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Abstract

Glide planes, the basal surface or failure surface upon which submarine landslides initiate, commonly
develop along weak, distinctive stratigraphic horizons but their lithological/mechanical characteristics
and genetic mechanisms remain largely unknown. We use 2-D multi-channel seismic reflection data,
integrated with multibeam bathymetry and deep drilling data from the Ulleung Basin margins, East
(Japan) Sea, to: (1) identify and characterize the nature of glide planes associated with submarine
landslides; (2) understand the influence of climate-modulated factors in preconditioning slope failures;
and (3) document the post-failure evolution of the landslides. 24 glide planes were identified among 38
submarine slides (SL1 — SL38), which correspond to regionally continuous, positive-polarity high-
amplitude seismic reflections. Well-seismic integration support ca. 340 ka — 1,200 ka ages of formation
of the major glide planes in the southwestern and western margins of the basin. These glide planes
developed at the interface between clay-rich sediment deposited during glacial periods and biogenic
diatom-rich sediments deposited during interglacial periods. Physical, mineralogical and geochemical
properties determined by density, porosity, gamma-ray, shear strength, X-ray diffraction, and X-ray
fluorescence data reveal significant lithological and mechanical changes at the interface between these
two lithologies. We therefore infer that these interfaces dictate the position of failure surfaces, with the
diatom-rich layers acting as a weak layer. Excess pore pressure in these layers is likely due to initial
high-water contents (up to 75%) and high compressibility; this is considered an important pre-condition
for failure. In contrast, the glide planes along the northwestern margin of the Ulleung Basin (SL34 —37)

are older (ca. 1,200 ka — 2,140 ka). Seismic data further reveal three distinct contrasting styles of
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landslide post-failure behavior throughout the margins: (1) evacuated slide scars with areas of smooth
seafloor; (2) slide scars with residual debris consisting of blocky sediments; and (3) slide scars with
buried intact sediment blocks in front of the headwalls. Lateral variability of fluid flow, sediment
composition, and mechanical properties of basal ‘weak’ layer(s), or the magnitude of earthquakes may
have contributed to forming different types of mass-transport deposits (MTDs). Overall, these results
show that landslide formation in the East (Japan) Sea result from a complex climatic, volcanic and
tectonic interplay that controlled the formation of weak layers. Some of these layers extend regionally

and can be identified and mapped by remote geophysical methods and targeted drilling.

Keywords: Ulleung Basin, East Sea (Japan Sea), submarine landslide, multi-channel seismic reflection

data, glide plane, weak layer

1. Introduction

Submarine landslides transport large volumes of sediment to the deep sea (Hampton et al., 1996;
Masson et al., 2006). They are one of the principal geologic processes of evolution of the continental
margins on both active and passive margins. Submarine landslides can be a significant societal risk as
they can generate fatal tsunamis (e.g., the 1929 Grand Banks Slide triggered by an earthquake of M=7.2
in the Northern Atlantic Ocean (Piper et al., 1988, 1999), the 1979 Nice Slide in the Northwestern
Mediterranean (Dan et al., 2007), and the 2018 Indonesia landslide-induced tsunami (Takagi et al.,
2019)). Understanding how landslides can be preconditioned through the development of “weak layers,”
how they are triggered, and how they transform into downslope mass movements, is crucial for
geohazards mitigation.

Failure surfaces of submarine landslides are often characterized by smooth bedding-parallel
surfaces in seismic reflection data where the failure movement is translational (Stow et al., 1996; Baeten
et al., 2014; Krastel et al., 2018). These bedding-parallel surfaces are often referred to as “weak layers”
because their sediment strength needs to be sufficiently lower than the adjacent units (Locat et al., 2014)
for a failure to initiate. Although they are key to understanding why slope failures occur, the nature and
age of such layers are poorly documented because they are often destroyed by the landslide (Masson et
al., 2010; Locat et al., 2013, 2014) and are usually located too deep for conventional coring techniques
(Beaten et al., 2014; Urlaub et al., 2018). Where they have been reached by either deep drilling or long
piston cores, they commonly exhibit lithology and physical properties distinct from surrounding
sediment layers. Glide planes have been identified within contouritic sediments (e.g., Laberg et al., 2001;
Baeten et al., 2014); glacial marine clays with strain-softening behavior (Kvalstad et al., 2005); muddy
gas-charged sediments (Lykousis et al., 2009); and high-porosity zones enriched in foraminifera
(Sawyer et al., 2009) and (or) diatoms (Meckler et al., 2013; Urlaub et al., 2018).

Changes in climate can modulate margin sedimentation and thus precondition a slope to fail as

weak layers consisting of specific sediments can form at specific times in a climate cycle (Urlaub et al.,
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2018, 2019; Gatter et al., 2020; Badhani et al., 2020). Examples of submarine landslides inferred to have
been preconditioned by climate change include (1) the Cap Blanc Slide Complex, offshore Northwest
Africa, where failure surfaces are associated with highly compressible diatom ooze layers formed at the
end of glacial periods (Urlaub et al., 2019), (2) the AFEN and Gulf of Lions landslides (Gatter et al.,
2020; Badhani et al., 2020) where the failure surface is inferred to be at the interface between
hemipelagic to pelagic fine-grained clay-rich sediments and (3) the giant Storegga Slide (off Norway)
(Bryn et al., 2003; Laberg and Camerlenghi, 2008; Locat et al., 2014; Beaten et al., 2014), where the
interface between thick intervals of plumites and contouritic sediments above is interpreted to have
served as the basal glide plane.

The deposits of past submarine landslides imaged in seismic data have diverse surface expressions
and deposit architectures (Sawyer et al., 2012; Alves, 2015). Some landslides appear to have moved a
short distance from their source area, with much internal stratigraphy preserved (i.e., Ursa Basin
landslide, Sawyer and Hodelka, 2016; the Tuaheni landslide, New Zealand, Gross et al., 2018). In other
cases, landslides appear to have traveled hundreds of kilometers and the initial stratigraphy is completely
remolded (i.e., Grand Banks event, Locat and Lee, 2002). Whether or not the failed material liquefies
or remains a cohesive failure that is locally deposited will further influence the stability of the system,
as the latter can buttress the slope (Kvalstad et al., 2005; Sawyer et al., 2012). If the headwall of a
particular landslide was evacuated completely, the failure could continue to back-step without having
to overcome any stabilizing mass at the foot of the headwall. Also, the post-failure behavior of landslides
is a critical factor in determining tsunami potential, as fast-moving fluidized failures, such as the 1929
Grand Banks, are potentially more destructive than slow, cohesive failures (Moore and Sawyer, 2016).
Documenting the post-failure evolution of the landslides can yield important clues to the flow history,
which, in turn, has important implications for assessing slope stability and understanding how possible
future failures may behave (Sawyer et al., 2012). Despite many landslide studies along the margins of
the Ulleung Basin, East Sea, the factors for landslide preconditioning and post failure behaviour of the
landslides remain mostly undocumented.

For this study, we integrate densely-spaced wide-coverage multi-channel seismic reflection data,
swath bathymetry, and comprehensive high-resolution deep drilling data along the margins of the UB
(Fig. 1B). Our goals are to: (1) Document the character of the glide planes and the internal characteristics
of the overlying mass-transport deposits (MTDs) along the margins of the Ulleung Basin, East (Japan)
Sea; (2) Elucidate the role of weak layers on slope failures, including the influence of glacial-interglacial
cycles on pre-conditioning and triggering of the submarine landslides; and (3) Characterize post-failure
styles along the basin margins and determine reasons for different MTD slope run-outs; and (4) Estimate

the age of landslide glide planes.

Horozal et al. (2023) preprint reviewed version - p.3
https://doi.org/10.1016/j.marge0.2022.106956



https://doi.org/10.1016/j.margeo.2022.106956

2. Regional Setting

The Ulleung Basin is a back-arc basin in the southwestern East (Japan) Sea (Fig. 1). The basin
plain of the UB lies at a water depth of 2,200 m and is generally characterized by smooth seafloor except
for a few seamounts (Fig. 1). To the north, the basin is bound by the South Korea Plateau, at water depths
of 1,000-1,500 m, which has an irregular seafloor (e.g., Chough et al., 2000; Cukur et al., 2016; 2018).
The continental shelf along the western margin of the UB is poorly developed, rarely exceeding 20 km
in width, and is characterized by low sedimentation rates due to the absence of terrigenous input from
large fluvial systems (Fig. 1B; Chough et al., 2000; Cukur et al., 2016). The N-S trending Hupo Bank
forms a major topographic high on the shelf that rises 80 m above the seafloor (Fig. 1B). To the east of
the bank, the slope has an average slope angle of 3° but can be as steep as 10° in places. The southern
margin, on the other hand, is characterized by a broad shelf (30-150 km wide), an upper slope with a
mean angle of 2°, and relatively higher sedimentation rates (Lee et al., 2014). Here, the shelf is typically
smooth and gently dipping northwards with the shelf break at water depths between 300 and 400 m.

Thick Neogene strata, uplifted and faulted by inversion and back-arc closure, characterize the
southern margin. Since the Late Miocene, siliciclastic sedimentation has become dominant in most parts
of the basin (Lee and Suk, 1998; Lee et al., 2001). The latest Neogene-Quaternary sedimentary history
of the UB includes two distinct intervals (Lee et al., 2001). During the latest Neogene, margin-wide
slope failures, caused by the regional deformation due to the back-arc closure, resulted in widespread
MTDs, which were sourced from the upper slope of the southern basin margin. In the second interval,
from the Pleistocene to the Present, tectonic activity along the basin margins appears to have slowed
and mass-flow deposition in the basin decreased considerably. During the Pleistocene and Holocene,
MTD source areas and base-of-slope debris aprons retreated rapidly landward, while turbidite and
hemipelagic sedimentation prevailed in the central basin (Lee et al., 2001).

