iii) distinct radiodensity changes with
comparable pattern resolved in three-dimensional X-ray CT data
(Fig. 3a, d). Event bed tops are indicated by traces of bioturbation in
structureless clay transitioning into burrow-mottled silty clays, typically
exhibiting low magnetic susceptibility and bulk density values (Fig. 3a,
b, ).

In some cases, multiple up to several cm-thick stacked sequences are
observed near the top of thick event beds (Fig. 3a, b), which may
correspond to either a single event sequence with multiple flows, or the
superposition of multiple independent events shortly after each other.
To remain objective, we classify each graded bed within stacked se-
quences as separate event beds. However, given the scope of this study
which is to test first-order event-stratigraphic correlation of exclusively
thick “SBP-scale” events, we only consider single event beds with a
thickness of more than >50 cm. This value is 2.5 times the theoretical
vertical resolution to the SBP data, and thus equivalent to an event bed
that can be resolved by clear lateral pinch-out geometries of acoustically
transparent facies against the acoustically laminated facies of “back-
ground” strata (Kioka et al., 2019a; note these authors picked the
acoustic bodies that are thicker than 2 times the vertical resolution (~
40 cm in depth converted SBP data), however the cores experienced
significant elastic decompression and gas expansion so the depth scale of
the cores is relatively expanded to the in situ depth imaged in SBP data
(see discussion in section 5.1). This justifies the larger thickness
threshold “SBP-scale” event deposits in the cores).

SBP-scale event deposits are numbered within each Hole from top to
bottom and labelled according to the Hole and relative stratigraphic
position of the thick deposit (TD) (e.g., M94B-TD4 is the fourth from top
SBP-scale event deposit in Hole M0094B). Table 1 lists the top and
bottom depth for each SBP-scale event deposit in meter below seafloor
(mbsf = curated core depth scale of Strasser et al., 2023). Note that this
depth scale does not correct for incomplete recovery of the first few
decimetres to 2-3 m of the uppermost subseafloor section and coring
disturbance, a common phenomenon for giant piston coring operations
(e.g., Széréméta et al., 2004). It also does not account for core expan-
sion/contraction because of gas expansion and elastic rebound and
coring disturbance or artificial voids filled by foam at the top or bottom
of the sections (see details in Strasser et al., 2023 and discussion in
section 5.1).

3.3. Core-to-SBP correlation

P-wave velocity as a means to convert SBP two-way-travel time
(TWT) to depth is not well constrained at each site due to the great water
depth and may range between 1475 and 1950 m/s, as measured on cores
by Strasser et al., (2023); obtained from velocity analysis in multi-
channel reflection seismic data by Nakamura et al. (2023); or esti-
mated from SBP to shallow-subsurface core correlations by Kioka et al.
(2019a). Measurements on cores were impacted by expansion upon
recovery from more than 7000 mbsl, as well as disturbance during
storage, settling, transport and sampling. No velocity data is available
from intervals with higher gas content (e.g., deeper than ~5-15 mbsf,
(typically below the Sulfate-Methane-Transition Zone where increased
gas content occurs; see discussion in section 5.1) because air between
the liner and core reduced coupling and prohibited successful P-wave
measurement (see supplementary figs. S1-S15; Strasser et al.,2023).
Available MSCL-derived velocity data, however, reveals a positive cor-
relation between bulk density and P-wave velocity data, suggesting that
the continuously-measured density profile is a good proxy for
impedance.

To compare and correlate the density profiles from cores with SBP
data (see Kioka et al., 2019a for details on SBP acquisition, processing,
and data resolution), we converted core-depth to TWT. However, given
uncertainties in P-wave velocity data, we applied different velocities for
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depth (mbsf)

12

F

depth(mbsf)

M0084D-1H

M0084D-1H-8,17-30cm

M0087D-1H-10,18-44cm

M0084D-1H-8,10-50cm

Fig. 3. Examples of event deposits: (A) linescan photo (left) and XCT image, with superimposed MSCL-derived relative MS (blue) and density (red) profiles,
respectively, of SBP-scale event deposit M91-TD3. Yellow rectangles mark positions of zoomed-in contrast-adjusted line scan images showing (B:) Top of M91-TD3,
marked with red arrow, and overlying multiple up to several cm-thick stacked sequences (see section 3.2 for definition and reasoning of defining event deposit top);
(C): thick, structureless fine-grained interval lacking visible bioturbation (D): linescan (left) and XCT (right) images showing the basal sequence with a coarser
(sandier) bed with sharp lower contact and grading upwards through (cross-)laminated and graded sand into overlying structureless interval (E) linescan photo (left)
and XCT image, with superimposed MSCL-derived relative MS (blue) and density (red) profiles, respectively, of SBP-scale event deposit M84-TD1. Yellow rectangles
mark positions of zoomed-in contrast-adjusted line scan images showing (F) burrow-mottled top and (G (XCT image); H (close-up core photo) soft-sediment
deformation structures with floating silt and sand patches. (I): linescan (left) and XCT (right) images showing matrix (clay)-supported mud clasts with sub-
rounded and irregular shapes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

different intervals in order to satisfy plausible visual SBP-to-core cor-
relation. To do this, we first identified a series of prominent marker
horizons in the cores (e.g., pronounced density peaks at the base of SBP-
scale deposits) which easily correspond to high-amplitude reflections in
SBP data. We then estimated the appropriate P-wave velocity for the
interval between marker horizons, taking into account the absence of
the uppermost sediments that are unrecovered by coring. As presented
in section 4.2 (and further discussed in section 5.1) this approach reveals

robust core-to-SBP correlation with velocities in the order of 1550-1600
m/s in the uppermost ~5-15 mbsf (and thus more consistent with the
results from MSCL measurements), and increased velocities of
1650-1700 m/s in the lower parts (roughly consistent with P-wave ve-
locity measurements on discrete samples; Strasser et al., 2023). Within
>5 m thick event deposits, however, reasonable correlation often could
only be achieved if the actual thickness of the interval within the core is
assumed to be larger than the in-situ thickness of the respective interval
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Table 1
SBP-scale event deposits.
Basin  Hole SBP-scale Top core depth Bottom core depth Thickness Event-free depth Age estimate (ka) based on
event (m) (m) (m) (m)

(1) event-free sed. rate (Datum 1/2 to Datum 3);
(2) estimated age of correlative tie-point (Table 2);
(3) on margin-wide average event free sed. Rate (2.25

mm/yr)
Southern Japan Trench
s1 M0081D  MS81D-TD1 0.652 1.75 1.098 0.652  young than 869 CE
M81D-TD2 3.64 4.59 0.95 2.542  young than 869 CE
M81D-TD3 6.72 8.188 1.468 4.672  young than 869 CE
M81D-TD4* 8.795 12.888 4,093 5.279 1081 (869 CE)
M81D-TD5 12.965 13.625 0.66 5.356 1.12®
M81D-TD6 13.94 15.125 1.185 5.671 1.26®
M81D-TD7 20.205 21.465 1.26 10.751 351®
M81D-TD8 23.12 23.77 0.65 12.406 4.25®
M0082D  M82D-TD1 3.03 3.75 0.72 3.03  young than 869 CE
M82D-TD2* 417 5.03 0.86 3.45 1081 (869 CE)
S2 MO095B  M95D-TD1 2.5491 3.444 0.8949 2.5491  young than 869 CE
M95D-TD2* 5.279 6.409 1.13 4.3841 1081 (869 CE)
M0092D  M92D-TD1 1.31 2.26 0.95 1.31  young than 869 CE
M92D-TD2 2.53 3.788 1.258 1.58  young than 869 CE
M92D-TD3 5.32 5.973 0.653 3.112  young than 869 CE
MO92D-TD4* 6.032 8.709 2.677 3.171 1081 (869 CE)
S3 M0091D  M91D-TD1 3.06 4.22 1.16 3.06  young than 869 CE
M91D-TD2 5.0737 5.94 0.8663 3.9137  young than 869 CE
M91D-TD3* 8.839 13.184 4.345 6.8127 1081 (869 CE)
M91D-TD4 17.566 18.913 1.347 11.1947 3.03®
M91D-TD5 23.96 24.91 0.95 16.2417 5.27®
Central Japan Trench
Cl MO0090D No SBP-scale event beds - - - -
Cc2 MO0089D No SBP-scale event beds - - - -
c2 MOO83F  MB83F-TD1 2.35 9.29 6.94 2.35  young than 869 CE
M83F-TD2* 11.18 15.44 4.26 4.24 1081 (869 CE)
M83F-TD3 19.57 20.095 0.525 8.37 2.78®
MB83F-TD4 25.2 26.335 1.135 13.475 5.29
MB83F-TD5 26.9 27.77 0.87 14.04 5.55()
Central/Northern Japan Trench
c/
N1  MO093B  M93B-TD1 1.59 5.567 3.977 1.59 0.71®
M93B-TD2 8.13 8.778 0.648 4.153 1.85®
M93B-TD3 8.97 9.61 0.64 4.345 1.93®
M93B-TD4 10.92 11.45 0.53 5.655 2.51®
M93B-TD5 13.29 13.82 0.53 7.495 3.33%)
M93B-TD6 13.897 15.883 1.986 7.572 3.37®
M93B-TD7 18.03 19.172 1.142 9.719 4.32®
M93B-TD8 19.325 20.018 0.693 9.872 4.39®)
M93B-TD9 22.52 23.03 0.51 12.374 5.50®
M93B-TD10 25.13 26.15 1.02 14.474 6.43%
c/
N2  MO094B  M94B-TD1 0.359 1.094 0.735 0.359 0.16®
M94B-TD2 1.448 2.23 0.782 0.713 0.32®
M94B-TD3 2.57 3.38 0.81 1.053 0.47®
M94B-TD4 3.46 4.409 0.949 1.133 0.50®
M94B-TD5 4.48 10.735 6.255 1.204 0.54®
M94B-TD6 11.47 11.99 0.52 1.939 0.86®
M94B-TD7 12.251 12.79 0.539 2.2 0.98®
M94B-TD8 12.87 13.84 0.97 2.28 1.01®
M94B-TD9 14.165 15.117 0.952 2.605 1.16®
M94B-TD10 15.86 18.264 2.404 3.348 1.49®
c/
N3  MO0087D  M87D-TD1 0.29 3.31 3.02 0.29 0.13®
M87D-TD2 3.365 4.308 0.943 0.345 0.15®
M87D-TD3 5.409 6.499 1.09 1.446 0.64®
M87D-TD4 6.55 9.17 2.62 1.497 0.67®
M87D-TD5 9.2 9.983 0.783 1.527 0.68®
M87D-TD6 10.184 10.82 0.636 1.728 0.77®
M87D-TD7 10.83 15.17 4.34 1.738 0.77®
M87D-TD8 15.2 16.23 1.03 1.768 0.79®
M87D-TD9 16.23 16.92 0.69 1.768 0.79®
M87D-TD10 17.01 17.71 0.7 1.858 0.83®
M87D-TD11 17.916 18.45 0.534 2.064 0.92®
M87D-TD12 18.81 20.175 1.365 2.424 1.08®
M87D-TD13 20.53 21.07 0.54 2.779 1.24®
M87D-TD14 21.075 23.17 2.095 2.784 1.24®
M87D-TD15 23.18 26.309 3.129 2.794 1.24®

