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Abstract

Although submarine landslides have been studied for decades, a persistent challenge is the
integration of diverse geoscientific datasets to characterise failure processes. We present a core-log-
seismic integration study of the Tuaheni Landslide Complex to investigate intact sediments beneath
the undeformed seafloor as well as post-failure landslide deposits. Beneath the undeformed seafloor
are coherent reflections underlain by a weakly-reflective and chaotic seismic unit. This chaotic unit is
characterised by variable shear strength that correlates with density fluctuations. The basal shear
zone of the Tuaheni landslide likely exploited one (or more) of the low shear strength intervals.
Within landslide deposits is a widespread “Intra-debris Reflector”, previously interpreted as the
landslide’s basal shear zone. This reflector is a subtle impedance drop around the boundary between
upper and lower landslide units. However, there is no pronounced shear strength change across this
horizon. Rather, there is a pronounced reduction in shear strength ~10-15 m above the Intra-debris
Reflector that presumably represents an induced weak layer that developed during failure. Free gas
accumulates beneath some regions of the landslide and is widespread deeper in the sedimentary
sequence, suggesting that free gas may have played a role in pre-conditioning the slope to failure.
Additional pre-conditioning or failure triggers could have been seismic shaking and associated
transient fluid pressure. Our study underscores the importance of detailed core-log-seismic
integration approaches for investigating basal shear zone development in submarine landslides.

Plain Language Summary

Submarine landslides move enormous amounts of sediment across the seafloor, and have the
potential to generate damaging tsunamis. To understand how submarine landslides develop, we
need to be able to image and sample beneath the seafloor in regions where landslides have
occurred. To image beneath the seafloor we generate sound waves in the ocean and record
reflections from those waves, enabling us to produce “seismic images” of sediment layers and
structures beneath the seafloor. We then use scientific drilling to sample the sediment layers and
measure physical properties. In this study, we combine seismic images and drilling results to
investigate a submarine landslide east of New Zealand’s North Island. Drilling next to the landslide
revealed a ~25 m-thick layer of sediment (from ~75-95 metres below the seafloor) that has strong
variations in sediment strength and density. We infer that intervals of relatively low strength within
this layer developed into the main sliding surface of the landslide. Additionally, results from within
the landslide suggest that the process of landslide emplacement has induced a zone of weak
sediments closer to the seafloor. Our study demonstrates how combining seismic images and drilling
data helps to understand submarine landslide processes.
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1. Introduction

Submarine landslides span a broad range of scales on Earth’s active and passive continental margins
and can incorporate volumes of sediment far in excess of terrestrial landslides (Hampton et al., 1996;
Urlaub et al., 2013). A general feature of submarine landslides is that they often occur on very gentle
slope gradients of less than 2°, and elevated pore fluid pressures are interpreted as a critical
component for destabilising the slopes (e.g. Masson et al. 2006, 2010; Talling et al., 2014). The most
commonly cited process for generating excess fluid pressure in the sub-seafloor is rapid
accumulation of low-permeability sediment (Gibson, 1958; Dugan and Flemings, 2000). Another
possible origin for excess pore pressure comes from gas hydrate systems; a causative link between
gas hydrates and the triggering of submarine landslides was first proposed in the 1970s (Mclver,
1977). Since then, the potential role of gas hydrates/free gas in slope destabilisation has received
much research attention (e.g. Biinz et al., 2003; Field and Barber, 1993; Paull et al., 1996; Sultan et
al., 2004; Mountjoy et al. 2014; Elger et al. 2018). Despite decades of research into this apparent
association, there is still no clear evidence that gas hydrates play a significant role in destabilising
sediments to the point of slope failure.