At least 38 major slope failures have occurred during the Late Neogene-Quaternary in the UB
(Fig. 1C; Horozal et al., 2018), some having resulted in mass-transport deposits of significant volume
(~13 to ~550 km?) of mass-transport deposits (Horozal et al., 2016). Urgeles et al. (2019) showed that
submarine landslides with volumes above 10 km? could have significant tsunamigenic potential. Cukur
et al. (2016) showed that landslides on the western UB margin are primarily controlled by the location
of faults, suggesting earthquakes as a likely trigger for slope failures. Debris flow deposits on the western
margin have run-outs up to ~30 km, but landslides in the southern margin can attain run-outs of ~100
km owing to their larger size (Lee et al., 2013).

The East Sea is connected to the North Pacific and adjacent seas through four shallow and narrow
straits (with water depths of 12—140 m). Significant changes in oceanographic conditions have occurred
in response to glacio-eustatic sea-level fluctuations, which resulted in a sea-level drop of more than 120
m during the last glacial maximum (Park et al., 2000; Yoo et al., 2017). Tada et al. (1999) suggested that
the modulation of the volume and character of the surface water inflow through the Korea Strait

associated with glacio-eustatic sea-level changes played a key role in the changes in deep-water
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ventilation and surface productivity. Together with the changes in oceanic circulation; surface and
bottom water currents (i.e., Tsushima Warm Current, Korea Coastal Currents, and North Korean Cold
Current), and surface productivity, variations in the influx of Asian aeolian dust to the East Sea have
also been suggested in both orbital and sub-orbital timescales (Irino and Tada, 2002; Nagashima et al.,
2007; Bahk et al., 2021).

The East Sea, including the margins of the Ulleung Basin (UB) (Fig. 1A), is highly sensitive to
climate perturbations, recorded by centimeter- to decimeter-scale alternations of dark and light layers
(Bahk et al., 2000; Tada et al., 2015). The dark layers contain high total organic carbon (TOC) and
represent glacial and/or stadial periods of higher surface productivity. The East Sea was nearly
disconnected from the global ocean during the eustatic sea-level drops and was in a configuration similar
to the present Black Sea. In contrast, the light layers are attributed to enhanced deep-water ventilation
during interglacial and/or interstadial periods (Tada et al., 2015). Dark layers are laminated, especially
in their lowest parts; and bioturbation is minimal (Watanabe et al. 2007). In addition, Logging-While
Drilling (LWD) (such as gamma-ray and density) logs retrieved from the western slope of the Ulleung
Basin (UB) suggest that ratios of terrigenous to biogenic materials were modulated by orbital-scale
climate changes at least since 2.6 Ma (Bahk et al., 2016). Therefore, the UB margins provide an ideal

setting to investigate the effect of climatic changes on the occurrence of submarine landslides.

3. Datasets and Methods
3.1 Swath bathymetry, seismic reflection, and borehole data

The bathymetric information used for interpretations is based mainly on a grid of ~80 m cell size
in the X direction and ~100 m in the Y direction (Fig. 1B). The data were acquired by the Korea
Hydrographic and Oceanographic Agency (KHOA) during the multibeam bathymetric survey of the
East Sea from 1996 to 1997 (http://www.khoa.go.kr).

The 2-D multichannel seismic reflection data include about 13,000 km of stacked profiles
provided by the Korea Institute of Geoscience and Mineral Resources (KIGAM); and about 1,100 km
of stacked profiles provided by the Korea National Oil Corporation (KNOC) (Fig. 1B; see Horozal et
al.,2016,2017 and 2018 for details). A high-resolution single-channel sparker seismic profile (~40 km-
long) collected by KIGAM on the western slope is also used (see Cukur et al., 2016, for acquisition and

processing parameters).

Sedimentary data used in this study were collected from the lower slope of the western basin
margin in boreholes UBGH1-1 and UBGH2-1_2 (only logging while drilling - LWD) and UBGH2-1 1
(sedimentary recovery and LWD) during the first and second Ulleung Basin Gas Hydrate Expeditions
(UBGH1&2). Data consist of: (1) digital core images and x-radiographs; (2) physical properties (GR,
density, sonic, thermal neutron h porosity - TNHP) measured by LWD and multi-sensor core logging

(MSCL); (3) sampling for grain-size distribution, moisture and density (MAD) measurements, and X-
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ray diffraction (XRD) mineralogy (KIGAM, 2007; Ryu et al., 2012; Horozal et al., 2015); and (4) X-ray
fluorescence (XRF) element composition. The sampling interval of LWD well-log data is ~15 cm. The
TNHP log from the LWD was filtered with a 10-point moving average. Sediment grain size was
measured by a laser particle grain size analyzer (Microtrac S3500) (KIGAM, 2007; Ryu et al., 2012)
while X-ray diffraction (XRD) and XRF scanning were performed on the core samples, and the half-
split core of the site UBGH2-1 1 (KIGAM, 2011). Mineral compositions including opal-A were also
analyzed onshore for selected MAD samples by XRD. In XRD data, a small amount of pyrite and NaCl
(<4.4% and <4.1%, respectively) were extracted from the total fraction of the mineral composition, and
the rest were normalized to the total volume. XRF analysis of selected elemental compositions was
performed using a XRF core scanner (ITRAX) on the archive half cores. Mo- X-ray source was operated
at 30-40 kV accelerating voltage and a current of 38-50 mA with 10 s measurement time and 2 cm spatial
resolution (Bahk et al., 2016). The XRF scan data used here were filtered with a 5-point moving average
after removing abnormal peaks due to cracks near the sediment surface (Bahk et al., 2016). Sedimentary
facies were defined based on core X-rays, visual core descriptions, grain size data, and digital images

following the lithological descriptions of Bahk et al. (2013).

3.2 Seismic horizon interpretation and definition of glide planes and other regional boundaries

We traced ten prominent seismic horizons representing distinct high-amplitude positive-polarity
meaning acoustic impedance increase below the unit boundary or hard kick on the reference seismic
reflection profile near the shelf edge, which crosses the Sites UBGH1-1, UBGH2-1_1, and UBGH2-1 2
on the lower slope of the western margin (Fig. 2). The horizons are labeled from H1 to H10 in ascending
order. Four sub-horizons, H5.1 to H5.4, are further differentiated between H5 and H6. These sub-
horizons might be related to prograding sedimentary units linked with major glacial cycles in the
uppermost slope, and with missing seismic layers due to slope failure between H6 and HS5 below the
scar area of SL22 in the reference profile (Fig. 2). These fourteen horizons are tracked along the basin
margin with complementary data from composite profiles tied to the reference profile (Supplementary

Fig. S1).

Some of the key seismic horizons that could be traced downslope to the positive-polarity, high-
amplitude continuous reflections at the base of MTDs are termed “glide plane” (i.e., H5.2 horizon
marked by arrows in figure 2B). Glide planes are tracked between the seismic profiles across the
southwestern, western, and northwestern basin margins (Fig. 1C). The glide planes further south of SL13
to SL11 could not be tracked due to poor seismic imaging caused by complex structures (faulting and
folding).
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3.3 Log-core-seismic integration

Correlation between seismic, core and well log data was performed with the aid of synthetic
seismograms using time-depth (t-d) charts (see Bahk et al., 2016) (Fig. 3). The best correlation
coefficient in the seismic- to well-tie (~65%) was obtained by slightly re-matching (stretch-squeeze)
synthetic seismograms with reflected seismic waves. The synthetic seismogram was created from LWD
density and velocity, and a statistically created source wavelet extracted from seismic data. The inferred
glide planes, characterized by positive polarity and high amplitude reflectors, correlate well with

positive excursions in velocity and density (Fig. 3).

Based on the seismic- to well-tie, the key seismic horizons can be positioned on the GR logs,
which were previously correlated by Bahk et al. (2016) with the LR04 global benthic oxygen isotope
stack of Lisiecki and Raymo (2005) and assigned with orbitally tuned ages of the LR04 curve (Fig. 4).
Regional boundaries (RBs) were also positioned on the GR logs at wells UBGH2 1-1 and 2 1-2 to
estimate the timing of deposition of the MTDs. Considering the wavelength (1) of the seismic data,
which is about 32 m (dominant frequency (F) of seismic data around 50 Hz within a frequency band
ranging between 10-200 Hz, and assuming an avg. interval velocity of 1600 m/s), the vertical resolution
or minimum bed thickness that can be resolved in the seismic profile in figure 4 is estimated to be
between 4 to 8 m (A/8 to A/4) (Widess, 1973; Chopra et al., 2006); and for an average sedimentation rate
of about 11.5 cm/kyr (Bahk et al., 2016), the associated age error is estimated to be about + 3570 kyrs.