(continued on next page)
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Table 1 (continued)
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Basin  Hole SBP-scale Top core depth Bottom core depth Thickness Event-free depth Age estimate (ka) based on
event (m) (m) (m) (m)
(1) event-free sed. rate (Datum 1/2 to Datum 3);
(2) estimated age of correlative tie-point (Table 2);
(3) on margin-wide average event free sed. Rate (2.25
mm/yr)
Northern Japan Trench
N1 MO0086B  M86B-TD1 0 0.923 0.923 0 -
MB86B-TD2** 7.49 17.588 10.098 6.567 1.77
N2 MO0088D  M88D-TD1** 1.888 14.812 12.924 1.888 1.77
M88D-TD2 16.36 16.988 0.628 3.436 2.31@
M88D-TD3 30.05 35.662 5.612 16.498 -
N3 MO0084D  M84D-TD1** 3.185 18.355 15.17 3.185 1.77@
M84D-TD2 19.845 20.515 0.67 4.675 2.31@
M84D-TD3 29.985 32.015 2.03 14.145 5.762
M84D-TD4 33.9 35.18 1.28 16.03 6.21?@
N3 MO0085D  M85D-TD1** 1.398 2.321 0.923 1.398 1.77
M85D-TD2 13.2 13.79 0.59 12.277 6.25"
M85D-TD3 24.07 25.368 1.298 22.557 10.49%
M85D-TD4 28.55 29.34 0.79 25.739 11.80
M85D-TD5 31.32 33.78 2.46 27.719 12.62V

NB: * = SBP-scale event beds correlated to the 869 CE Jogan earthquake. ** = SBP-scale event beds correlated to 1.77 ka bed.

in the trench-fill sequence. This can be explained by core-expansion that
is caused by decompression of the cores as they are brought to the
surface and further gas expansion and stretching during core handling
process on deck (Strasser et al., 2023). We corrected for this by manually
“recompressing” the density profile between two correlation tie-points
to visually fit marker horizons in the SBP data.

3.4. Stratigraphic correlation

Stratigraphic correlation between Sites in the same basin (c.f.
“composite stratigraphy approach”, section 3.1) is based on a series of
unique tie points (TP) defined by distinct lithology and physical prop-
erty characteristics (listed in Table 2 according to Basin number). The
majority of tie points are documented at the base of SBP-scale event
deposits, since they demonstrate the clearly-defined spikes and over-
lying trends in MS, density and NGR data. In the uppermost part of the
stratigraphic succession at Sites in the southern and central Japan
Trench, this includes a tie point between a SBP-scale event bed that has
been previously cored, dated and related to deposits from the 869 CE
earthquake (see correlated beds in Figs. 4-9; Kioka et al., 2019a;
McHugh et al., 2020; Schwestermann et al., 2020; Ikehara et al., 2016,
2017a; Kanamatsu et al., 2022, 2023; Bao et al., 2018). This defines the
first inter-basin tie point (ITP1; Table 2) which is used to make initial
correlations along the southern-central Japan Trench.

Since SBP-scale event beds mapped at depocenter Sites often pinch
out to <0.5 m thick at basin edges, the equivalent horizons are not
mapped as SBP-scale in the condensed sections cored at basin margin
Sites. Thus, stratigraphic correlation between Sites in the same basin
(and between basins) is not possible based on SBP-scale event beds
alone. As a result, we also interrogate the stratigraphic sequences at each
Site to the lithofacies level in order to resolve many more additional tie
points. Shown as solid lines in Figs. 4, 5, 7, and 9, and listed in Table 2,
these tie points are defined at horizons that demonstrate uniquely
identifiable physical property trends and characteristically recurring
patterns (e.g., distinct double peak in MS at ca. 13 mbsf in M0082D
correlates to the base of M81D-TD8 along S1-TP4; Fig. 4; Figs.S1, S2).
Several other more tentative correlations are noted as dashed lines in
Figs. 4-7 and 9, but these require further analysis to confirm their
equivalence.

Where possible, we also implement tie points from tephra marker
beds identified by shipboard smear-slide-based volcanic glass and heavy
mineral component analyses (Strasser et al., 2023). In some cases,
tephra horizons with similar geochemical composition and stratigraphic
position are identified between basins. We attribute these horizons as

inter-basin tie points (ITP2, and — 3; Table 2; Figs. 4-7 and 9).
3.5. Event stratigraphy age constraints

In the southern and central Japan Trench, we use the correlated 869
CE Jogan event deposits (ITP1) as Datum 1 (1.081 ka (calendar years
before present (1950 CE))). In the northern Japan Trench, Datum 2
(~1.77 ka) is defined by the U2-N08 event bed mapped in Basin N3 by
Kioka et al. (2019a) and dated to 1.77 (+0.49/—0.31) ka by Usami et al.
(2021) and Schwestermann et al. (2021). This event bed is equivalent to
our M84D-TD1 in Basin N3 and can be correlated to the other northern
basins along tie point ITP4 (see detailed description in section 4.2.4). In
addition to these two datums, we obtain additional chronostratigraphic
constraints from shipboard radiolarian biostratigraphy (Strasser et al.,
2023), which should be considered tentative before confirmation by
detailed post-expedition analyses. Therefore, we only consider data
from cores that have high sampling resolution of >1 sample per 2 m,
which includes M0092D, M0090D, M0089D, and M0O085D. We utilize
the age and depth of the boundary between C. davisiana zone a’ and b’,
previously dated near the Holocene/late Pleistocene boundary at ca. 11
ka (Morley et al., 1982; Itaki et al., 2009). Hence, this forms Datum 3
(~11 ka) in cores M0092D, M0090D, M0089D, and M0085D, defined at
the average depth of samples between which the sharp downward in-
crease in relative abundance of C. davisiana (from <5 % above to >10 %
below; defining the top of C. davisiana Zones b1) occurs (Table 3). Using
this key datum, average event-free sedimentation rates (i.e., free of
>0.50 m events) are calculated for the above-mentioned Holes using
linear interpolation between Datum 1 (869 CE) or 2 (~1.77 ka) and
Datum 3 (~11 ka) (Table 3). Considering these sedimentation rates, we
can provide initial age estimates for SBP-scale event deposits and
stratigraphic tie-points located between datums in Holes with
biostratigraphic age constraints, which can then be correlated across to
Holes without biostratigraphic information (Tables 1-2). For basins,
where stratigraphic correlation is not possible, we offer more tentative
age estimates using a margin-average event-free sedimentation rate of
2.25 mm/yr (constrained by the average event-free sedimentation rate
calculated in the above-mentioned Holes; Tables 1-3). Since the
biostratigraphic datums do not offer precise ages at a given depth, and
sedimentation rates likely are not strictly linear throughout the Holo-
cene, we do not provide age uncertainty ranges but consider the inter-
polated ages as only “reasonable” estimates, with uncertainties of up to
~700 years (as constrained by the range of age estimates for tie-points in
different Holes and comparison to correlations to event deposits dated
by precise paleomagnetic secular variation (PSV) stratigraphy by
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Table 2
Tie points.
Tie-point Hole Core depth Event-free Age estimate (ka)
(m) core depth (m) based on event-free sed. rate (Datum 1/2 to Datum 3)

Southern Japan Trench

S1-TP1 MO0081D 5.324 3.276 -
MO0082D 2.097 2.097 -

S1-TP2 MO0081D 15.125 5.671 -
MO0082D 6.344 4.764 -

S1-TP3 MO0081D 21.465 10.751 -
MO0082D 11.017 9.437 -

S1-TP4 MO0081D 23.77 12.406 -
MO0082D 13.051 11.471 -

S1-TP5 MO0081D 29.677 18.313 -
MO0082D 18.588 17.008 -

S1-TP6 MO0081D 30.212 18.848 -
MO0082D 19.14 17.56 -

S1-TP7 MO0082D 23.7996 22.2196 -

S2-TP1 MO0095B 16.282 14.257 -
MO0092D 19.05 13.512 6.43

S2-TP2 MO0095B 17.06 15.035 -
MO0092D 19.94 14.402 6.89

Central Japan Trench

C1-TP1 MO0090D 15.81 15.81 6.19

C2-TP1 MOO83F 18.36 7.16 -
MO0089D 5.2 5.2 2.08

C2-TP2 MOO83F 20.095 8.37 -
MO0089D 6.69 6.69 2.78

C2-TP3 MOO83F 26.335 13.475 -
MO0089D 12.04 12.04 5.29

C2-TP4 MOO083F 27.77 14.04 -
MO0089D 12.6 12.6 5.55

C2-TP5 MOO83F 30.25 16.52 -
MO0089D 14.54 14.54 6.47

Central/Northern Japan Trench

No robust tie points at boundary area between central/northern Japan Trench

Northern Japan Trench

N3-TP1 MO0084D 21.4 5.56 -
MO0085D 3.64 2.717 2.31

N3-TP2 MO0084D 32.015 14.145 -
MO0085D 12 11.077 5.76

N3-TP3 MO0084D 33.73 15.86 -
MO0085D 13.08 12.157 6.21

Inter-basin tie points (ITP)

ITP1 MO0081D 12.888 5.279 1081 (869 CE)
MO0082D 5.03 3.45 1081 (869 CE)
MO0095B 6.409 4.3841 1081 (869 CE)
MO0092D 8.709 3.171 1081 (869 CE)
MO0091D 13.184 6.8127 1081 (869 CE)
MO0090D 3.197 3.197 1081 (869 CE)
MO0089D 3.07 3.07 1081 (869 CE)
MOO083F 15.44 4.24 1081 (869 CE)

ITP2 MO0090D 25.75 25.75 10.21
MO0089D 23.095 23.095 10.48

ITP3 MO0087D 20.175 2.424 -
MO0094B 15.117 2.605 -

ITP4 MO0086B 17.588 6.567 1.77
MO0088D 14.812 1.888 1.77
MO0084D 18.355 3.185 1.77
MO0085D 2.321 1.398 1.77

Kanamatsu et al., 2023; see details in section 4 and discussion in section
5). Despite the large uncertainties, this first-order estimates are
considered appropriate for testing the SBP-based event predictions of
Kioka et al. (2019a).