In addition to excess pore pressure, there are a several other factors that can either trigger or
contribute to submarine landslide initiation and progressive failure. These include earthquakes, such
as the 1929 Grand Banks submarine landslide (Piper et al. 1999), and the existence of weak layers
within the stratigraphy (e.g. Masson et al. 2006; 2010; L'Heureux et al. 2011). Weak layers can
generally be grouped into two main classes: inherited and induced weak layers (Locat et al. 2014).
Inherited weak layers are distinct layers where the shear strength is lower than that of surrounding
layers, prior to destabilization of the slope. Induced weak layers, by contrast, are developed during
the process of sliding, for example through the process of strain softening (Kvalstad et al. 2005a).
Inherited weak layers can be the result of weak lithologies (e.g. L'Heureux et al. 2011; Miramontes et
al. 2018; Urlaub et al. 2018), but also through localised accumulation of excess pore fluid pressure
(Locat et al. 2011; 2014; Dugan and Flemings, 2000). In many cases, the roles of lithology, differential
consolidation and pore pressure accumulation are likely to be interwoven (e.g. Stegmann et al. 2007;
Dugan and Flemings, 2000; Flemings et al. 2002; Urlaub et al. 2018).

In this study, we combine three-dimensional (3D) seismic data with logging-while-drilling (LWD) data,
sediment core physical property measurements and line-scans, to investigate the Tuaheni Landslide
Complex off the East Coast of New Zealand’s North Island. Although the landslide has been the focus
of many studies since first being described by Mountjoy et al. (2009), much remains unknown about
the emplacement mechanisms and basal shear zone development. A basal shear zone interpreted in
2D seismic data (Mountjoy et al. 2014) was re-interpreted following the collection of high-resolution
3D seismic data (Gross et al. 2018). Upper and lower landslide units have been identified and
characterised within the complex (Gross et al. 2018; Barnes et al. 2019), and the lower unit has been
re-interpreted as a submarine fan deposit (Couvin et al. 2020). By combining complementary
datasets, we now have the opportunity to compare the intact sediments adjacent to the landslide
with the post-failure landslide deposits. Our study addresses the following research aims:

1) Investigate whether there are pronounced physical property contrasts within the intact
sediments that might have been exploited for the locus of failure.

2) Explore the origin of the seismic reflections previously interpreted as: a) the basal shear zone
of the upper landslide; and b) the base of the lower landslide / fan deposit. Characterise the
sedimentological and physical properties across these horizons.

This article is protected by copyright. All rights reserved.



3) Revisit the suggestion (Mountjoy et al. 2014; Gross et al. 2018) that free gas might have
played a role in slope destabilisation at this landslide.

2. Geological setting and background

The Tuaheni Landslide Complex, covering an area of ~145 km?, lies on the upper continental slope of
the Hikurangi margin, east of New Zealand (Figure 1). The Hikurangi margin in this region is marked
by oblique subduction of the Pacific Plate beneath the Australian Plate at a rate of about 46 mm/year
(DeMets et al., 2010). The landslide has been interpreted as a reactivated failure, based on surface
morphology that displays a range of morphological expressions of deformation, including lateral
shears and concave (downslope) fissures (Mountjoy et al., 2009) (Figure 1b). Mountjoy et al. (2009)
and Couvin et al. (2020) provide additional background on the landslide morphology and
interpretations of possible emplacement mechanisms. The hummocky seafloor topography forms
two distinct lobes — the Northern Lobe and the Southern Lobe that are separated by an intact central
ridge (Figure 1b). The central ridge has been interpreted as being composed of contourite deposits,
which have partially collapsed into the landslide body during its emplacement (Couvin et al. 2020).
Seismic reflectivity within the landslide deposits is generally chaotic, in both sub-bottom profiler
acoustic data (Kuhlmann et al., 2019), 2D seismic data (Mountjoy et al. 2009, 2014) and high-
resolution 3D seismic data (Gross et al., 2018) (Figure 2), as is typical of mass transport deposits.

[FIGURE PROVIDED SEPARATELY]

Figure 1. a) Regional tectonic setting of New Zealand. HSM = Hikurangi Subduction Margin. b) 20 m resolution bathymetry
at the Tuaheni Landslide Complex, showing the Northern and Southern Lobes (mbsl = metres below sea level). Blue outline =
extent of 3D P-Cable seismic data. The two scientific drill sites are annotated (U1517 and GeoB20802). White lines mark
profile locations shown in Fig. 2. Heavy blue lines show locations of sections shown in Fig. 9. c) Enlargement from the yellow
box in (b) showing root-mean-square (RMS) absolute amplitude in a 15 ms window beneath Reflector H1 and the Intra-
debris Reflector (i.e. the reflector that we mark with yellow arrow heads in Fig. 2). For spatial reference to the seafloor, we
show the location of the prominent seafloor lateral shear (black line). The patches of high RMS amplitude south of the
lateral shear suggest free gas accumulations beneath the base of the upper landslide unit.