3.4 Estimating landslide mobility

Prior to failure, the stability of a given slope as determined from a classical limit equilibrium
Factor of Safety (FOS) calculation depends on (1) the ratio of shear strength to shear stress in static
conditions (Morgenstern and Price, 1965; Morgenstern, 1967); and (2) the earthquake-induced seismic
loading simulated as a pseudo-static acceleration of k.*g amplitude (ten Brink et al., 2009). Ke
represents cyclic load of an earthquake represented by a constant horizontal acceleration and g is the
gravitational acceleration. In this study, we assume the UB western slope undergoes an acceleration of
k.=0.1, the average estimated value for an earthquake intensity of My=5, and a distance of 100 km from
the epicenter (e.g., Chough and Lee, 1987; Cukur et al., 2016; 2018).

For this study (see section 5.2), we calculated FOS under undrained conditions and also including
overpressure (assuming 50% (ru=ue/(y'z) normalized 50% excess pore water pressure) using the static
formula of Morgenstern and Price (1965) and pseudo-static formula of ten Brink et al. (2009) for seismic
loading to shed insights to submarine landslide mobilities (see Cukur et al., 2016 for details). Ry is
normalized pore pressure, Ue is effective pore pressure, y' is buoyant weigh, and z is overburden depth.
FOS static and seismic with overpressure (assuming 50% and 75% normalized excess pore pressures,

respectively) were also calculated assuming nomalized shear strengths of Cu/c'v = 0.2 and 0.4 which
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are usually limits for normally-consolidated sediments. Cu is the undrained shear strength and c'v is the
vertical effective overburden stress.

We also estimated Flow Factor limits from the FOS to be able to discuss potential factors for post-
failure behaviour and variant MTD geomorphologies. Sawyer et al. (2012) defined the post-failure
mobility based on clay and water content of the failed slurries using a Flow Factor (Ff). The Ff is defined
as the ratio of driving stress (D) to resisting strength (TR) and is the inverse of the FOS. The static
driving stress consists of the slope angle, bulk density of the sediments, and thickness of the landslide.
Dynamic stresses, if present, (e.g., earthquakes) add to the total tD. The resisting strength is the shear
strength of the sediments. Submarine landslide behavior was observed in model laboratory experiments
(Sawyer et al., 2012; Moore and Sawyer, 2016), with failure occurring when FOS is less than 1.0.
Sawyer et al. (2012) found that the greatest potential to flow is associated with the highest ratio of Ff.
As the ratio of TD/1R increases, the driving stress is much greater than the resisting strength, and a fast-
moving landslide will occur. Conversely, as Ff approaches 1.0, the resisting strength approaches the
driving stress, producing a slow-moving, blocky style of failure. A Ff less than 1.0 indicates that resisting
strength is greater than the driving stress, and failure will not occur. Fast-moving, fluidized failures,
which are more likely to produce tsunamis, typically originate from disintegrative landslides, such as
the Grand Banks (Sawyer et al., 2012), not from slow, cohesive, or creeping type failures such as the

Tuaheni Landslide Complex in the Hikurangi margin (i.e., Pecher et al., 2018).

4. Results

4.1 Seismic characteristics of glide planes and MTDs and their inferred ages

Mapping of SL along the study area shows that a group of them share a common glide plane in
the western and southwestern margins. These glide planes form the base of chaotic- to transparent-
seismic bodies representing MTDs, and are characterized by continuous, slope-conformable, positive-
polarity (peak or hard event indicating an increase in acoustic impedance) and generally high-amplitude
reflections (Figs. 2 and 3). Seismic horizons tracked between SL14 and SL37 yield age estimations
ranging between ca. 130 ka and 2,410 ka (H10 to HI1, respectively; Tables 1 and 2, and also
Supplementary Table S1). The common glide planes in the southwestern and western basin margins root
strata between H6 and HS5, having estimated ages of ca. 630 ka and 1,200 ka, respectively. Rare
exceptions of glide planes younger than H6 occur for SL31-33 rooted at H8 and H7 with estimated ages
of ca. 340 ka and 450 ka, respectively. On the northwestern basin margin, correlated glide planes rooted
on reflectors H4 and H2 (ranging from ca. 1.53 Ma to 2.14 Ma), making their estimated ages much older
than their southern counterparts (Tables 1 and 2).
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4.1.1 Southwestern margin

The southwestern margin of the UB contains ten submarine landslides labeled as from SL14 to
SL23 (Fig. 1C). Most of the landslides are rooted on a common strata, H6, the most widespread traceable
seismic horizon throughout the entire margin. H6 is a high-amplitude continuous seismic reflection that
is conformable to the slope sequence (Fig. 5) and is underlain by well-stratified reflections interpreted
as undisturbed slope sediments. H6 has inferred age of ca. 630 ka (Fig. 5 and Table 1). Below buried
scarps on the upper slope, the sedimentary units above H6 are characterized by the chaotic- to
transparent-seismic reflections of mass-transport deposits (MTD’s) (i.e., slides/slumps, debris flow
deposits; Fig. 5). These MTDs form wedge-shaped bodies with up to 0.1 s TWT thickness (~80 m,

assuming a sediment velocity of 1,600 m/s) and thin gradually downslope.

There is also a slide scarp (~60 m high) downslope of the MTD unit, representing the source of
the most recent submarine landslide event, rooted on H10, and multiple buried failure deposits located
at the base of the slope (Fig. 5). A triangular-shaped intact sediment block with parallel stratified internal
reflections is located immediately below the buried scarp (Fig. 5). Seismic data also displays numerous

curved, scoop-like listric faults with indentations at the seafloor (Fig. 5).

The glide planes of SL19, 20, and 21 rooted on HS5, H6, and HS5.2, respectively, are also
characterized by high-amplitude, continuous reflections parallel to the slope stratigraphy (Fig. S2).
Below scarps on the upper slope, MTD deposits are characterized by chaotic to transparent seismic
facies that form eastward thinning wedges. Numerous faults and seismic chimneys are evident in the

seismic reflection profiles (Fig. S2).

4.1.2 Western margin

MBES data from the western basin margin show at least ten submarine landslides (SL24 — SL33;
Fig. 1C). The upper slope in this region is characterized by continuous, parallel, medium- to high-
amplitude reflections. On the W-E seismic profile in Figure 6, the reflector on which is rooted SL27
(H5.3; ca. 880 ka) displays a high-amplitude continuous reflection. Unlike H6 and H5.4 in the
southwestern margin, H5.3 has a much smoother surface without any irregularity. Downslope of the
SL27 slide-scar, a wedge-shaped MTD unit (~0.04 s TWT or 30 m thick), comprising chaotic to
transparent internal seismic reflections, extends ~1 km downslope. A slump body is also evident
downslope of the slide scar. Seismic horizon H8 (ca. 340 ka) overlays the MTD unit giving an

approximate age of the drape sediments which also provides a rough indication of the age of slope failure.

As with SL27, SL28 and SL29 are also rooted on reflector H5.3 (Fig. 7A-B). However, in contrast
to SL27, the buried scar associated with SL28 was evacuated almost entirely, whereas a portion of

landslide debris remains in the headwall scarp of SL.29 (Fig. 7A-C).
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Seismic data reveal that SL31 is rooted on reflector H7 (ca. 450 ka), which forms a slope-parallel,
continuous, high-amplitude reflection (Fig. 8A). The paired MTD unit, characterized by chaotic internal
reflections, has a thickness of up to 0.05 s TWT (~40 m) and extends ~2 km downslope. A high-
resolution sparker profile traversing SL31 shows the presence of intact sediment blocks characterized
by well-stratified internal seismic reflections within the MTD unit (Figs. 8B-C). Individual blocks
attached to the glide plane are up to 35 m high and 100 m in length. Where these blocks occur, the
modern seafloor becomes hummocky or undulating (Figs. 8B-C). H10, with an estimated age of ca. 130
ka, overlays this MTD unit. The adjacent SL32 and SL33 are rooted on reflector H8 (ca. 340 ka; Fig.
S3).

4.1.3 Northwestern margin

MBES data reveal four submarine landslides in the northwestern margin (Fig. 1C). The base of
SL35 corresponds to the glide plane H2, a high-amplitude parallel reflection with an inferred age of ca.
2,140 ka (Fig. 9A). Seismic data reveal an anticline in the upper to middle part of the slope; onlapped
by seismic horizons of H1 — H4 (Fig. 9A). There is also a major fault between the folded strata on the
west and the basin strata to the east. The headwall scar associated with SL35 is located on a steeply
dipping (~11°) bedding plane on the east limb of the anticline. Downslope, the MTD unit is composed

of chaotic seismic reflections with a blocky top surface.

As with SL35, SL36 glide plane is rooted on reflector H2 (Fig. 9B) but exhibits multiple
detachment levels (H3 and H4) towards the toe of the landslide (Fig. 9B). The total thickness of the
MTD unit reaches about 75 m (0.1 s TWT) and is composed of blocky or irregular top and bottom
surfaces. It extends for at least ~8 km from the headwall scar located at the steeper east limb of the

anticline. The youngest glide plane identified below SL.37 is H3 (ca. 1.8 Ma) (Table 2).

4.2 Well-logging and lithologic properties of slope sediments and glide planes
4.2.1 Sedimentary facies

The sedimentary facies (Table S2) of the intervals directly above and below the major glide planes
H6, H5.4, H5.3, H5.2, H5.1, and HS are compared in detail for their physical properties measured by
Multi-Sensor Core Logger (MSCL) —Whole Round (-WR) and Split (-S), Logging While Drilling
(LWD), grain size and texture in figure 10A-B. Sedimentologic changes are typically within half a meter
to a meter. We assume the thickest and dominant sedimentation in a zone up to a few meters thick
represents the glide plane physical properties. We correlate these horizons with the seismic profiles that

have a maximum resolution of about 4 m.