Given the goal of the study is to examine the prehistoric event se-
quences for paleoseismology applications, we do not attempt to
constrain event ages above the Datum 1 (869 CE). Instead, we rely on the
good agreement between our observed SBP-scale events beds and the
previously published documentation of deposits in the uppermost
trench-fill sequences to make any inferences regarding historical
earthquakes. Similarly, we do not provide age estimates for SBP-scale
event deposits that occur stratigraphically before the oldest Datum 3
(~11 ka). Ongoing studies aim to provide more thorough age control for
the full sequences captured by the IODP Exp. 386 cores using more
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precise dating techniques which should allow the synchronicity crite-
rion for seismic-triggering to be more accurately assessed. Until then, we
use the age estimates derived in this study to conceptually discuss po-
tential of the new event stratigraphy results for interpreting submarine
paleoseismology Japan Trench.

4. Results
4.1. Event deposit characterization

A total of 77 SBP-scale (>50 cm thick) event deposits are identified in
the studied holes (Supplementary Figs. S1-S15; Table 1). Most deposits
are characterized by (1) a fining-upward sequence from a sharp,
erosional basal surface below (2) a typically few cm to occasionally dm
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thick coarser (sandier) bed with high MSCL density values, grading
through (cross-)laminated and/or graded sand to (3) a fine-grained in-
terval that generally lacks any sedimentary structures or bioturbation,
varies in thickness from a few decimetres to up to several meters has
variable MSCL bulk-density values depending on different decom-
paction and degassing processes during core recovery Fig.3a-d).
Gradual, upward-decreasing trends in MS and NGR often indicate that
these fine-grained intervals are also normally graded. These observa-
tions indicate that following the deposition of the coarser base by
waning turbidity currents, suspension settling of large-amounts of
remobilized fine-grained sediment particles is the dominant deposi-
tional process and focuses thicker deposition in the depocenter of the
trench-fill basins. Several event deposits show characteristic MS and
NGR signals but in places with a slightly different pattern e.g., basal
peaks may either be both positive or show opposite trends, indicating
that the distribution of magnetic minerals and/or radioactive elements
in the event deposits is not solely controlled by grain size but may be
indicative for the sediment provenance.

The thickest event deposits are reported in the northern Japan
Trench Sites M0086, M0088 and M0084 (10.1, 12,9 and 15.2 m thick
respectively). The lower parts of the thickest fine-grained intervals have
soft-sediment deformation structures such as contorted and dipping
beds, recumbent and isoclinal folds, and floating silt and sand patches,
suggesting deposition from likely fluidized flows with plastic rheology
(Fig. 3e, g, h). These intervals show significantly reduced bulk density
values (<1.4 g/cm®) and are hypothesized to have experienced signifi-
cant degassing during core recovery (Strasser et al., 2023).

At boundary area between the central and northern Japan Trench,
the cored sequence at Site M0094 and M0087 is composed of 82 % and
89 % superimposed thick event deposits, with only thin intervals be-
tween event deposits that have signatures of bioturbation. Here, event
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deposits comprising matrix (clay)-supported mud clasts with sub-
rounded and irregular shapes are suggested to document debris flow
deposition from potentially local submarine landslides processes. This
type of event deposit is not observed in trench basins elsewhere along
Japan Trench, except for a similar occurrence at the bottom of Hole
MO0085D.

4.2. Correlation and dating of event deposits

In the following section, we present event stratigraphic interpreta-
tion and correlation initially focused on four basins that are represen-
tative of sequences at the southern, central, and northern Japan Trench,
and the boundary area between the central and the northern Japan
Trench (Figs. 4-7). Core-SBP correlation for all other basins are pre-
sented in Fig. 8 and full event-stratigraphy correlation along the entire
trench is presented in Fig. 9.

4.2.1. Southern Japan Trench

The depocenter of the southernmost Basin S1 has an area of ~29.4
km? and is located at the greatest water depth of more than 8000 mbsl.
The basin has a comparably large catchment area (flow accumulation
area ~ 1.36 x 10° m?% Kioka et al., 2019a; Supplementary
Table (Tab—S1)). Here, the stratigraphic succession at Site M0081D
contains 8 SBP-scale event beds (M81D-TD1 to -TD8), comprising 32 %
of the cored stratigraphic succession. The condensed section cored at
Site M0O082D at the margin of the same basin only contains two SBP-
scale event beds (M82D-TD1, -TD2), representing only 4 % of the
cored sequence.

Core-to-SBP correlation in the upper 10 m of the basin depocenter at
Site M0081 generally reproduces the event sequences previously docu-
mented within dated core GeoB21804 (at basically same location as Site
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MO0081; Kioka et al., 2019a; McHugh et al., 2020), revealing that 81D-
TD4 corresponds to the 869 CE Jogan event deposits (Fig. 4). The >2
m-thick structureless clay interval of 81D-TD4 exhibits very high NGR
values (>35 cps), defining a characteristic marker that can be correlated
across all sites in the southern and central Japan Trench (ITP1; Fig. 9;
Table 2). Hence, we also identify M82D-TD2, with its equally distinct
high NGR signal and facies association to be the correlative 869 CE
Jogan event in M0082D. This correlation is further confirmed by the
common stratigraphic position of M82D-TD2 between a tephra layer
(S1-TP1) and a prominent marker horizon characterized high MS, den-
sity and NGR values (S1-TP2).

Below the S1-TP2 tie point in MOO081D, the interval comprising M81-
TD7 and M81-TD8 corresponds to four high-amplitude horizons with
only thin intercalated acoustically-transparent bodies in SBP-data. These
SBP-scale event beds (labelled a in Fig. 4) were not previously identified
by Kioka et al. (2019a). The correlative interval at Site M0082 (labelled
a'in Fig.4) shows two high-amplitude horizons in SBP data that corre-
spond to two events beds of <50 cm thickness but with distinct fining-
upward successions, basal graded sand beds with elevated MS, density
and NGR values (S1-TP3 and S1-TP4).

Similarly, two deeper events beds with typical turbidite facies suc-
cession but thickness < 50 cm are correlated across S1-TP5 and S1-TP6
in M0081D (ca. 30 mbsf) and M0082D (ca. 19 mbsf) (Fig. 4). These
horizons correspond to two distinct high-amplitude horizons in the SBP
data (Fig. 4). S1-TP5 correlates with the base of event bed ‘U5-S01’
identified in SBP data by Kioka et al. (2019a).

In the deeper stratigraphic succession, no further clear tie point to
correlate between M0081D and MO0082D is identified. However, the
upper part of a 2 m thick succession at the basin margin Site M0082 (ca.
23.5-25 mbsf; characterized by several <0.5 m event deposits with
prominent MS and density peaks, but comparably lower NGR values;
labelled b’ in Fig.4), is likely equivalent to an event-bed succession
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imaged below the base of Hole MO081D in SBP data by high-amplitude
reflections intercalated with thin acoustically-transparent bodies
(labelled b in Fig.4). Given the significantly thicker event deposit
sequence at the depocenter Site, the thick event bed mapped as ‘U6-S01’
by Kioka et al. (2019a) could roughly correlate with S1-TP7.

For the other investigated trench basins of the Southern Japan
Trench, there also is generally good agreement between the sequence of
event deposits predicted from the SBP data by Kioka et al. (2019a) and
the occurrence of SBP-scale event deposits in the IODP Expedition 386
cores (Fig. 8). The base of the previously identified 869 CE event bed
(Kioka et al., 2019a; McHugh et al., 2020; Schwestermann et al., 2020;
Ikehara et al., 2016, 2017a; Kanamatsu et al., 2022, 2023; Bao et al.,
2018) shows highest NGR values throughout, defining a stratigraphic
marker that correlates M82-TD2, M95B-TD2, M92D-TD4, M91D-TD3 to
M83F-TD2 (ITP1; Fig. 9). We acknowledge that this correlation
currently only considers SBP-scale event deposits and does not examine
along-strike facies variations, nor detailed facies analyses of overlying
sequences comprising thinner beds that may or may not also be related
to the 896 CE event sequence (see discussion in section 5).

There are no SBP-scale event deposits identified below ITP1 in Basin
S2, which has comparably smaller size and catchment areas (< 4 km?
basin size and < 10'° m? flow accumulation area) compared to Basins S1
and S3 (Fig. 2a; Table S1). Below ITP1 in Basin S2, a sequence of
prominent high amplitude reflections in SBP data (labelled a in Fig. 8)
correspond to two distinct sand beds with unique physical properties in
Hole M0095B and M0092D (Fig. 9). In both Holes, the upper sand bed
(S2-TP1) has particularly high MS values, and the lower sand bed (S2-
TP2) has particularly low NGR values (Fig. 9). The equivalent pattern is
recognised at 23,5- 25mbsf in M0082D. Thus, we infer tentative corre-
lation between S2-TP1 and S1-T7. The roughly estimated ages of tie-
points S2-TP1 and S2-TP2 are ~6.4 ka and ~ 6.9 ka, as calculated
from average sedimentation rate between Datums 1 and 3 in Hole
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MO0092D (Tables 2,3). The same characteristic sequence comprising
event deposits below SBP scale showing prominent MS and density
peaks, but low NGR values with a roughly similar estimated age also
occurs in Basins C1 and C2 and correlation is inferred between S2-TP2
(~6.9 ka), C1-TP1 (~6.2 ka) and C2-TP5 (~6.5 ka) (Fig. 9; see more
details in 4.2.2 and further discussion in 5.3).