Gross et al. (2018) identified a prominent reflection within the Tuaheni Landslide Complex, the
“Intra-debris Reflector” (Figure 2), which they interpreted as the basal shear zone. However, the
nature of this horizon and its role in localising deformation remained unclear. The Intra-debris
Reflector (termed “R3” by Couvin et al. 2020) marks the base of the upper landslide unit, referred to
as Unit Il at Site U1517 in Barnes et al. (2019) and Couvin et al. (2020) (Figure 2). Transient-state
reaction-transport modelling of pore water data collected through the landslide sequence has
indicated that Unit Il was emplaced 12.5 2.5 thousand years ago (Luo et al. 2020). Beneath the
Intra-debris Reflector is Unit lll (Figure 2), the unit interpreted as a submarine fan deposit by Couvin
et al. (2020). The base of this fan deposit is marked by a prominent, widespread reflection that Gross
et al. (2018) referred to as the “Base of Debris Reflector” (termed “R4” by Couvin et al. 2020). Table 1
outlines the published nomenclature for reflectors and lithostratigraphic units.

Table 1. Seismic reflectors and lithostratigraphic units defined in previous studies, and this study

[TABLE PROVIDED SEPARATELY]

The lithostratigraphic units (Table 1) were designated on the basis of sedimentological core analysis
at Site U1517 (Barnes et al. 2019). Unit |, from seafloor to 3.0 metres below seafloor (mbsf), isa 3 m
thick Holocene sequence of greenish grey silty clay. Unit Il, from 3.0 — 40.74 mbsf, is of Late
Pleistocene age and the main lithologies are alternating mud (clayey silt to silty clay) and very fine
greenish grey sand. Unit Ill, from 40.74 — 66.38 mbsf, also of Late Pleistocene age, comprises massive
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clayey silt to silty clay and alternating layers of dark greenish grey silt and clay. In contrast to Unit Il,
Unit lll contains very little sand.

The intact sedimentary sequence directly adjacent to the landslide deposit has been investigated at
drill site GeoB20802 (Figure 1b), which was drilled to 105.4 mbsf using the portable deep-sea drill rig
“MARUM-MeB0200”, hereafter referred to as “MeBo0200” (Huhn, 2016). Huhn (2016) identified
three main lithological facies at Site GeoB20802 that they defined as Lithofacies 1 (greenish grey
clayey silt), Lithofacies 5 (laminated, sandy, clayey silt) and Lithofacies 6 (disturbed, sandy, clayey silt)
(Figure 3a). Further information on these three facies is provided in the Supporting Information (Text
S1).

The downslope reaches of the landslide deposit occur in water depths greater than 650 m, where a
discontinuous bottom simulating reflection (BSR) marks the base of gas hydrate stability (BGHS) in
sediments beneath the slide (Figure 2d) (Gross et al., 2018; Mountjoy et al., 2014). Based on 2D
seismic data, Mountjoy et al. (2014) proposed possible links between the gas hydrate system and the
slope failure. Gross et al. (2018), in their analysis of 3D seismic data, considered it unlikely that
shallow gas hydrates played a role in the Tuaheni Landslide Complex slope failure, but left open the
possibility that upward gas migration along faults may have contributed to slope destabilisation.
Drilling during International Ocean Discovery Program (IODP) Expedition 372 (at Site U1517, Figure
1b) found no evidence for gas hydrates within the Tuaheni Landslide Complex (Barnes et al. 2019). A
recent rock physics study, based on data from Site U1517 and P-Cable seismic data, proposed that
gas hydrate saturations of 10-20% exist within the landslide in the upper 30-40 mbsf (Shankar et al.
2020). However, Shankar et al.’s (2020) suggestion can be refuted on the basis that there were no
direct visual observations of gas hydrates in sediment cores, nor indirect indications of gas hydrate
presence (e.g. chloride or thermal anomalies) anywhere shallower than 100 mbsf at Site U1517
(Barnes et al. 2019). Evidence for gas hydrates from chloride and resistivity anomalies was found in
sediments deeper than 100 mbsf at Site U1517 (Screaton et al. 2019; Barnes et al. 2019), but this is
much deeper than the landslide units.