Main sedimentary facies of the major glide planes include bioturbated mud (BM), homogenous
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mud (HM), and crudely laminated mud (CLM). Oblique-laminated mud (OLM) and mud-clast mud
(MCM) intervals typically overlie the glide planes (Fig. 10; see Horozal et al., 2015 for details). The
BM facies are interpreted as hemipelagic sediments formed under well-oxygenated (interglacial and
deglacial periods); CLM facies are inferred to have been deposited in poorly-oxygenated water
conditions (glacial periods) (Bahk et al., 2000). OLM/MCM facies are interpreted as MTDs derived
from the upper slope (i.e., slide/slump, debris flow deposits; Bahk et al., 2016).

The glide plane H6 lying at 108 mbsf coincides with BM facies and is overlain by CLM dominated
facies (Fig. 10A; Table S3). The glide plane H5.4 at 129 mbsf is overlain by OLM/MCM facies and
underlain by BM facies (Fig. 10A, Table S3). The H5.3 lies at 141 mbsf and coincides with an interval
separating a BM facies above and CLM facies below (Fig. 10B). The glide plane of the reference profile
(Fig. 3), H5.2 at 149 mbsf, is a boundary separating CLM facies above and BM facies below (Table S3).
The H5.1 is at 159 mbsf, comprising BM facies above and CLM facies below (Table S3). H5.1 is at 159

mbsf, which also shows abrupt physical properties changes above.

4.2.2 Well-logging properties of slope sediments and glide planes

The gamma-ray (GR) values in the cored interval where inferred glide planes are identified range
between 30 and 120 API (Fig. 10). The bulk density ranges between ~1.5 and 1.8 g/cm® and follows
similar trends to the GR (Fig. 10). Typically, bulk densities show higher values at the glide planes (e.g.,
HS5.1, H5, H5.2, H5.3, and H6) and lower values immediately above the glide planes (Fig. 10). P-wave
velocity converted from sonic-log values (DT) generally ranges between about 1450 and 1650 m/s. The
inferred glide planes are characterized by relatively higher P-wave velocities (Fig. 10). Resistivities are
typically less than 1.0 ohm-m, while significant resistivity anomalies, reaching ~5.0 ohm-m, occur
where there is hydrate accumulation in pore fillings or cracks (Fig. 10). Overall, the inferred glide planes
are associated with lower porosities. The lowest porosities (ca. 30%) are recorded within interpreted gas

hydrate-bearing zone.

4.2.3 Physical properties of slope sediments and Factor of Safety (FOS)

The slope sediments consist chiefly of silt with a mean grain size of 6.7 phi (¢) (Fig. 11). Overall,
wet bulk density shows some minor fluctuations in the range between 1.4 — 1.7 g/cm®. In contrast, the
shear strength shows a marked variability down the well and displays a sharp drop at ~105 mbsf
coinciding with the zone above the glide plane H6. The shear strength above H6 shows a prominent high
peak (~100 kPa) and drops to ca. 30 kPa along the H6. However, the shear strength values below ~30
m are not reliable because the sediments below may have experienced significant deformation during
the submarine landslide events and/or removal of in-situ conditions and overburden stress during coring

operations. We, therefore, derived the shear strengths for our assessment from the vertical stress (Cu/c’v)
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for 0.2 and 0.4, which is the range for normally consolidated marine sediments. The red dashed line in
figure 11 marks the lower limit of shear strength for normal consolidation (Cu/c’v=0.2); we consider
values below 0.2 as dubious. However, the measured shear strength values over the glide plane H6 (at
108 m) are consistent with derived shear strength values for the normally consolidated sediments. Shear
strength measurements under the limit of normal consolidation mostly coincide with MTD units shaded

in gray (Fig. 11).

The uppermost (<30 m) slope sediments, in which the shear strength values are most reliable (see
above), are relatively stable (FOS > 1) under static and seismic conditions (Fig. 11). However, if we
introduce 50% overpressure in the stability calculations, the values of FOSstatic with overpressure and
FOSseismic with overpressure drop to less than 1.0 at 25 m, coinciding with the location of the glide plane
H10. These results suggest that even with a considerable ground acceleration (Mw 5; ke = 0.1), a slope
failure is not initiated as FOSeq is over 1.0. Hence, additional factors such as overpressure or a stronger
earthquake are necessary to set off landslides at present. Given the lengthy time scale of these strata (2
+ million years), it is highly likely that earthquakes much stronger than M~5 affected this area. There
are many good examples of historic M>7 intra-plate or back-arc earthquakes (e.g., the AD 1755 Lisbon
earthquake (Silva et al., 2021); 1811-1812 New Madrid earthquake (Mueller et al., 2004)). Even if such
strong earthquakes only happened every 100,000 years, that would still be 20 events in 2 million years.
Hence large events with long recurrence intervals could have impacted our study area. Previous studies
from the northwestern margin of the UB also suggest that a minimum of 70% of overpressure would be
needed to drop FOS to 1.0 at the proposed failure plane (Cukur et al., 2020). Similarly, in this study,
FOS calculated under earthquake loading with an overpressure of 75% using derived shear strengths
and overburden stress (Cu/o’v=0.2) from bulk densities indicates slope instability (Fig. 11), but 50%

overpressure for the same parameters results in stability of the slopes (FOSstatic and eq >2.0).

4.2.4 Mineralogical and elemental compositions

XRD (Fig. 12; KIGAM, 2011) analyses were carried out on sediments at Site UBGH2-1 1 to
reveal the mineral composition of slope sediments. The terrigenous (Quartz(Qz) + Albite + K-
Feldspar(Fsp)) fraction ranges between 18 and 46% (mean: 33%) and the biogenic (Opal-A + Calcite +
Dolomite) fraction ranges between 18 and 65% (mean: 36%), respectively. The clay minerals include
muscovite, chlorite, kaolinite, and illite, and the total clay volume of sediments ranges between 16—43%,
with an average of 30% (Fig. 12). Lower concentrations of Opal-A and higher concentrations of
terrigenous and clay contents correlate well with glaciations and/or lower sea levels and also coincide
with the inferred glide planes. MAD and LWD densities and GR consistently increase in these intervals
(Fig. 12), whereas porosities decrease. It is striking that major glide planes (i.e., H5, H5.1, H5.2, H5.3,

H5.4) occur in sedimentary intervals associated with the least Opal-A (Fig. 12), whereas the sediments
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overlying glide planes (weak layers) have the most.

Bahk et al. (2016) used XRF geochemical data (Ti, Ca, and Br) to document compositional
changes correlated to LWD logging data. Here we examine the same data to determine compositional
changes associated with the inferred glide planes (Fig. 13). The inferred glide planes are commonly
associated with low Br/Ti and Ca/Ti values (Fig. 13), which reflect low algal (Br) and carbonate (Ca)
productivity relative to the terrigenous (Ti) supply. This observation is consistent with the deposition of
glide plane sediments (low Br and Ca) during glacial periods when surface productivity might have

reduced significantly.

We made binary diagrams using XRD and LWD log data to (1) document any relationship between
the composition of the slope sediments and (2) outline those measures that are within 4 m depth range
of the seismic horizons for calculated seismic resolution thickness (colored points in Fig. 14) to identify
if they have distinctive compositions. Binary diagrams for the XRD data (Fig. 14A-C) show a negative
correlation between clay versus (vs.) biogenic content (R?=0.76), Opal-A vs. clay content (R>=0.46),
and terrigenous vs. biogenic sediments (R>=0.66). These diagrams suggest that the dominant controlling
factor in this sequence is biogenic productivity. Although weak (R?>=0.3), there is a positive correlation

between GR and density.

Binary diagrams give also some information about sediment composition and physical properties
associated with the inferred glide planes within the seismic resolution of 8 meters (colored points in Fig.
14A-D). The sedimentary beds associated with glide planes are mainly concentrated in the end members
of the compositional continuum of the sediments (i.e., high clay content, density, GR; Fig. 14A-D). In
particular, the beds with the labeled depths in which we picked a seismic to well tie, appear to be
compositionally different than the majority of the background sediments (black dots) and are therefore
very likely associated with the reflections corresponding to the possible glide planes. These types of
binary diagrams are important for recognizing the lithology of possible glide planes even though the

resolution from seismic profiles is only 8 meters.

5. Discussion
5.1 Climate controls on the development of weak layers and glide planes

Submarine landslides detach and initiate motion along weak layers or glide planes, and
determining the nature and age of these planes is critical to understand landslide occurrences. Using
marine oxygen isotopes on benthic foraminifera together with well logs (i.e., GR, density, and p-wave
velocity) to determine climatic cycles and mineralogical contents of sediments (e.g., biogenic opal vs
clays), it was showed that climatically-induced modulation of the sediment composition occurred on the
western slope of the UB since 2.6 Ma, with an increased abundance of terrigenous components relative

to biogenic components during interglacial periods (e.g., Tada et al., 1999; Bahk et al., 2016). The high
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biogenic opal contents in the East Sea have been attributed to enhanced productivity in a marine
environment associated with high sea levels (Kido et al., 2007; Khim et al., 2007). In this study, age
estimates derived from seismic- to well-tie and their comparison to marine isotope stages (MIS) suggest
that deposition of strata associated with glide planes corresponds to sea level low stands with a vertical
seismic error limit of £ 4 m and an age error limit between +35 kyr (Fig. 15). When the error range is
plotted on the LR04 curve, it is evident that the gray bands outlining the age limits of the glide planes
(as defined between H8 and HY) still fall into the glacial periods on the southwestern and western
margins of the UB (Fig. 15). This suggests that climate modulation leading to variations in the sediment
composition was the dominant factor determining the stratigraphic position of glide planes. XRD and
XRF sediment analyses also support this correlation because the abundance of terrigenous minerals (i.e.,
quartz + feldspar + clay) relative to biogenic components (i.e., opal + calcite) increases during

interpreted glacial intervals (Figs. 12 and 13).