Flow accumulation is highest in Basin S3 (source area of ~2.2 x 1010
mz; basin size 8.2 km?). In Hole MO091D, 28 % of the cored stratigraphic
sequence is built by 5 SBP-scale event deposits (M91D-TD1 to -TD5;
Fig. 9). SBP-scale event deposits M91D-TD3 to -TD5 correspond to the
acoustically transparent bodies U3-S15, U4-S15, and U5-S15 mapped in
Basin S3 by Kioka et al. (2019a; Fig. 8). M91D-TD3 is correlated to the
869 CE event deposit (ITP1), but no unique inter-basin correlation can
be identified for M91D-TD4 and -TD5. SBP-to-core correlation reveals
that the base of Hole M0091D did not reach the underlying high-
amplitude reflections (labelled b in Fig. 8) which indicate an interval
likely comprised of several event beds. Such an interval probably cor-
relates to the above described 6.2-6.9 ka sequences in Basin S2 (S2-TP2;
labelled a in Fig. 8) and Basin C1 (C1-TP1; labelled c in Fig. 8).

4.2.2. Central Japan Trench
Basin C2 has size of ~4 km? and the largest flow accumulation area
in the central Japan Trench (~ 1.2 x 100 mZ; Kioka et al., 2019a). At
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Site M0083, 37.5 % of the cored stratigraphic succession is built by 5
SBP-scale event deposits (M83F-TD1 to MO83F-TD5), while the
condensed basin margin section at Site M0089 only comprises event
deposits <50 cm thickness (Fig. 5). Average background sedimentation
rates in Basin C2 (as calculated for event-free thickness in Hole MO089D)
are 2.1 mm/yr between Datum 1 (869 CE) and Datum 3 (~11 ka).
Core-to-SBP correlation at Site MO083 clearly links the upper two
SBP-scale event deposits, M83F-TD1 and -TD2, to the acoustically
transparent bodies U2-C07 (1454 CE Kyotoku event) and U3-C07 (869
CE Jogan event) mapped in SBP data by Kioka et al. (2019a; Fig. 5).
Below these SBP-scale deposits at Site MO083, the interval between 16.5
and 18.75 mbsf contains several few-cm to up-to-20 cm thick event beds
with parallel-laminated very fine sand, sandy silts and silt exhibiting
high density but MS values that are remarkedly weaker than those of
overlying and underlying hemipelagic intervals (Supplementary
Fig. S3). This facies with such remarkedly low magnetic susceptibility is
characteristic for the previously identified ~2.3 ka event sequences,
which was described, precisely dated (by means of paleomagnetic
secular variation (PSV) stratigraphy) and correlated across several ba-
sins in the central Japan (Kanamatsu et al., 2023). In Basin C2, this
sequence correlates to the upper part of a thick (0.5 ms TWT) interval in
SBP data characterized by closely-spaced high-amplitude reflections
(labelled a in Fig. 5). The lower part of this SBP-interval includes a thin,
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laterally-variable acoustically-transparent body that corresponds to
M83F-TD3 (base represents C2-TP2), but was not previously identified
as event deposit by Kioka et al. (2019a). The same characteristic strat-
igraphic succession and physical property (particularly low MS) pattern
is identified at Site M0089 (between ~4.1 and ~ 6.5 mbsf in Hole D;
correlated along C2-TP1 and C2-TP2), where SBP data also shows high-
amplitude reflections (labelled a in Fig. 5). By calculating event-free
sedimentation rate between Datum 1 (869 CE) and Datum 3 (~11 ka)
in Hole M0089D, the ages of C2-TP1 and C2-TP2 (thus M83F-TD3 also)
are estimated to be ~2.1 ka and ~ 2.8 ka, respectively. This supports
possible correlation between the low-MS turbidite event sequence with
the ~2.3 ka event by Kanamatsu et al. (2023), considering our age es-
timates derived from average sedimentation rates have uncertainty of
several hundreds of years (see discussion in section 5).

High-amplitude reflections at ~15 ms TWT-depth at Site M0089
(labelled b'in Fig. 5) result from a 75 cm-thick succession including thin
interbedded silty-sand deposits with pronounced density peaks and
variable MS/NGR signals (Fig. 5). We correlate MO089D and MOO83F
below this interval via C2-TP3 (prominent MS/density peaks with
comparably low NGR) and C2-TP4 (low MS but comparably high NGR
values). These tie points correlate with the base of SBP-scale deposits
83F-TD4 and 83F-TD5 at Site M0083, which link to acoustically-
transparent bodies between high-amplitude reflections (labelled b in
Fig. 5). The upper body corresponding to 83F-TD4 was previously
mapped as U4-C07 by Kioka et al. (2019a). By calculating event-free
sedimentation rate between Datum 1 (869 CE) and Datum 3 (~11 ka)
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in Hole MO089D, we estimate the age of C2-TP3 (and 83F-TD4) to be 5.3
ka and C2-TP4 (and 83F-TD5) to be 5.6 ka.

Further correlation between Site M0083 and Site M0089 is possible
along tie point C2-TP5 (~6.5 ka), which is defined at the sharp base of a
~ 40 cm sequence with pronounced double peaks in MS/density and low
NGR values (Supplementary Fig. S8). The same characteristic sequence
comprising event deposits below SBP scale showing prominent MS and
density peaks, but low NGR values also occurs at similar stratigraphic
depth in Basin C1 (Fig. 9; base represents C1-TP1; ~6.2 ka), where the
thicker sequence (> 1 m) also corresponds to high-amplitude horizons
(labelled c in Fig. 8). Considering such multiple evidence for strati-
graphic correlation and acknowledging significant uncertainties of
several hundreds of years for our rough age estimates, we infer that tie
points C2-TP5 and C1-TP1 can be used to link equivalent stratigraphic
sequences between basins in the central Japan Trench, and potentially
even further to the south if C1-TP1 also correlates with S2-TP2 (~6.9 ka)
and the event bed immediately below S1-TP7 (~ 6.4 ka) (Fig. 9; see
4.2.1 and discussion in Section 5.2).

The lower part of the cored succession in Basin C1 and C2 can be
linked along ITP2, which is defined by a characteristic tephra layer
composed of pumiceous type volcanic glass, abundant hornblende
(including hornblende-similar cummingtonite) and characteristic B-
quartz (Strasser et al., 2023; Table 2). Shipboard analyses did not yet
allow conclusive correlation of this tephra to a dated volcanic eruption
on land. Rough age estimates based on average sedimentation rates
between Datums 1 and 3 are 10.2 and 10.5 ka in Holes MO090D and
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Table 3
Sedimentation rates.

Basin Hole Total Total event Total event- Percentage Datum 1 (869 CE) Datum 2 (1770 CE) Datum 3 (11 ka Sedimentation rate for Datum  Sedimentation rate for Datum
hole thickness free event biostrat.) 1-3 (869CE to 11 ka) 2-3(1.77 ka to 11 ka)
depth (m) thickness thickness (%)

(m) (m)
Core Event-free Core Event-free Core Event-free = Event-free Sed.rate Event-free Sed.rate
depth of depth of depth of depth of depth of depth of thickness between thickness between
Datum 1 Datum 1 Datum 2 Datum 2 Datum 3 datum 3 between datums between datums
(mm/yr) (mm/yr)

Southern Japan Trench

S1 MO0081D 35.57 11.364 24.206 31.95 12.888 9.372 - - - - - - - -

S1 MO0082D 36.67 1.58 35.09 4.31 5.03 431 - - - - - - - -

S2 MO0095B 38.345 2.0249 36.3201 5.28 6.409 4.3841 - - - - - - - -

S2 MO0092D 36.205 5.538 30.667 15.30 8.709 3.171 - - 27.9 22.362 19.191 1.93 - -

S3 MO0091D 31.12 8.6683 22.4517 27.85 13.184 6.8127 - - - - - - - -

Central Japan Trench

C1 MO0090D 33.935 0 33.935 0.00 3.2 3.2 - - 27.7 27.7 24.5 2.47 - -

C2 MO0089D 36.9 0 36.9 0.00 3.07 3.07 - - 24.2 24.2 21.13 213 - -

C2 MOO083F 36.605 13.73 22.875 37.51 15.44 4.24 - - - - - - - -

Central/Northern Japan Trench

C/N1 MO0093B 26.135 11.676 14.459 44.68 - - - - - - - - - -

C/N2 MO0094B 18.28 14.916 3.364 81.60 - - - - - - - - - -

C/N3 MO0087D 26.345 23.515 2.83 89.26 - - - - - - - - - -

Northern Japan Trench

N1 MO0086B 18.24 11.021 7.219 60.42 - - 17.588 6.567 - - - - - -

N2 MO0088D 36.48 19.164 17.316 52.53 - - 14.812 1.888 - - - -

N3 MO0084D 35.44 19.15 16.29 54.03 - - 18.355 3.185 - - - -

N3 MO0085D 33.69 6.061 27.629 17.99 - - 2.321 1.398 26.6 23.789 - - 22.391 2.43

‘D 32 49sSD.AS W

£8EL01 (b20T) LL £30100D duLIDI
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MO0089D, respectively. However, the tephra corresponds to a prominent
high amplitude reflection in both basins (labelled c and d in Figs. 5 and
8, respectively), thus revealing an opportunity to spatially map this
important marker horizon across basins that are imaged by SBP data but
have not yet been cored.

4.2.3. Boundary area between central and northern Japan Trench

Flow accumulation rates are in the order of 107 to 10° m? at the
boundary area between the central and northern Japan Trench. The
basin sizes range between 1 and 24 km? and the infill sequence is pre-
dominately composed of superimposed SBP-scale event deposits, with
only thin intervals with signatures of bioturbation between (Fig. 9). At
Sites M0094 and M0087, 10 and 15 SBP-scale deposits build 82 and 89
% of the cored stratigraphic succession, with only 2.3 m and 2.4 m of
event-free sediment, respectively (Supplementary Figs. S11-12). A
characteristic tephra layer (ITP3; Table 2) is reported in the lowermost
part of Holes M0094B and MO0087D (Fig. 9). The tephra layer is
composed of pumiceous type volcanic glass with fewer fibrous type
shards and abundant hornblende with a smaller amount of orthopyr-
oxene and clinopyroxene (Strasser et al., 2023). Shipboard analyses did
not yet allow conclusive correlation of this tephra to a dated volcanic
eruption on land. Also, no biostratigraphic datums were identified so
there are currently no direct age constraints available for any sites in the
boundary area. If we consider the range of event-free sedimentation rate
estimated at other Sites along the margin (1.9-2.5 mm/year; Table 3),
the depositional ages of SBP-scale deposits at the bottom of Holes
MO0094B and M0087D likely are not much older than 1.7 and 1.5 ka,
respectively, whereas the bottom of Hole MO093B likely is much older.