3. Data and methods

This study is based on the integration of datasets collected during three research voyages to the
Tuaheni Landslide Complex. In 2014, 3D seismic data were collected with a P-Cable system during
Voyage TAN1404 aboard RV Tangaroa (Bottner et al. 2018 and Gross et al. 2018). In 2016, during
Voyage S0247 aboard RV Sonne, drill core from the landslide and surrounding undeformed seafloor
was collected using MeB0200 (Huhn, 2016). Finally, in late 2017 / early 2018, during IODP Expedition
372 aboard the JOIDES Resolution, sediment cores and logging-while-drilling (LWD) data were collected
through the landslide complex (Barnes et al. 2019). While the 3D seismic data and the IODP Expedition
372 drilling data have been published previously (Bottner et al. 2018 and Barnes et al. 2019,
respectively), data from MeBo0200 are presented for the first time in this paper. As such, this paper is
the first attempt to correlate these MeBo0200 drilling data with the seismic data at the intact
sedimentary sequence, and to compare them to IODP drilling data from the landslide deposit.

3.1 Seismic reflection data

The P-Cable seismic data have a trace spacing of 3.125 m within the inlines, and 6.25 m within the
crosslines. We estimate the peak vertical seismic resolution (A/4) to be approximately 2.5 m, based on
near seafloor velocities of 1500 m/s and a dominant frequency of up to 150 Hz. More details about the
acquisition and processing of these data are given in Béttner et al. (2018) and Gross et al. (2018).
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3.2 Multi-sensor core logger (MSCL), shear strength and sediment core line scans (Site GeoB20802)

Site GeoB20802 (Figure 1b), 546 metres below sea level (mbsl), lies on the undeformed seafloor
adjacent to a sidewall scarp of the Tuaheni Landslide Complex. Drill site GeoB20802 was selected as a
target because it presented an opportunity to drill through the intact (pre-failure) sequence to a
depth greater than the base of the upper landslide. Cores were recovered at this site through a
composite of gravity cores for the shallowest section (<10 m) and then two MeBo200 cores
(GeoB20802-5 and GeoB20802-6) for the deeper sections. GeoB20802-5 was drilled without coring
to 7.4 mbsf and then cored from 7.4 - 31.9 mbsf with a recovery rate of 89%. GeoB20802-6 was
drilled without coring to 24.9 mbsf and then cored from 24.9 - 105.4 mbsf with a recovery rate of
95%.

We used a multi-sensor core logger (MSCL) from GEOTEK Ltd at the University of Bremen to make non-
destructive measurements of physical properties on sediment cores from Site GeoB20802. We used
the archived (split) core sections from this site to measure gamma-ray-attenuated bulk density (p),
compressional wave velocity (Vp) and magnetic susceptibility (xm) at 1 cm increments. To correlate V,
and density data from the MeBo0200 cores with the P-Cable seismic data, we filtered the V, and density
data to recover the dominant trends. We achieved this by first discarding measurements that fell
outside of reasonable data ranges, 1480-2000 m/s and 1500-2500 kg/m3, for V, and bulk density,
respectively. We then ran a moving average filter over both datasets using a window length of 50 cm,
which smoothed small-scale variability while maintaining a vertical sampling rate significantly higher
than the vertical resolution of the seismic data. For the shallowest section (<10 m), we interpolated
(linearly) our V, and density curves upward to the seafloor using V, and density (1512 m/s and 1720
kg/m3, respectively) from MSCL measurements on the upper 3 m of gravity cores.

We carried out vane shear tests to estimate undrained shear strength at increments of approximately
one meter down core on the intact MeB0200 cores. For these tests we used a Wykeham-Farrance
laboratory vane apparatus (Model 27-WF1730/2) from the University of Bremen. Finally, we made line
scans of the sediment core and we use these images to assist with the correlation of MSCL data and
seismic data at key locations down core. Red-green-blue (RGB) values along the line scans provide a
guantitative measure of colour variability within the cores, helping to characterise laminations and
minor facies changes.