Although our findings could be regarded as a typical example of the effects of climate change on
submarine landslides, other studies have also suggested that climate can precondition the formation of
glide planes on a large, global scale. For instance, Gatter et al. (2020) suggest that lithological contrasts
(i.e., overlying sandy contouritic sediments and softer underlying mud-rich sediments) due to changes
from cold and uniform to warm and variable climatic conditions played a key role in the location of
failure planes in the ~2.8 k.y.-old AFEN slide offshore of the Faroe Islands in the North Atlantic.
Similarly, Badhani et al. (2020) suggest that lithological heterogeneity (i.e., clay rich material
contrasting with the overlying turbidite deposits) caused by climatic changes is a key to the localization
of seafloor instability in the Gulf of Lion in the Mediterranean during the LGM. Source areas for
submarine landslides offshore NW Africa in the Central Atlantic have been associated with weak layers
containing abundant marine diatoms (siliceous microfossils) overlain by clay-rich interbeds deposited
at the end of glacial periods (Tiedemann, 1991; Meckler et al., 2013; Urlaub et al., 2018). Our results
from the relatively restricted East Sea Basin further outline that climatic preconditioning of submarine

landslides was a common process during Pliocene to Quaternary glacial cycles.

5.2 Sedimentological and geophysical characteristics of the glide planes

The identification and characterization of glide planes and weak layers are important to understand
the mass wasting processes and to correctly perform geohazard assessments (L’Heureux et al., 2012;
Baeten et al., 2014; Badhani et al., 2020). In the study area, MCS data reveal that the glide planes form
positive polarity, high-amplitude continuous reflections that separate chaotic reflections of highly
deformed MTD units from the underlying undisturbed slope-parallel sediments (Figs. 5-9). The strata-
parallel or planar glide surfaces in the UB slopes further suggest the dominance of translational slides
over rotational failures (Baeten et al., 2014; Llopart et al., 2015; Krastel et al., 2018). This behavior is

similar to that of sediments mobilized along bedding planes containing discrete weak layers (Hampton
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and Lee, 1996; Harders et al., 2010). Seismic correlation in the southwestern and western margins of
the UB further reveals that a single glide plane is commonly shared by small (<50 km wide) clusters of
landslides (Table 2). This observation strongly suggests that landslides initiated along weak surfaces and
were limited by the number and distribution of the weak layers above the glide planes (Figs. 5-9). We
discuss below key geophysical and sedimentological characteristics of the planes, which could be used
in the future to identify potential (yet-inactivated) failure surfaces in the East Sea using geophysical data

(e.g., seismic reflection, LWD density, and GR log), with or without sediment coring.

As already discussed above, the terrigenous (clay-rich) sediments in the East Sea deposited during
glacial (low stand) periods, while biogenic opal-rich sedimentary intervals developed during interglacial
(high stand) periods (Bahk et al., 2016; Tada et al., 1992, 1999 and 2018). New seismic and core
integration provides important constraints on the composition of the glide planes, suggesting that they
are associated with high density and velocity that correspond to clay-rich layers deposited during glacial
periods (Figs. 3, 12, and 14, and previous section). In the study area, clay-rich layers produce a strong
positive reflection in seismic reflection profiles (Figs. 3, 7 and 8). In contrast, the sedimentary beds of
low density and velocity, high porosity, and high biogenic opal content that deposited during the
interglacial periods seem preferentially associated with high amplitude, negative-polarity reflections
overlying the inferred glide planes (Figs. 3, 7, and 8). This (apparently) simple correlation between
seismic and core data could prove useful to identify landslides in the making in East Sea sediments, as

is also further discussed below using well log and core data.

The cyclic variations in the LWD density and GR logs at Site UBGH2-1 1 cannot be attributed
to changes in grain size (sand to mud ratio) because the recovered sediments are dominated by fine silt
(90%) throughout the drilled interval with uniform mean grain sizes mostly between 5.8 and 7.24 ¢
(Bahk et al., 2016). Although the sediment size is remarkably uniform (Fig. 11), the sediment mineralogy
shows a higher variability in the XRD data (Fig. 12), in particular total biogenic (siliceous) vs. total
terrigenous (feldspar + quartz + clay) contents. Major glide planes correlated to the XRD data
correspond to interfaces between the clay-rich terrigenous and opal-rich biogenic sediments, which are
also reflected by distinct changes in porosity and other aforementioned physical properties (Figs. 10 and
11). In biosiliceous sediments, the GR and density values decrease as diatom content increases (Tada et
al., 2018) because diatom frustules have high internal porosity (at low overburden stresses at least) and
biogenic opal and organic matters are non-radioactive (Bahk et al., 2016). As shown in the well-log and
core sample data, the diatomaceous opal-rich intervals are characterized by high porosity, high water
content, low density, and high Br/Ti geochemical ratio in the inferred interglacial periods (H5.2 and
H5.1) that typically occur in intervals just above the glide planes. In contrast, the low stand clay-rich
intervals deposited during glacial intervals (Figs. 10A-B and 13) are characterized by low porosity (and
likely low permeability), lower water content and high density (Figs. 10A-B), and high Ti content (Fig.
11). An important implication of preceding observations is that high water content could elevate pore

water pressure within diatom-rich, weak layers, thus promoting slope failures, e.g., following an external
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trigger such as an earthquake, or an internal trigger such as pore pressure buildup in response to sediment

burial and loading.

Although relative clay abundance could be regarded as the dominant factor controlling the
formation of landslides in the study area, diatoms are also known to significantly influence the
geotechnical properties of sediments, even in minor amounts. Water content, permeability,
compressibility, and friction angle all increase with the abundance of diatoms in the sediment (Bryant
et al. 1981, Tanaka and Locat, 1999; Wiemer et al., 2017). In biogenic opal-rich layers, additional
porosity is provided by unfilled individual diatom frustules. These porous, diatom-rich layers could
generate excess drainage of pore fluids during their burial due to their high initial water content and
compressibility (Tanaka and Locat, 1999; Urlaub et al., 2018). Because of the relatively low porosity
(<50%) and low permeability of the overlying clayey deposits, excess pore pressure can build up at the
boundary between diatom-rich and clay-rich lithologies, ultimately forming weak layers. In other words,
it is to be expected that high clay and diatom abundances in discrete sediment layers control together

landslide formation in the East Sea.

To better understand the role of pore pressure, we calculated the FOS values using derived
undrained shear strengths (assuming Cu/c'v=0.2 as the lower limit) of normally-consolidated sediments.
Slope sediments are stable under static conditions with excess pore pressures of 50% to 75%. Even if a
seismic acceleration coefficient is applied (i.e., pink squares in figure 11), the required excess pore
pressure would need to be 75% or more. Reaching such value in the study area is geologically feasible
given that pore water saturation can exceed 75% in the opal-rich intervals that are typically associated
with the glide planes (Fig. 12). These observations are consistent with our inference that the slope
failures in the southwestern and western margins of the UB initiated along seismically-identifiable,
lithological interfaces that formed during cyclical transition from warm (interglacial) to cold (glacial)

climatic conditions.

5.3 Timing of formation of the submarine landslides

The timing of formation of the studied submarine landslides was estimated using
biostratigraphical and tephrochronological constraints from previous drill sites (e.g., Bahk et al., 2016)
and our regional seismic correlations. Specifically, an age of ca. 1.2 Ma is inferred for the seismic
horizon H5, the youngest age estimation for the glide plane of SL34 (Tables 1 and 2). For SL35, 36, and
37, the estimated ages of the glide planes are ca. 2.14 Ma, 1.56 Ma, and 1.88 Ma, respectively (Table 2),
coinciding with the end of glacial (H4) and interglacial epochs (H3 and H2). Hence, glide planes on the
northwest UB margin appear to be much older (ca. early Pleistocene - late Pliocene) than their
counterparts on the western and southwestern basin margins (< ca. 1.2 Ma). This trend correlates with

regional changes in sedimentation rates, which seem to be low within the uppermost slope sediments on
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the northwestern slope (approximately 3 cm/kyr; Cukur et al., 2020) compared to the rest of the study
area (approximately 10 cm/kyr; Cukur et al., 2016.); the age of deposition of the uppermost slope
sediments in the northern area was estimated to be more than ca. 1.2 Ma just a few tens of meters below
the seafloor (Fig. 9B). In addition, the age of horizon H4 matches well with the age data from the DH-
1 hole (Fig. 9B), where a tephra (volcanic ash) layer at subsurface depths of 20.1 to 20.5 m yielded a ca.
1.48 Ma K/Ar date (Kwon et al., 2009). Finally, the Brunhes-Matuyama boundary that represent the
Earth's latest magnetic field reversal event at ca. 778 ka was identified based on paleo-magnetic data at
17.5 mbsf in this hole (Lee et al., 2013). Overall, these observations reveal that the ages of the strata
where glide planes are rooted become older on the northwest slope of the UB, with ages from about 1.2
to 2.14 Ma (green dashed lines; Fig. 15). Possibly lower sedimentation rates in the northern area could

be due to local uplift and/or bottom current erosion.