At Site M0O087, core-to-SBP correlation clearly links SBP-scale event
deposits in the core to acoustically transparent bodies in SBP data
(Fig. 5). The higher resolution observations from the core reveal that
some seemingly single acoustically transparent bodies in SBP are
composed of superimposed sequences that each can be thicker than 50
cm. For instance, stacked M87D-TD4 and M87D-TD5 together comprise
the SBP-body mapped as U3-C15 by Kioka et al. (2019a). The base of
this stacked unit, M87D-TD5 is characterized by an 80 cm thick
sequence containing matrix (clay)-supported mud clasts akin to a
“debris flow”-type deposit that is not well resolved in SBP data (Sup-
plementary Fig. S12). Overlying this is M87D-TD4, which is character-
ized by a fining-upward sequence of sand-to-silt to structureless clay
resulting from waning turbulent flow and settling of a large suspension
cloud (Supplementary Fig. S7). Below this, the acoustically-transparent
body mapped as U4-C15 by Kioka et al. (2019a) links to both M87D-TD7
and M87D-TD6, representing another example of multiple stacked
depositional sequences depicted as a single event unit in SBP data
(Fig. 6).

SBP-scale deposits M87D-TD9 to M87D-TD11 (16.23-18.45 mbsf)
are interbedded with thin (<20 cm thick) bioturbated intervals and
range in thickness between 50 and 100 cm. They have opposing strati-
graphic trends in average bulk density (increasing upwards) and MS/
NGR (average value per event decreasing upwards) and link to an in-
terval between ~17-20 SBP-TWT depth, where Kioka et al. (2019a) did
not map the subtle acoustically-transparent intervals between high-
amplitude horizons (marked a in Fig. 5). Below this interval, M87D-
TD12 immediately overlies ITP3 which links M94B-TD9 to 87D-TD12
(see circled 12 in Fig. 8).

Based on comparable facies successions and physical property pat-
terns, we propose tentative correlation of M87D-TD9 to M94B-TD6,
M87D-TD10 to M94B-TD6, and M87D-TD11 to M94B-TD8 (dashes
lines; Fig. 9). The 4.34-m thick M87-TD7 may also correlate to M94B-
TD5. The correlative event bed to M87-TD8 is smaller than <50 cm
thick in M0O094B. We also consider potential correlation of M94B-TD5 to
M93B-TD1, with its underlying sequence between 6 and 8 mbsf showing
similarly high MS values and upward increasing density trends, but in
detail not identical event-deposit and facies sequences.

No clear correlation tie point can yet be identified in M0093B that
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links between Basin C2 and C/N1. However, we note that the interval
between ~9.5 and 13.5 mbsf (between M93B-TD3 and M93B-TD5) is a
4 m-thick interbedded sequence without bioturbated intervals but
composed of several thinner (3-15 cm thick) event beds with parallel-
laminated very fine sand, sandy silts and silt exhibiting high density
but remarkedly low MS values (Supplementary Fig. S13). This sequence
shows mostly high-amplitude densely-spaced reflections in SBP data. It
is overlying the acoustically-transparent body with lateral pinch-out
geometries (U3-C12 mapped by Kioka et al., 2019a; Fig. 8) that links
to M93B-TD6. Despite being 5 times thicker, this interval has compa-
rable acoustic (densely spaced high-amplitude reflections) and sedi-
mentary facies (interbedded parallel-laminated sands) and physical
property characteristics (high density, remarkedly low MS) as the in-
terval below the 869 CE event deposits in Basin C2, including C2-TP1,
possibly correlative to the 2.3 ka event previously described by Kana-
matsu et al. (2023) (see section 5.2 for discussion).

4.2.4. Northern Japan Trench

Flow accumulation along the entire Japan Trench is highest in the
northernmost Basin N3 (ca. 5 x 10'° m? Fig. 2; basin size ~26 km?
(Supplementary Table (Tab—S1))). Here, the largest acoustically-
transparent body in all SBP data of the entire Japan Trench was iden-
tified at Site M0084 (U2-NO8 mapped by Kioka et al.,2019a). In Hole
MO0084D, 54 % of the cored stratigraphic succession is built by 4 SBP-
scale event deposits, the thickest of which is 15.17 m (M84D-TD1). At
the margin of Basin N3, the stratigraphically-correlative but condensed
section cored at Site MOO85 is built by five thinner (<2.46-m-thick) SBP-
scale event beds (M85D-TD1 to M085-TD5; Table 1). Overall, SBP-scale
event deposits comprise 18 % of the entire cored sequence in Hole
MO0085D but only the top 2.46 m of mud (matrix)-supported pebbles and
cobble clasts from M84D-TD5 was recovered. Average background
sedimentation rates in Basin N3 (as calculated for event-free thickness in
Hole M0085D; Table 3) are 2.4 mm/yr between Datum 2 (~1.77 ka) and
3 (~11 ka).

At Site M0084, core-to-SBP correlation clearly links event deposits
M84-TD1, M84-TD3 and M84-TD4 to the acoustically transparent bodies
U2-N08, U4-N08 and U5-N08 in SBP data (Fig. 5; Kioka et al., 2019a).
The 59 cm-thick M082-TD2 was not previously mapped by Kioka et al.
(2019a) and the relatively thinner U3-NO8 does not have a correlative
SBP-scale event deposit in M0084D. The upper (muddy) part of the thick
U2-N08 body (equivalent to M84D-TD1) was previously cored and dated
with bulk OC *C to be 1.77 ka (+0.49/—0.31) by Usami et al. (2021)
and Schwestermann et al. (2021). Our equivalent SBP-scale deposit,
M84D-TD1, can be correlated with M85-TD1, M88-TD1, and M86-TD2
along ITP4 based on similar physical property patterns (Fig. 9). This
correlation cannot be further extended towards the south because no
clear tie point to link between M0086B and M0087D (and thus between
the Boundary Area and the Northern Japan Trench) could be identified.
Yet, given our rough age estimates for the bottom of Hole M0087 in
Basin C/N3 to be younger than 1.5 ka, even a theoretically-possible
correlative ~1.77 ka event deposit would likely not have been
reached at Site M0087D, and is not imaged in SBP data below the bottom
of the Hole, because of low penetration depth of the acoustic signal in
this boundary area (Figs. 6, 8).

Along the entire Northern Japan Trench (Basins N1-N3), the older
SBP-scale event deposits generally correlate well to acoustically trans-
parent bodies in SBP data and confirm the previous mapping and cor-
relation by Kioka et al. (2019a). Similarly, we also correlate M84D-TD2
to the equivalent succession of high NGR values along N3-TP1 and use
the average event-free sedimentation rate between Datum 2 (~1.77 ka)
and Datum 3 (~11 ka) to estimate a depositional age of ~2.3 ka. This
event horizon is also considered for MOO88D by tentatively correlating
M88D-TD2 with M84D-T2 along the event-base below the prominent
NGR peak (dashed line in Fig. 9).

M84D-TD3 and M84-TD4 occur within the lower ~6 m of Hole
MO0084D where NGR is comparably lower. A similarly low NGR interval
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occurs between ~11.5 and 14.5 mbsf in MO085D. Based on similar facies
successions with different thicknesses but comparable physical property
patterns, we correlate M84D-TD3 to a < 50 cm facies succession at ca. 12
mbsf in M0O085D (defining N3-TP2), and M84D-TD4 with M85D-TD2
(defining N3-TP3 at the top since the base of M84D-TD4 is not recov-
ered). Using the average event-free sedimentation rate between Datum 2
(~1.77 ka) and Datum 3 (~11 ka) (Table 3), we estimate N3-TP2
(=84D-TD3) to be ~5.8 ka and N3-TP3 (= 84D-TD4 = 85D-TD2) to
be ~6.2 ka (Table 2). Estimated depositional ages of the older event
deposit M85D-T3 is ~10.5 ka.

SBP-to-Core correlation at Site M0084 reveals that the ~6.2 ka 84D-
TD4 corresponds to the uppermost part of the up-to 6 ms-TWT thick
acoustically-transparent body U5-N08, identified and already proposed
to correlate with U3-NO5 in Basin N2 by Kioka et al. (2019a). This
correlation is confirmed by SBP-to-Core correlation at Site M0088D
clearly linking top and bottom of the 5.6-m-thick 88D-TD3 with high-
amplitude reflections at the top and base of U3-NO5 (Fig. 8), and by
similar pattern recognition in lithological and physical property data
measured in the top of M84D-TD4 and M88D-TD3 and their similar
overlying sequence (Fig. 9). Hence, we consider M88D-TD3 to represent
the same ~6.2 ka event, and note that our new estimated event age,
constraint by initial biostratigraphy results at Site MO085D where the
entire Holocene stratigraphic sequences was recovered, refines the
previous age of ~12.7 (+3.4/—1.9) ka estimated by Kioka et al., 2019a
to a significantly younger age.

5. Discussion

IODP Expedition 386 marked the first utilization of giant piston
coring within scientific ocean drilling to comprehensively investigate
the deep subsurface of a hadal oceanic trench, acting as a depositional
sink for earthquake-triggered sediment remobilization processes at a
subduction zone. The herein presented results of IODP shipboard data
analysis now establishes event-stratigraphic correlations of thick event
beds across all 15 Expedition 386 Sites (Fig. 9). In the following section,
we discuss the results with respect to advantages and limitations of the
giant piston coring approach and here-applied methodology for event
stratigraphy (5.1). We then consider the results of testing the previously
published predictions of earthquake-related event deposits in SBP data
(Kioka et al., 2019a) (section 5.2). Finally, we consider the results of our
spatio-temporal event mapping with respect to the variable along-trench
seismotectonic setting (section 5.2) and the potential for the entire IODP
data set to address overarching submarine paleoseismology objectives at
the Japan Trench (section 5.3).

5.1. Advantages and limitations of IODP giant piston coring

In comparison to the classical drilling approach, the major advantage
of giant piston coring within IODP is to efficiently sample short but
multiple cores and sites in ultra-deep-water environments. As proven
successful by IODP Expedition 386, comparably cheap MSP-GPC oper-
ations can efficiently achieve margin-wide sampling at multiple sites in
ultra-deepwater environments. Within internationally coordinated
IODP science parties results from analyses conducted by a broad range of
techniques from different disciplines can be efficiently integrated
temporally and spatially to address high-level scientific objectives that
cannot be addressed by smaller research groups on national levels.

The long cores also have some challenges that are inherently
different to normal IODP drilling operations and that had implications in
establishing the here-in presented core-to-SBP and event-stratigraphic
correlations. One disadvantage of the GPC is the nonrecovery of the
first up to 2-3 m of the uppermost subseafloor section, a common
phenomenon for (giant) piston coring operations (e.g., Stow and Aksu,
1978; Buckley et al., 1994; Széréméta et al., 2004; Jutzeler et al., 2014).
This results from free fall to the seabed and penetration into the seafloor
by the heavy weight of the head and the main coring barrel of the piston
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corer disturbs the seabed and the uppermost subseafloor section.
Although the mudline (water/sediment contact at the actual seafloor) is
recovered by the trigger corer, pilot cores often were not long enough to
include clear tie-points that allow stratigraphic correlation between the
pilot cores and the long GPC, so that the core-depth scale of the long GPC
remains a “floating” core-depth scale, with unknown gap at the top
(Strasser et al., 2023).

Another challenge impacting precise core-depth information is the
partly severe coring disturbance (expansion/contraction) because of gas
expansion and elastic rebound from recovering sedimentary section
from ultra deep-water environment. In the Japan Trench hadal trench-
fill, significant amounts of methane are produced by microbial meth-
anogenesis in shallow subsurface depth (the SMTZ depth ranging from
~5.5 to 15 mbsf; Strasser et al., 2023), due to the intense degradation of
organic matter, which is linked to the emplacement of thick event de-
posits (Chu et al., 2023). Gas release and expansion of cored subsurface
sequences with variable gas content at different in situ depth are
amplified during decompression upon retrieval of one single 40 m GPC-
barrel recovered from >7000 mbsl. This results in more severe differ-
ential depth-shifts within the barrel, compared to classical 9 m or shorter
barrels in typical drilling operations at shallower water depths and
where top and bottom depth of the core is known from the length of the
drilling pipe below the seafloor. Since true penetration depth of the GPC
barrel cannot be constrained from coring operation parameters, the ef-
fect of degassing and resulting depth shift within the GPC core barrel
cannot be quantified. Voids resulting from degassing are frequently re-
ported at the bottom and below thick event deposits (Strasser et al.,
2023), suggesting that thick event deposits decompressed differently
than underlying and overlying “background” intervals. Furthermore,
high gas content in the cores prohibited successful P-wave measurement
(Strasser et al., 2023). With the additional disadvantage (compared to
standard scientific drilling operations) of not having downhole logging
data available in GPC operations, the lack of a clearly defined core-depth
to in situ-depth relation and missing p-wave velocity jeopardize stan-
dard depth-to-velocity transformation and core-log-seismic integration.

5.2. Validation of SBP-scale event-stratigraphy

Despite the limitations discussed above, our method of applying
different velocities to different core intervals to establish core-to-SBP
correlations has proven to be a reasonable solution. Our results reveal
clear links between identified SBP-scale event deposits in IODP GPC
cores and acoustically transparent bodies with lateral pinch-out geom-
etries, as well as correlations between other stratigraphic marker hori-
zons and high-amplitude reflections or intervals (Figs. 4-8). In fact, all
SBP-scale event deposits identified in the studied holes show clear ex-
pressions in SBP data. Of these event beds, 49 % correspond exactly with
SBP-units previously mapped by Kioka et al. (2019a) (Table 4). For the
other 51 % of SBP-scales event beds identified in the cores (80 % of
which are <1 m in thickness), we note correlative thin acoustically-
transparent bodies with apparent onlaps towards the margins and
intercalated between high-amplitude horizons in SBP-data, for which
SBP-based seismic interpretation alone would be non-unique (and hence
was not previously mapped (c.f. method definition for mapping SBP
units by Kioka et al., 2019a)). Only three SBP-units mapped by Kioka
et al. (2019a; U5-S01 in the southernmost Japan Trench basin S1, and
U2-NO5 and U3-NOS8 in the northern basins N2 and N3) were not vali-
dated by SBP-scale event beds in the cores (Table 4). For the U5-S01 in
the southern basin, however, a potentially correlative event bed is <50
cm thick in M0081D, potentially due to the challenges of establishing
the “true” in situ thickness of the event deposits from core data. Hence,
we conclude that SBP-scale event-stratigraphy on IODP cores almost
perfectly validates the SBP-based event-bed mapping by Kioka et al.
(2019a) and refines seismic interpretation also for event beds in the 0.5
to 1 m thickness range.

The differences in thickness between correlative SBP-units
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Table 4
comparision to Kioka et al., 2019a.
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Basin SBP-scale Thickness Age SBP Unit Maximun age estimated Test SBP prediction Difference thickness TD Difference in
event (m) estimate (Kioka et al., thickness (ka) with core data and SBP-unit (m) age (ka)
(@) 2019a, (m) from core / (1) clear positive (footnote 1)
2019b) from correlation correlation
) ) (2) possible SBP-unit
(this study) (Kioka et al., 2019a) confirmed by coring
(3) thin SBP-unit, but
below SBP-scale in
cores
(4) test failed
Southern Japan Trench
S1 recoverd only in pilot core U1-S01 3.7 2011 CE n.a
M81D- young than
D1 1.098 869 CE U2-S01 1 1 —0.098
M81D- young than
™2 0.95 869 CE U3-S01 2.6 1677 CE 1 1.65
M81D- young than
TD3 1.468 869 CE not conclucively identified in SBP data 2
M81D- 1081 (869
TD4* 4.093 CE) U4-S01 3.4 869 CE 1 —0.693
M81D-
TD5 0.66 1.11 not conclucively identified in SBP data 2
M81D-
TD6 1.185 1.25 not conclucively identified in SBP data 2
M81D-
TD7 1.26 3.46 not conclucively identified in SBP data 2
M81D-
TD8 0.65 4.18 not conclucively identified in SBP data 2
potentially correlative event deposits U5-501 14 3.39 3
<50 cm
M95D- young than
S2 TD1 0.8949 869 CE not conclucively identified in SBP data 2
M95D- 1081 (869
TD2* 1.13 CE) U1-S09 1.3 869 CE 1 0.17
S2 recoverd only in pilot core U1-s10 1.4 2011 CE n.a
M92D- young than
TD1 0.95 869 CE U2-S10 1.4 1 0.45
M92D- young than
™2 1.258 869 CE U3-S10 1.5 1 0.242
M92D- young than
TD3 0.653 869 CE included in the upper part of U-S10 2
M92D- 1081 (869
TD4* 2.677 CE) U4-s10 1.7 869 CE 1 -0.977
S3 recoverd only in pilot core U1-S15 1.2 n.a
M91D- young than
™1 1.16 869 CE U2-S15 0.9 AD1454/1611 1 —0.26
M91D- young than
TD2 0.8663 869 CE not conclucively identified in SBP data 2
M91D- 1081 (869
TD3* 4.345 CE) U3-S15 3.6 869 CE 1 —0.745
M91D-
TI;)4 1.347 2.99 U4-S15 1.6 2.25 1 0.253 —0.74
M91D- 0.95 5.18 U5-S15 1.6 4.02 1 0.65 -1.16
TD5
Central Japan
Trench
Cl No SBP-scale event beds no SBP unit
C2 No SBP-scale event beds no SBP unit
Cc2 recoverd only in pilot core U1-Co7 1.1 n.a.
MB83F- young than
TD1 6.94 869 CE U2-C07 5.4 1 —1.54
M83F- 1081 (869
TD2* 4.26 CE) U3-Co7 4.3 1 0.04
MB83F-
TD3 0.525 3.34 not conclucively identified in SBP data 2
MB3F- 1.135 5.68 U4-C07 2 3.8-4.9 1 0.865
TD4
M83F-
TD5 0.87 5.92 not conclucively identified in SBP data 2
Central/Northern Japan Trench
C/N1 recoverd only in pilot core U1-C12 n.a.
MO3B- 3.977 0.69 U2-C12 3.2 1 -0.777
TD1 : : : '
M93B-
TD2 0.648 1.81 not conclucively identified in SBP data 2
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Table 4 (continued)

Basin SBP-scale Thickness Age SBP Unit Maximun age estimated Test SBP prediction Difference thickness TD Difference in
event (m) estimate (Kioka et al., thickness (ka) with core data and SBP-unit (m) age (ka)
(a) 2019a, (m) from core / (1) clear positive (footnote 1)
2019b) from correlation correlation

(2) possible SBP-unit

(this study) (Kioka et al., 2019a) confirmed by coring
(3) thin SBP-unit, but
below SBP-scale in
cores
(4) test failed

M93B-
TD3 0.64 1.89 not conclucively identified in SBP data 2
M93B-
TD4 0.53 2.46 not conclucively identified in SBP data 2
M93B-
TD5 0.53 3.26 not conclucively identified in SBP data 2
M93B-
D6 1.986 3.29 U3-C12 1.8 1 —0.186
M93B-
D7 1.142 4.23 U4-C12 1.9 1 0.758
M93B-
TD8 0.693 4.29 not conclucively identified in SBP data 2
M93B-
TD9 0.51 5.38 not conclucively identified in SBP data 2
M93B-
TD10 1.02 6.29 not conclucively identified in SBP data 2
M94B-

C/N2 TD1 0.735 0.16 not conclucively identified in SBP data 2
M94B-
TD2 0.782 0.31 not conclucively identified in SBP data 2
M94B-
TD3 0.81 0.46 not conclucively identified in SBP data 2
M94B-
TD4 0.949 0.49 not conclucively identified in SBP data 2
M94B-
DS 6.255 0.52 U1-C14 5.1 1 —-1.155
M94B-
TD6 0.52 0.84 not conclucively identified in SBP data 2
M94B-
TD7 0.539 0.96 not conclucively identified in SBP data 2
M94B-
TD8 0.97 0.99 not conclucively identified in SBP data 2
M94B-
TD9 0.952 1.13 not conclucively identified in SBP data 2
M94B-
TD10 2.404 1.46 not conclucively identified in SBP data 2