A minimum age of landslide formation can be constrained based on the age of seismic reflectors
directly on top of associated MTDs, which represent sediments deposited after failure (e.g., Urlaub et
al., 2019). Applying this approach and our preceding age interpretations, we find that the failure events
in the western UB occurred between ca. 130 ka and 1.25 Ma (MTD U6-1A — U2-1A; Fig. 4). These ages
are consistent with the age models given in Cukur et al. (2016) based on a similar integrative approach
of seismic data and core sediment ages. The established age model by Cukur et al. (2016) from the
western slope of the UB indicates that the MTD unit that are underlain by hemipelagic sediment is older
than 97. 4 ka. However, they are significantly younger than the age of the glide planes on the northwest
slope of the UB (ca. 1.2 to 2.14 Ma, see above). Despite obvious regional changes in the timing of
landslide formation, the relatively limited level of detail of sedimentation ages in the study area does
hampers determining if cyclical climatic conditions in the East Sea (e.g., as discussed in Section 5.3),
regional tectonic events (e.g., Lee et al., 2001; Cukur et al., 2016), and/or volcanism (e.g., Shiihara et

al., 2013; Lim et al. 2015), played a direct role in the timing of formation of these landslides.

5.4 Contrasting post-failure styles of submarine landslides

Submarine landslides show contrasting failure styles along the southwestern, western, and
northwestern margins (Figs. 5-9). The majority of failures show wedge-shaped MTD units immediately
below headwall scarps, indicating that some slid material remained on the slope (e.g., Figs. 5 and 6). In
contrast, some landslides on the mid-western slope show complete removal of slid material within the
headwall area (i.e., SL28; Fig. 7A). The absence of MTDs may suggest that the slid material

disintegrated downslope, possibly evolving into turbidity currents.

The differences in post-failure styles of the landslides may result from their sediment
compositions and mechanical properties, slope gradients, and trigger mechanisms (Yang et al., 2006;

Casalbore et al., 2016; Sawyer et al., 2012, Moore and Sawyer, 2016). Sawyer et al. (2012), based on
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mudflow experiments and other early studies (e.g., Elverhei et al, 2000; De Blasio et al., 2004, 2006;
Issler et al., 2005; Locat and Lee, 2005; Jeong, 2010), showed that water and clay-content control the
dynamic post-failure behavior of submarine landslides. They demonstrated that sediments with low
water contents and/or high proportions of clay-sized grains (~35 %) produce blocky slides found next
to the scars, whereas those with high water contents and/or coarse to high silt-sized grains rapidly

disintegrate.

Despite a silt-dominant grain size (Fig. 11), XRD data from the southwestern basin margin
indicate that slope sediments contain considerable amounts of clay minerals (mean value of 30%; Fig.
12). This relatively large clay component is consistent with the presence of relatively cohesive landslide

deposits with short run-out distances (Figs. 5 and 6; see also supplementary figures 2 and 3).

It is not well-understood how grain size and water content interact to affect landslide post-failure
behavior. Sediment with ~35% clay fraction can behave as a fast-moving turbidity current or a slow-
moving slump simply by reducing the initial water content (see also Jeong et al., 2022). Sediment with
a given water content can have significantly different dynamic behaviors by changing the ratio of silt to
clay fractions (Sawyer et al., 2012). Based on these observations, blocky deposits (Figs. 5, 6, and 9, S2
and S3) moving relatively short distances from a source region might be attributed to a relatively low
flow factor. In contrast, fully evacuated (i.e., SL 28; Fig. 7A) or very thin (SL29; Fig. 7B) landslide
deposits may be due to increased water (and related low consolidation) and/or reduced clay content. In
this type of failure, the landside deposit is typically thin and tabular, generating a co-genetic turbidity
current (Sawyer et al., 2012).

There is no correlation between slope gradients and the development of arrested vs. evacuated
MTDs on the UB margins. The gradients of the uppermost slopes, where the headwalls of scars form,
are relatively constant throughout the study area. In the southwest (SL14 — 23) where the arrested slid
blocks are common, slopes range from 1.5-6° with an average of 3.7°. On the western margin (SL24 —
33), where arrested sediments are thinner or absent, slopes range between 2.7° and 4.5° with an average
of 3.4°. On the northwestern margin (SL34 — 36), where landslides deposits are blocky, the slope
gradients in the source area range between 1.2 and 3.5° with an average of 2.4° (Horozal et al., 2018).
Hence unlike the other landslide-prone continental margins, for instance the eastern Canadian margin
(Piper et al., 2012) and the Cascadia margin (Riedel et al., 2018), the regional slope gradient does not
influence the type of landslides whether they break up and accelerate as a debris flow or turbidity

currents or whether they come to rest near their source.

The different characteristics of landslides (blocky vs disintegrative) may be related to the depth
of the weak layer on which the landslide originated. If the weak layer on the upper slope occurs relatively
deep (Table 2) and extends into the consolidated strata, the sediments would then remain relatively
cohesive not being able to form turbidities. Stronger or consolidated sediments are more likely to remain

intact during a slope failure and produce a blocky MTD such as those observed in the Oregon continental
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margin (McAdoo and Watts, 2004; Lenz and Sawyer, 2021), offshore Papua New Guinea (Tappin et al.,
2002), and offshore Southern California (Watts, 2004). In contrast, the weak layers that occur shallower
in the sedimentary sequence would even mobilize cohesive sediments, and this might be the reason why
they are characterized by more extensive landsliding. The presence of weak layers (i.e., sand and silt
turbidities) in shallow strata could readily shear during earthquake loading and downslope movement

resulting in large retrogressive failures of the surficial sediments (Piper et al., 2012).

Contrasts in landslide development and deposit morphology could also be due to variations in the
amount of entrapped fluids in sediments along the strike of the basin margin. With significant variation,
in the amount of these entrapped fluids, changes in slope angle, the magnitude of earthquake trigger, or
sediment characteristics would not be required to explain changes in landslide behavior. Seismic data
show extensive evidence of fluids adjacent to the landslides, indicated by the presence of seismic
chimneys and enhanced reflections below the bottom simulating reflectors (BSRs) (Fig. 2). These fluids

may have been transported upward along faults or other pathways (Fig. 2).

5.4.1 Internal slide-blocks of MTDs

We document triangle blocks or pinnacles (intact sediment ridges or blocks with undisturbed
continuous seismic reflections) in MTD units (Figs. 5, 8B, and S2B), characteristic of sediment failure
into coherent blocks displaced downslope along a planar glide plane (e.g., Micallef et al., 2007; Bull et
al., 2009; Sawyer et al., 2009; Baeten et al., 2013; Kvalstad et al., 2015; Normandeau et al., 2019). The
seismic facies between internal blocks are chaotic, suggesting a highly deformed and fractured mass
(Fig. 8B) (Baeten et al., 2013). These triangular blocks or pinnacles are still attached to the underlying
glide plane, and have not been rotated or overturned (Figs. 5 and 8B), despite extensional dilation seems

likely.

A similar phenomena is observed in the Ursa Basin, Gulf of Mexico (Sawyer et al., 2009), where
the basal layer of MTDs (glide planes) is a foraminifera-rich clay layer, and only minimal sliding
occurred along this surface before all movement ceased (Sawyer and Hodelka, 2016). Sawyer and
Hodelka (2016) postulated that as the landslide initiated and shearing continued, foraminifera may have
caused the clay to dilate, reducing pore pressure and thereby arresting the movement. We similarly
suggest that slope sediments, rich in biogenic opal and clay (Figs. 12 and 13), played an important role

in both initiating and arresting stages of the UB slope failures.

Based on outcrops in SE Crete and Spain, Alves (2015) suggested that clay in the matrix of blocks
transported en-masse contributed to maintaining their internal cohesion when transported downslope.
The XRD analysis in the UB shows higher clay mineral content of slope sediments, reaching up to 45%;
Fig. 12). It is possible that relatively high clay contents (>30%, Fig. 12) could control the post-failure,

cohesive blocky behavior of the sediments in the southwestern and western slopes in the UB. It is also
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possible that here the slope angle (< 3°) and release energy were not big enough to allow further
downslope sliding. The observation of slide blocks in the area definitely shows that the sediments were

cohesive enough relative to the slope so that they did not entirely disaggregate when they started to glide.