C/N3 recoverd only in pilot core U1-C15 0.7 n.a.
M87D-
D1 3.02 0.13 U2-C15 3.3 1 0.28
M87D-
TD2 0.943 0.15 not conclucively identified in SBP data 2
M87D-
TD3 1.09 0.63 not conclucively identified in SBP data 2
?SZD' 2.62 0.65
M&7D- U3-C15 3.1 1 0.48
TD5 0.783 0.66
?56713' 0.636 0.75
M&7D- U4-C15 3.8 1 —0.54
TD7 4.34 0.76
M87D-
TD8 1.03 0.77 not conclucively identified in SBP data 2
M87D-
TD9 0.69 0.77 not conclucively identified in SBP data 2
M87D-
TD10 0.7 0.81 not conclucively identified in SBP data 2
M87D-
TD11 0.534 0.90 not conclucively identified in SBP data 2
M87D-
D12 1.365 1.05 U5-C15 1.7 1 0.335
M87D-
TD13 0.54 1.21 not conclucively identified in SBP data 2
1;’15173' 2.095 1.21
MB87D- U6-C15 5.4 1 0.176
TD15 3.129 1.21

(continued on next page)
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Table 4 (continued)
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Basin SBP-scale Thickness Age SBP Unit Maximun age estimated Test SBP prediction Difference thickness TD Difference in
event (m) estimate (Kioka et al., thickness (ka) with core data and SBP-unit (m) age (ka)
(a) 2019a, (m) from core / (1) clear positive (footnote 1)
2019b) from correlation correlation
R K (2) possible SBP-unit
a2 et = b [P
(this study) (Kioka et al., 2019a) confirmed by coring
(3) thin SBP-unit, but
below SBP-scale in
cores
(4) test failed
Northern Japan Trench
M86B-
N1 D1 0.923 - U1-NO3 1.4 1 0.477
1;4];;26}3 10.098 1.77 U2-NO03 8.4 2-3 century CE 1 —1.698
N2 ¥§f}2: 12.924 1.77 U1-NO5 9.6 2-3 century CE 1 —-3.324
M88D-
TD2 0.628 2.31 not conclucively identified in SBP data 2
no thick correlative event bed in cores U2-NO5 2.1 4
M88D-
D3 5.612 - U3-N05 8.1 1 2.488
N3 recoverd only in pilot core U1-NO8 1968 f?E)/l'SQG n.a.
M84D-
TD1%* 15.17 1.77 U2-N08 2-3 century CE 1
M84D-
TD2 0.67 2.31 not conclucively identified in SBP data
no thick correlative event bed in cores U3-N08 1.5 7.96 1
M84D- 2.03 5.76 U4-NO8 2.3 10.77 1 0.27
TD3
M84D-
TD4 1.28 6.21 U5-N08 5.8 12.7 1 4.52

NB: * = SBP-scale event beds correlated to the 869 CE Jogan earthquake. ** = SBP-scale event beds correlated to 1.77 ka.

footnote 1: note difference in defining thick event deposits in SBP data (> thicker than 2 times the vertical resolution (~ 40 cm in depth converted SBP data; Kioka
et al., 2019a) and cores (>50 cm; this study). The cores experienced significant elastic decompression and gas expansion so the depth scale of the cores is relatively
expanded to the in situ depth imaged in SBP data (see discussion in section 5.1). This justifies the larger thickness threshold “SBP-scale” event deposits in the cores, but

introduces further uncertainties for the absolut values).

(estimated by Kioka et al. (2019a)) and event-bed thickness in IODP
cores (this study) are less than +/— 1 m for 80 % of identified beds, with
larger discrepancies (+4.5 and — 3.3 m) for the thickest event beds. The
latter can mostly be explained by the inherent uncertainties of
measuring core-interval vs. “true” in situ thickness and of estimating p-
wave velocity. This result further justifies our applied methodology of
manually adjusting the core-depth scale within thick event-bed se-
quences between two correlation tie-points to visually fit marker hori-
zons in the SBP data to be reasonable. As a result, here-presented Core-
SBP correlation reveal quantitative means to better constrain the coring
gap at the top of the GPC, establish revised core-composite depth scales
also correcting for expansion and compression, as well as to evaluate
and estimate measured vs. in-situ physical properties, respectively.
Together with our findings that event-bed thickness generally decreases
with increasing burial depth (Table 1; c.f. Basins S1, C2, N1-3), this will
allow testing processed-based hypotheses of compaction (dewatering
and consolidation) of event deposits with increasing burial depth and/or
repeated of occurrence of earthquakes (“seismic strengthening hypoth-
esis” Sawyer and DeVore, 2015), as we report.

The validation of SBP event stratigraphy predictions by identifying
and correlating SBP-scale event deposits in the IODP cores, along with
site-to-site correlations between Holes sampled in basin depocenter
(expanded sequence) and basin margin (condensed sequence) also
proves success of the ‘composite-stratigraphy concept’. For all SBP-scale
event deposits in the basin, correlative thinner event beds (<50 cm) with
comparable facies and mostly identical pattern in physical properties (e.
g., high MS/high NGR, high MS/low NGR, low MS/high NGR; generally
decreasing-upwards above a sharp base) were identified. This significant
difference in event bed thickness between basin and margin sites results
from difference in the thickness of the fine-grained, mostly structureless
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intervals with homogenous physical properties. These intervals can be
several meters thick in the basin depocenter and define the SBP-unit
with its acoustically-transparent facies and lateral pinch-outs, but are
only few cm to decimetre thick in the condensed sections. In contrast,
the differences in interval thickness of “background” strata between
SBP-scale event deposits (or between their correlative tie-points in the
margin sites) are significantly smaller and are hypothesized to become
neglectable (i.e., constant hemipelagic background sedimentation rates)
once the stratigraphic sequences will be interrogated on the cm-scale to
identify and map all event-deposits. Applying more detailed facies an-
alyses for full-scale event stratigraphy will also benefit from the com-
posite stratigraphy approach to accurately discriminate between event
tops and overlying hemipelagic sequences by comparing turbidites-tail
vs. bioturbation microfacies in the expanded and condensed section to
precisely define and interpret the top of a single event vs. an event
sequence vs. multiple independent events shortly after each other.

Last but not least, our results considering initial age constraints from
shipboard radiolarian biostratigraphy support the “composite stratig-
raphy” hypothesis that the condensed sections comprise complete event
stratigraphic sections reaching further back in time that can be better
dated by applying more precise dating techniques (e.g., teph-
rochronology Ikehara et al., 2017b, PSV (Kanamatsu et al., 2022, 2023),
radiocarbon on specific compounds (Bao et al., 2018; Schwestermann
et al., 2021; Chu et al., 2023). Although we are reluctant to make con-
crete statements about SBP-scale event ages without additional age
constraints, we provide estimated event ages based on linear interpo-
lation between previously dated events <2 ka (Datums 1 and 2) and the
~11 ka Datum 3 from initial shipboard radiolarian biostratigraphy in
basins S2, C1, C2, and N3. These ages suggest that the previous estimates
by Kioka et al. (2019a); based solely on downward extrapolation of
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sedimentation rates constrained by historical events) at the base of the
sampled holes were slightly too young (by ~1 kyrs) in the southern
Japan Trench and significantly too old (by ~6 kyrs,) in the northern
Japan Trench.

5.3. Along-strike variability of spatio-temporal event inventories

The inter-basin tie-points shown in Fig. 9 for Expedition 386 cores
demonstrate alongstrike correlations of event sequences that agree with
those proposed by Kioka et al. (2019a). For example, the inferred 869 CE
“Jogan” event deposit correlation among all studied basins in the
Southern and Central Japan Trench is confirmed by IODP data along
interbasin tie-point ITP1. As a result, we are now able to identify and
characterize this event below SBP-scale in condensed stratigraphic sec-
tions at basin margin sites and in basins with small flow accumulation
areas (e.g., Basin C1 — Site M0090). This will allow examination of
along-strike micro-facies variations to refine understanding of the extent
and depositional processes related to the 869 CE “Jogan” earthquake
and tsunami.

Similarly, correlation of the ~1.77 ka event deposit across all studied
basins of the Northern Japan Trench along ITP-4 confirms this promi-
nent marker event bed to be the volumetrically largest individual sedi-
ment remobilization event reported in the entire Japan Trench (413 x
106 km? (+80/ —30); Kioka et al., 2019a). Yet, no conclusive correlation
of event stratigraphic successions or individual event beds between the
Basin C/N 1-3 (“boundary area”) and the Central or Northern Basins can
currently be identified. This boundary area is uniquely structurally
complex due to the subducting petit-spot volcano field (Hirano et al.,
2006) on the incoming plate (Fujie et al., 2020). High escarpments (>1
km) along this part of the trench axis suggest gravitational collapse and
landslides on the lowermost landward slope (Nakamura et al., 2020,
2023). Our results and initial age estimates from basins C/N 2 and 3
support this given that the entire cored sequence is mostly composed of
relatively young event deposits (< 1.7 kyrs). Thus, the “boundary area”
represents the trench segment with overall highest bulk sedimentation
rates and highest event frequency (at least with respect to (i) events
resulting in SBP-scale deposit and (ii) for the last ~1.7 ka covered by
IODP cores). Based on these observations and the documented dominant
event-deposit facies type (clay-supported mud clasts with subrounded
and irregular shapes resulting from deposition of cohesive flows), we
infer submarine landslide processes as an important agent for sediment
remobilization at the boundary area, corroborating interpretations
derived from bathymetric and reflection-seismic data (Nakamura et al.,
2020, 2023).

Regarding along-strike variability of spatio-temporal event in-
ventories on the margin-wide scale, the boundary area around
39.3-39.4°N marks the first-order separation between contrasting event
frequency/thickness relations in the Southern-to-Central and the
Northern Japan Trench. We report more frequent but comparably
thinner event deposits in the Southern and Central Japan Trench, and
fewer but thicker event beds in the Northern Japan Trench. Since event
thickness generally decreases with increasing overburden (as discussed
in 5.2; and, thus, fewer SBP-scale event deposits are identified in the
deep subsurface by our here-applied approach), we cannot identify any
older SBP-scale deposits that span several basins (between S1 and C2)
like the 2011 CE, 1454 CE and or the 869 CE events in the South-and-
Central Japan Trench. However, we report at least one outstanding
stratigraphic interval that occurs in all Southern-and-Central Japan
Trench basins and for which possible stratigraphic correlations is
inferred along tie-points S1-TP7 to SP-TP1 and S2-TP2 to C1-TP1 to C2-
TP5 (Fig. 9). This interval is characterized by at least two distinct <50
cm-thick sandy event beds with unique physical properties (sharp den-
sity peaks, markedly high MS and markedly low NGR,) that correspond
to prominent high amplitude reflection in SBP data (Fig. 8, also labelled
b'in Figs. 4 and 5). In basins with higher-flow accumulation areas (e.g.,
Basins S1 andS3) the correlative interval shows evidence for thin-
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acoustically-transparent bodies with lateral pinch-outs between the
high-amplitude reflection occurring at subsurface depths below the
bottom of holes cored at Sites M0081, and M0091 (Figs. 4 (labelled b)
and 8). Acknowledging the large spatial imprint (comparable to the
historical events) and considering increased compaction at deeper sub-
surface depths, these events that occurred within short times may have
remobilized comparable amounts of sediment as is reported for events
during the historic period. Differences in the current age estimates
(derived from linear interpolation between Datum 1 (869 CE) and
Datum 3 (~11 ka) at Sites M0092, —90 and — 89) for inferred correla-
tive tie-points S2-TP2 (~6.9 ka), C1-TP1 (~6.2 ka) and C2-TP5 (~6.5
ka) are large (up to >700 years; Table 4). However, given the uncer-
tainty in the initial shipboard biostratigraphy results and the overly
simplistic methodology of linearly interpolation to estimate event (>50
cm)-free average sedimentations rates, these discrepancies in estimated
event ages do not reject the plausible correlation. In contrast, we
consider our correlation to be robust and quantify the range of possible
error in our current age estimates to possibly be as large as 700 years.

In the Northern segment, two older event horizons with correlative
SBP-scale deposits in at least two basins are dated at ~2.3 ka and ~ 6.2
ka (Figs. 7 and 8; Table 1). The latter shows similar acoustic and lith-
ofacies characteristics as the ~1.77 ka event. Considering dewatering
and compaction by increasing burial depth that can explain the differ-
ence in thickness of the two event beds, we interpret that the ~6.2 ka
event could represent a similar ~1.77 ka-type event, while the inter-
calated ~2.3 ka event represents a smaller or different type of event.
Despite large uncertainties in the initial age estimates of these event-
horizons with large spatial extents, it is interesting that we note
outstanding events around 6-7 ka in both the Southern-and-Central, as
well as in the Northern Japan Trench. As a result, we hypothesize that
this period may represent a “high activity” phase in sediment remobi-
lization processes affecting the Japan Trench from the very southern to
the northernmost trench basins.

Here-presented stratigraphic correlations and initial age estimates
also document several meter thick intervals comprising densely inter-
bedded parallel-laminated sands that appear to become thicker towards
the “boundary area” (i.e., the interval including C2-TP1; Fig. 9). Thus,
we infer a period with very-frequent sediment-remobilization must have
affected the central Japan Trench around ~2.1 ka (i.e. estimate age of
C2-TP1). This event sequence does not have thick correlative SBP units
(see label a in Fig. 5), as no thick interval with structureless fine-grained
sediments and homogenous physical properties is developed. Kana-
matsu et al. (2022, 2023) report the same characteristic lithofacies with
markedly low MS values in sediment cores from the same area, and more
precisely date it by PSV to 2.3 ka (+/— <100 yrs). Inferred stratigraphic
correlation with this ~2.3 event sequence reveals that our mean age
estimate for tie-point C2-TP1 (derived linear interpolation between
Datum 1 (869 CE) and Datum 3 (~11 ka) at Site M0089) is likely slightly
too young (Tables 2,3).

5.4. Challenges for extracting megathrust signals from event-stratigraphic
sequences

Overall, our findings of correlative SBP-scale event deposits
comprising characteristic facies succession with thick fine-grained,
mostly structureless intervals with homogenous physical properties
corresponding to acoustically-transparent bodies with lateral pinch-out
geometries in SBP-data compare well with observations and data from
other studies documenting similar seismic profiles, core data, and cor-
relations of homogenous facies (often termed “homogenites” after Kas-
tens and Cita (1981) that have been inferred as records of past
earthquake occurrence (e.g. McHugh et al., 2020; Seibert et al., 2024).
On the full margins-scale, our results reveal distinctly different SBP-scale
event stratigraphies for the trench segments north and south of the
“boundary area” which is characterized by landslide scars on the lower
trench-slope, relatively elevated trench-floor bathymetry and the
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subduction of oceanic lithosphere affected by petit-spot volcanism. This
difference supports the hypothesis that this structurally controlled
divide may act as segment boundary of megathrust earthquakes (Fujie
et al., 2020). In contrast, we observe no obvious difference in SBP-scale
event stratigraphies between the Southern and Central Japan Trench,
which span across the SW-NE-striking boundary in upper-plate structure
(projected to near the trench axis; dashed line in Fig. 2) that is hy-
pothesized to be another possible segment boundary (Bassett et al.,
2016).

In the southern to central Japan Trench, SBP-scale event stratigraphy
rather seems to be related to flow-accumulation area, with larger vol-
umes recorded in Basins with comparatively higher flow accumulation.
This suggests that upslope catchment area links to the volume of surficial
slope sediment that is mobilized by seismic ground shaking (McHugh
et al., 2016; Kioka et al., 2019a, 2019b; Schwestermann et al., 2021;
2022; Tkehara et al., 2020). Yet, different portions of upslope areas may
have different ground motion characteristics and/or different responses
of slope sediments to earthquake shaking. These factors, alongside
downcore compaction over time, can govern the thickness of potentially
correlative event beds in respective trench-fill basins. As a result, our
generic threshold definition of mapping >0.5 m thick deposits is perhaps
too restrictive, since the lack of SBP-scale event deposits in a given
stratigraphic interval does not imply actual absence of event deposits, as
its thickness just may be below the threshold. Hence, we confirm that
identification of event sequences at a higher resolution than the
currently considered SBP-scale is required to test for spatial correlations
and variability of event-deposits more accurately for sound paleo-
seismological interpretation.

Our positive correlations using tie-points at the sub-SBP-scale level
clearly suggest that event-stratigraphies can be further examined by
detailed facies analyses and further integration of high-resolution
physical and chemical proxy data from core scanning and logging (e.
g., Schwestermann et al., 2020). Strikingly, we document several event
horizons that are characterized by distinctly different relations and
values in MS and NGR. These unique characteristics may provide in-
formation on sediment provenance and therefore could be explored to
resolve the different sources of sediment remobilization and test for the
different scenarios affecting different upslope catchment areas and flow
accumulation pathways (Fig. 2¢; Schwestermann et al., 2020; McHugh
et al., 2020; Usami et al., 2021).

For the southern Japan Trench, we further note that Basin S1 (Sites
MO0081/82) appears to record more event deposits within the same
stratigraphic intervals compared to Basins S3 (Site M0091), which also
has generally high-flow accumulation. The higher event frequency in the
southernmost basin has already been documented for the historical
period (Schwestermann et al., 2021; Kioka et al., 2019q; Fig.1).
Together, we infer that this observation and previous findings, suggest
that Basin S1 records both megathrust rupture of the Tohoku asperity, as
well as of the Izu asperity in the south (Fig. 2). Hence, detailed event
stratigraphy on the (micro-)facies level is expected to resolve and allow
for deconvolution of the mixed paleoseismologic signals in Basins S1 and
S2 for megathrust rupture histories of the two different asperities.

A major limitation for any paleoseismological interpretation of the
here-presented event-stratigraphy is the lack of accurate age control.
Our initial age estimates using preliminary constraints from biostratig-
raphy imply that interrogation at the SBP-scale level is too simplistic to
obtain event-free sedimentation rates that provide accurate event ages
estimates. As a result, event horizons that we correlate based on ex-
amination of patterns in lithofacies and physical properties character-
istics do not always overlap temporally. Hence, we hypothesize that a
more detailed review aimed at more accurately defining event-free
thicknesses at the lithofacies level, along with adding more robust and
precise age constraints from other dating methods will constrain precise
event ages so that the synchronicity criterion - as key for paleoseismo-
logical interpretation - can be evaluated and the along-strike correla-
tions or variations can be more robustly explored.
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In summary, initial shipboard data and thereof-derived event strat-
igraphic correlations on the SBP-scale, do not yet allow for conclusive
paleoseismological interpretation. We therefore refrain from repeating
and conceptually discussing the previously formulated hypothesis of
megathrust segmentation and giant earthquake recurrence cycles at this
stage (section 2). Instead, we posit that the vast and high-quality data set
from IODP GPC for Expedition 386 and here-presented positive initial
correlation results provide a strong foundation for more detailed studies
to (i) more accurately define sediment provenance, (ii) further charac-
terize event deposition dynamics on the micro-facies level, and (iii)
constrain precise event ages to evaluate the synchronicity criterion in
order to robustly test along-strike correlations and achieve the goal of
extracting paleoseismic signals from the Japan Trench event
stratigraphies.

6. Conclusions, implications, and future perspectives

IODP Expedition 386 was the first expedition to utilize giant piston
coring (GPC) within IODP to sample the shallow subsurface at multiple
sites with multiple holes along an axis-parallel transect spanning over
600 km across the entire Japan Trench subduction zone at a water depth
of 7-8 km. The here-presented event-stratigraphy based on IODP cores
confirms previously predicted earthquake-related event deposits iden-
tified using high-resolution hydro-acoustic subbottom profiler (SBP)
data. The study suggests that the limitations of GPC in accurately
measuring subsurface depth and thickness can be addressed through
high-resolution core-to-SBP and core-to-core correlation, overcoming
issues such as nonrecovery of the sediment-water interface and differ-
ential expansion/compaction of sediments from ultra deep-water sites.

From a scientific perspective, the successful correlation of SBP-scale
event deposits across multiple sites spanning several basins over hun-
dreds of kilometres provides the first comprehensive event stratigraphic
record covering more than ten thousand years, documenting large-scale
sediment remobilization events, likely related to subduction megathrust
earthquakes, into the hadal oceanic trench. Key observations include
variations in event frequency and thickness along the Japan Trench,
with distinct differences between the Southern-to-Central and Northern
regions, as well as increased submarine landslide activity in specific
boundary areas.

While conclusive paleoseismological interpretations at a detailed
level are not yet feasible, the study highlights the potential for further
research utilizing sub-SBP scale marker horizons and ongoing post-
expedition analyses of core data to enhance understanding of earth-
quake histories in the Japan Trench. Initial findings suggest that the
submarine paleoseismology approach can be validated in the prehistoric
context of the Japan Trench, paving the way for reconstructing long-
term earthquake histories along the entire subduction zone.
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