6. Conclusions

e By combining multichannel seismic reflection data, multibeam bathymetry, core and logging
data from deep drill cores, we identified and characterized glide planes upon which a large

number of submarine landslides have occurred in the Ulleung Basin margins.

e The basal surface of landslides (or glide planes) is rooted on a high-amplitude continuous
reflection that is regionally mappable and parallel to slope stratification. This suggests that
submarine landsliding in the southwestern, western, and northwestern margins of the UB are

translational and stratigraphically controlled.

e The major glide planes for submarine landslides are rooted on strata yielding ages ranging
between ca. 340 ka to 1.2 Ma (H8 and HS5, respectively) in the southwestern and western
margins. These planes correspond to sediments deposited during glacial periods and sea-level
low stands. The H6 reflector is the glide plane of slides SL.14 to SL18 in the southwestern
margin. H6 yields an age of ca. 630 ka, when the sea level was the lowest (~120 m lower than
the Present). In contrast, the geological ages of submarine landslides are older on the
northwestern margin of the basin, ranging between ca. 1.53 Ma and 2.14 Ma (H4 and H2,

respectively).

e The seismic-to-core correlation suggests that the slope failures preferentially occurred along
diatom-rich sediments that deposited cyclically in the Quaternary during inter-glacial periods
and sea level highstands. High initial porosity of these layers led to excess pore pressure during
burial, ultimately promoting slope failures. Therefore, long-term climatic modulations exerted

a first-order control on slope stability through variations in sediment composition.

o Three contrasting styles of post-failure behavior are observed along the southwestern, western,
and northwestern basin margins; (1) landslides with complete evacuation of the slide area; (2)
landslides with a cohesive failure style where a significant part of the failed material remains
on the source area and partially buttresses the failure scar; and (3) landslides with intact
sediment blocks in front of the headwalls. The contrast in post-failure behavior of these

landslides can be attributed to variations in sediment clay and/or water contents.
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Figure 1. (A) Index map showing topography and bathymetry of the East Sea and its surroundings.
SKCC= South Korea Coastal Currents; TWC= Tsushima Warm Current; NKCC= North Korean Cold
Current. (B) Multibeam echosounder bathymetry with location of seismic reflection profiles (white
lines) and boreholes in the Ulleung Basin, East Sea. GP= Gangwon Plateau or previously Western
South Korea (WSKP); UP= Ulleung Plateau or previously Eastern South Korea (ESKP); KG= Korea
Gap or previously Ulleung Intraplain Gap (UIG); HP= Hupo Bank; OB= Oki Bank. (C) Slope gradient
map of the UB showing the headwalls of submarine landslide scarps (designated by numbers) along
the UB margins (see Horozal et al., 2018, for details). Submarine landslides (SLs) examined in this
study are divided into three groups based on their geographic location, SL14 — 23: southwest (SW),
SL24 — 33: west (W), and SL34 — 38: northwest, (NW).
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Figure 2. (A) Uninterpreted E-W-trending reference seismic profile from the western slope showing the
locations of three boreholes UBGH 1-01, 2-1 1, and 2-1 2. (B) Close-up seismic profile highlighting
the high amplitude positive polarity seismic reflection (marked by arrows) corresponding to the glide
plane of the SL22. (C) Interpreted seismic profile of Fig. 2(A) showing stacked mass transport deposits
(MTDs) at the base of the slope, and prominent high-amplitude reflections interpreted as BSRs and
associated gas/fluid structures, i.e., seismic chimneys (SCs). 10 main (H10— H1) and 4 sub-horizons
(H5.4-5.1) are tracked throughout the profile. The yellow bold line in the index map represents the
location of the profile shown in figure 2A-C; the white line denotes the location of the N-S arbitrary line
that helped track the seismic horizons throughout the margin (see Fig. S1 for the arbitrary seismic
profile).
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Figure 3. Final synthetic seismogram from which a time-depth (t-d) relationship for well 2-1 1 was
established. The synthetic seismograms show a correlation ratio of ~0.66. Note that the inferred glide
planes (dashed lines) correlate well with positive excursions in velocity and density.
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Figure 4. Close-up seismic profile of figure 2 showing the seismic-to well tie of three boreholes
(UBGHI1-1, UBGH2-1 1, and 2-1 2). Superimposed on the seismic profile are gamma-ray (GR),
density (RHOB), and sonic (DT) log measurements. Curves on the right panel represent GR-logs in age
scale taken from the drilling sites UBGH 2-1 1 and 2-1 2 and ODP 798 (black curves), which was
correlated (Bahk et al., 2016) with the LR04 marine isotopic stack (orange curves) from Lisiecki and
Raymo (2005). RB=regional boundaries; MTD U= mass transport unit.
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Figure 5. (A) W-E trending seismic profile traversing SL16 and displaying a buried slide scar in the
upper slope (~185 mbsl) and a modern seafloor scar (~60 m high) in the lower slope (~520 mbsl water
depth). The chaotic seismic reflections, interpreted as MTD units, are seen downslope of the headwall
scarp. The seismic profile also shows an intact sediment block immediately below the headwall scar and
numerous listric faults extending to the seafloor. Farther downslope, a prominent slide block, and
numerous stacked MTDs are visible. (B) Close-up of the seismic profile shown in (A) displaying the
tracked seismic horizons. H6, which sits beneath the MTD unit, forms the glide plane of SL16 and is
characterized by a high-amplitude continuous seismic reflection parallel to the slope stratigraphy. The
depth of the glide plane below the location of the uppermost scar (crown-crack/ depression) is about 130
m whereas the base of the gas hydrate stability zone in the area is ~5 m and pinching-out on the seafloor
slightly upslope from this location (see Horozal et al., 2017, for details). The depths of glide planes and
BGHSZ are listed for each profile in Table 2.
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Figure 6. W-E —trending seismic profile traversing the SL27 on the western margin. H5.3, characterized
by continuous high-amplitude reflection, represents the glide plane of SL27. The upper headwall of
SL27 is about 30 m high. Adjacent to the eastern edge of the slide scar is a wedge-shaped MTD unit
characterized by chaotic to transparent internal reflections. A prominent slump body with hummocky
morphology is present further downslope.
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profiles. Close up seismic profiles showing the high-amplitude positive polarity reflectors representing
glide planes and the overlying negative polarity reflectors that probably corresponds to the opal-rich
layers. See the inset maps for the line locations and figure 2 for the color codes to key seismic horizons.
Note that both SL28 and SL29 share the same glide plane, H5.3.
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Figure 9. (A) Seismic profile from the northwestern margin traversing the SL35 in the W-E direction.
H2 (olive horizon) corresponds to the glide plane of SL35 and separates chaotic seismic units above
from well-stratified seismic units below. The headwall scarp of SL35 is located immediately below the
folded and uplifted strata. (B) Arbitrary seismic profile crossing SL36 and hole DH-1. The headwall
scar is found at the steepest eastern flank of the uplifted zone. Sequential multiple landslide events, as
observed from multiple MTD units and glide planes, may have taken place at ca. 2.14 Ma, where H2 is
defined as the basal glide plane which underlines the deepest MTD unit at the base of the slope. The
Hole DH-1 was drilled and cored up to 23.6 m depth (Kwon et al., 2009) on the northwestern margin
nearby SL35. Seismic- to core-tie is performed using acoustic velocities of sediment samples measured
by Ryang et al. (2014).
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Figure 10. (A)-(B) X-radiographs and digital core images plotted with physical properties measured via
LWD and on sediment samples of the drilling site UBGH2-1_1. The sedimentary units of cored sections
consist of thin layers (<1 m thick) of BM interbedded with HM and CLM facies. Occasionally, facies
of DFM/DFS and ILSM, LSM/LS, MS, and OLM/MCM occur as well. Silt is the dominant lithology (>
90%) throughout the cored interval. Generally, the inferred glide planes (dashed lines) are associated
with higher bulk densities, GR, and P-wave velocities. In contrast, porosities show lower values at the
glide planes. Yellow arrows mark the locations where densities show sharp decreases above the inferred
glide planes. Glide planes are shaded in pink with an uncertainty of #4 m owing to the vertical resolution

of the seismic data.
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Figure 11. Vertical profiles of volume percent, mean grain size, wet bulk density, porosity, water
content, undrained shear strength, and factor of safety (FOS) calculations under undrained conditions
and for normally consolidated sediments (Cu/c’v=0.2 and 0.4) from the core samples retrieved from the
Hole UBGH2-1_1D. The sediments consist dominantly of silt. In a given sampling interval, variations
in wet bulk density generally exist at the stratigraphic units above and below the inferred glide planes
(e.g., H8, H7, H6, H5.4, H5.2, H5.1, and H5 marked with red dashed lines). Porosity and water contents
decrease at units below and increase at units above the glide planes. Shear strength and FOS values drop
drastically below about 108 mbsf, coinciding with the H6 glide plane. Our model calculations show that
the present-day slope sediments <30 m are relatively stable under static (FOSsatic >1.0) and seismic
conditions (FOSseismic >1.0). However, when including a 50% pore pressure, the FOS falls below 1.0
within the core depth of 25 m even under static conditions (FOSstatic with overpressure). The red dashed line
marks the lower limit of shear strength for normal consolidation (Cu/c’v=0.2). Shaded zones in cyan
represent potential gas hydrate-bearing layers while gray-shaded zones represent MTD units. Gray
shaded lines represent upper and lower limit of glide planes with an interval of 4 m owing to the vertical
resolution of the seismic data.
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Figure 12. XRD mineralogical data and Moisture And Density (MAD) measurements of the Hole
UBGH2-1_1D, and logging-while-drilling (LWD) gamma-ray (GR) and density and TNHP porosity
measurements in the Hole UBGH2-1_1A. Overall, low Opal-A and biogenic total, representing the
poorly-oxygenized dark muds formed during the glacial periods or sea-level low stands, are inversely
correlated to the total Terrigenous and Clay contents. These intervals correspond to high density, low
water content, and porosity. Blue bands on the plots represent inferred intervals of glacials or
interstadials forming dark muds with higher clay and low biogenic Opal-A contents. Dashed lines denote
inferred glide planes from H10 to H4, with MIS interpretations shown in figure 12. The blue curve over
the TNHP log in black represents the moving average of TNHP porosity. Gray shaded lines are the upper
and lower limit of the glide planes with an interval of +4 m owing to the vertical resolution of the seismic
data.
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GR and TNPH porosity logs, Opal-A, and XRF readings of

elements and their fractions (Ti, Br/Ti, Ca/Ti) in relation to the inferred glide planes (dashed lines). Ti
represents detrital particles. Br/Ti is an indication of biogenic (algal) productivity and Ca/Ti is a proxy
for biogenic calcium carbonate content. The inferred glide planes correlate with intervals of high density
and GR logs, high Ti fraction, low Opal-A and porosities, and low fractions of Br/Ti and Ca/Ti. Gray
shaded lines correspond to the upper and lower limit of the glide planes with an interval of +4 m owing
to the vertical resolution of the seismic data.
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Figure 14. XRD cross-plots of total clay vs. total biogenic (A), opal-A vs. clay (B), total terrigenous vs.
total biogenic contents (C), and LWD density vs. GR (D). The black points are background data (0—171
mbsf) and the colored data points represent the values within +4 m depth interval of the tracked horizons
between H6 and H5 (108—171 mbsf, depths shown in legend). Labeled depths of data points represent
the highest clay (A-B), terrigenous (C), and density and GR contents (D) as errors between them and
horizon depths are generally in less than £1 m range due to sampling intervals. The sedimentary beds
associated with glide planes are mainly concentrated in the end members of the compositional
continuum of the sediments (i.e., high clay, density, and GR).

Horozal et al. (2023) preprint reviewed version - p.35

https://doi.org/10.1016/j.marge0.2022.106956



https://doi.org/10.1016/j.margeo.2022.106956

i e A ) e L W i i w o wy )
H10 H9 H8 H7 Hé H54 H5.3 H52 H5.1 H5 2 H1
3 Low Low Low Low Low Low Low Low Low Low High High H
< | o9l | | 1 | 1 1 81 ¥ o 1 Blost 1
0 = 1 SUESURSS | BN G s LA NI MO !
g ) g A =
Z o 35} bilft =
= 3 b A IEPY LWL =
s2 LA Y . <
Il {
85 4 f‘: 50 %
(@] 'e 3 v I 8 1 =
Q@ Y I 1 g6 o8 5]
o O 450 ) &
o de Boer et al, 2010 w 100
Licki and Raymo 2005w =]
5 | Hansen etal., 2013 —]
] L I
0 1 Plio-Pleistocene boundary? 2
HI0l  HY| H8| H7| H6|  HS4IHS3H5.2l HS.1  HS) Ha) 'Hs: H2! H1Y s
2.5k o WL . TR < T T T " @)
LD FEEERET EESY o8 TSEELEL e FA e pees 4=eee besee o froscn drrte e A AR Brremmemeeeae| bemosen e e - —O 9=
S 1 i | 1 1 | | I 1 1 1 =
v i I i o | | 1 1 (=i o=
— ! | ! | | d | | 1 1 2 vl
& di 3K i | | | i | | [ L= =
e I I | | { i [ ©
S s : : : : : . =R
v 4> »n
8 83.5¢ | i B i | i g8
I 1 | 1
= |
X © d f : i 1 d i ' --6
o0 4t i RiHIHE : : : :
1
1 | | 1 : | 1 1 1 1 -8
o d wib ' ' ' 1 1 1
4.5 : Lk L I8, I8l — ) H Y | L n LUS, L M | L g
Oq‘é?' IR [ o ‘sm PAEY s‘ugl %7;27“ Pleistocene : 2 Pliocene
W me a3 au s en m2 0 s’ sseom _—
X1,000 years (kyn Million years (Myr)

Figure 15. Modeled sea-level change curves studied by Lisiecki and Raymo (2005), de Boer et al. (2010),
and Hansen et al. (2013) since the Late Pliocene (2.5 Ma), and global temperature changes in equivalent
Vostok temperature gradients (degrees Celcius) inferred based on changes in %0 benthic carbonate in
ocean sediments with marine isotope stages (shown with numbers) from Lisiecki and Raymo (2005) (at
the bottom). Dashed lines denote interpreted horizons from 1 to 10 (H1 — H10) from older to younger,
respectively. Dashed lines in red locate the ages of some of the common glide planes (defined as HS,
H7,H6, H5.4 H5.3, H5.2, and H5) in the western, southern, and southwestern margins. The glide planes
of submarine landslides in the northwestern margin (i.e., H4, H3, and H2 marked by green dashed lines)
are estimated to be older than HS, ranging in age between 1.5 — 2.14 Ma. Gray bands on the top plot
represent the error range of age (35 ky). Cyan-colored bands plot at the bottom represent glacial
intervals in the last Plio-Quaternary.
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Tables

Main Horizons Sub-horizons Age (ca.) Depth (mbsf) Interval
H10 (navy) 130 ka 26 m
H9 (purple) 250 ka 47 m +120 k
H8 (blue) 340 ka 59 m +90 k
H7 (green) 450 ka 81m +110 k
H6 (brown) 630 ka 108 m +180 k
H5.4 (emerald) 790 ka 129 m +160 k
H5.3 (tan) 880 ka 141 m +100 k
H5.2 (light pink) 970 ka 149 m +110 k
H5.1 (sky) 1,090 ka 159 m +90 k
H5 (orange) 1,200 ka 171 m +110 k
H4 (violet) 1,530 ka 207 m +330 k
H3 (pink) 1,880 ka 245 m +350 k
H2 (olive) 2,140 ka 280 m +260 k
H1 (red) 2,410 ka 308 m +270 k

Table 1. List of the correlative seismic horizons, their estimated ages based on the seismic-to-well tie,
and depths in meters below seafloor (mbsf) at the drilling site UBGH2-1 1. Seismic horizons marked
in the bold text correspond to the major glide planes of the submarine landslides defined in the western
and southwestern margins (SL16-33). The glide planes of submarine landslides in the northwestern
margin (SL34-37) are correlated to be older (HS and older; >1200 ka) than those of the western and
southwestern counterparts.
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Sub- (a) Glide planes (b) Depth of (¢) Submarine landslide

marine base of GHSZ scars
land-  ~,, (2) Depth below scar (1) water depth  (2) Height of
slide Horizon below scar headwall of scar headwall scar headwall
number | her headwall (mbsf) (mbsf) (mbsl) (mbsl)
Southwestern margin
SL14 H6 120 60 190 250
SL15 H6 100 20 260 150
SL16 H6 130 5 210 (depression) 10
530 (MBES: 510) 60 (MBES: 80)
SL17 Ho6 130 45 385 70
SL18 H6 80 50 535 100
SL19 H5 75 30 260 (depression) 40
600 (MBES) 75 (MBES)
SL20 Hé6 65 115 420 20
820 (MBES) 60
SL21 H5.2 120 100 480 (MBES:600) 50
SL22 H5.2 130 85 670 (MBES:1030) 110
SL23 H5.2 65 106 870 50
Western margin
SL24 H5.4 75 145 830 75
SL25 H53 & H5 90 165 880 70
SL26 - - - 855 45
SL27 H5.3 110 120 880 (MBES: 830) 30 (MBES: 70)
SL28 H6 40 120 850 (MBES: 848) 10 (MBES: 40)
H5.3 50 150 1200 20
SL29 H53 40 90 880 (MBES: 830) 40 (MBES: 55)
SL30 - 782 (MBES) 65
SL31 {7 85 85 680 (MBES: 622) 40 (MBES: 30)
SL32 H8 85 100 550 60
SL33 H8 65 105 695 70
Northwestern margin
SL34 H5 95 140 450 90
SL35 H2 65 80 492 65
SL36 H4 50 80 540 190
H3 (multiple glide
H2 planes)
SL37 H3 93 75 365 60
SL38 - - - 150 60

Table 2. List of corresponding seismic horizon and depth below headwall scar of the glide plane of each
submarine landslide in the margins of Ulleung Basin. For locations of the numbered submarine
landslides, see figure 1C. Also indicated are the depths of the base of gas hydrate stability zone (BGHSZ)
below the headwall scars, and the water depths and heights of the headwall scarps.
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Supplementary figures

Acoustic Basement

Figure S1. An arbitrary seismic profile traversing through the western margin. This arbitrary line and
the parallel crossing lines were used to track the key seismic horizons throughout the southwestern,

western, and northwestern margins.
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Figure S2. (A-C) W-E —trending seismic profiles crossing SL19, SL.20, and SL21 on the southwestern
margin. H5, H6, and H5.2 sit beneath the SL19, SL.20, and SL21, respectively. The overlying MTD units
show eastward thinning wedge-shaped geometries with chaotic to transparent internal seismic facies.
Well-stratified seismic reflections blanket the MTDs. The headwall scarps of SLs form a step-like

morphology on the modern seafloor with a maximum height of 45 m.
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Figure S3. W-E —trending air-gun seismic profile (A), sparker profile (B), and their tie line (C) crossing
SL32, its headwall scar, and associated MTD units characterized by chaotic reflections. H8 forms the

glide plane of the SL32. Noteworthy also is the presence of triangular sediment blocks within the MTD

unit.
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Supplementary tables (available online)

Table S1. The age-depth correlations defined by seismic to well ties from the study of Bahk et al. (2016)
and this study. Bold texts are ages (ka) and depths (mbsf) correlated with refined synthetic seismograms
in this study showing that they are overall in good agreement with depths- ages correlated by Bahk et
al. (2016).

Table S2. Sedimentary Facies.

Table S3. Sedimentary facies above and below glide planes.
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