3.3 Logging while drilling (LWD), sediment core physical properties and line scans (Site U1517)

Four holes were drilled at Site U1517 (Figure 1) (Barnes et al. 2019). Hole U1517A was the LWD hole,
which advanced to 205 mbsf from a seafloor depth of 722.5 mbsl. Hole U1517B, offset 20 m from Hole
U1517A along a heading of 155°, was designated for coring operations but then abandoned after 9.4
m of coring. Hole U1517C, a second attempt at the same location as Hole U1517B, recovered a total
of 177.44 m or core from a seafloor depth of 720.9 mbsl down to a sub-seafloor depth of 188.5 mbsf.
In this paper, we use published data from Holes U1517A and U1517C (Barnes et al. 2019) to enable
core-log-seismic integration with the P-Cable seismic data.

LWD tools attached behind the drill bit at Hole U1517A measured in-situ formation properties (Pecher
et al. 2019). V, was measured using the SonicScope tool with a quadrupole source. Bulk density was
measured via the NeoScope tool, a sourceless neutron-gamma density tool. For comparison to the V,
and density LWD data at Hole U1517A, we incorporate other LWD datasets from Hole U1517A as well
as physical property measurements made on core from Hole U1517C. The additional LWD datasets
that we include are: ring resistivity (geoVISION tool), thermal neutron porosity (NeoScope tool) and
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ultrasonic caliper (NeoScope tool). The physical property measurements made on core that we include
are natural gamma radiation, magnetic susceptibility, shear strength (automated vane shear device)
and moisture and density (MAD)-derived porosity. The reader is referred to Barnes et al. (2019) for
detailed descriptions of the datasets and to Pecher et al. (2019) for details on the data collection
methods. Finally, we introduce line scan images of sediment core to assist with the interpretation of
the LWD and physical property datasets. As with the line scans from Site GeoB20802, we plot RGB
values alongside the line scans from Site U1517 to assist with interpretation.

3.4 Log-seismic integration

We completed log-seismic integrations at both drill sites (GeoB20802 and U1517) by depth
converting the seismic data using V, curves from each site. We convolved an estimate of the source
wavelet with the reflectivity series determined from the P-wave impedance (Z,, the product of V, and
density) to generate synthetic data at the drill sites. The source wavelet for this process was
estimated using a standard approach in the HampsonRussell software (Russell and Hampson, 1991):
“wavelet extraction using a log for constant phase”. This approach uses seismic data at the drill site
to determine the amplitude spectrum and to generate a zero-phase wavelet. A series of small,
constant phase rotations (from -180° to 180°) are then applied to the zero-phase wavelet and a
synthetic trace is generated for each rotated wavelet. The wavelet that results in the synthetic trace
with the highest cross-correlation with the real trace at the drill site is used as the source wavelet.
We also tested a statistical wavelet extraction (zero-phase) from a larger volume of the seismic data
and did not notice a significant difference for our log-seismic integration.

3.5 Model-based, post-stack seismic inversion

We used the HampsonRussell software to carry out model-based, post-stack, acoustic impedance
inversions in the vicinity of each drill site (Figure 1: blue lines labelled Fig. 9d and Fig 9h). The method
is a generalised linear inversion algorithm that iteratively perturbs the starting model until a final
model is achieved (Russell and Hampson, 1991; Maurya et al. 2020). The synthetic traces generated
by the final model match the real seismic traces as well as possible throughout the inversion time
window. Model-based post stack inversions have been used extensively to characterise petroleum
systems (e.g. Maurya and Sarkar, 2016), and also shallower gas hydrate systems (e.g. Lee et al. 2013).

We used the stochastic model inversion strategy, where the approach is to minimise, iteratively, the
inversion misfit function J given by Equation 1:

J = Weight,(d =W *r) + Weight,(M — H * 1), (1)

where d is the seismic trace, W is the seismic wavelet, r is the final reflectivity, M is the model
impedance (determined from filtered log data) and H is the integration operator that convolves with
the final P-wave reflectivity to produce the final P-wave impedance. Weight; and Weight; are
weighting factors between 0 and 1 (where Weight; + Weight, = 1.0) that determine the extent to
which the solution is constrained by the background model (i.e. the second term in Equation 1). We
tested different weighting values and then chose a value of 0.5 (i.e. Weight; = Weight, = 0.5) for the
results presented in this study. In Supporting Information (Text S2 and Figure S2) we provide a
comparison of different weighting values (Weight; and Weight,) and the misfit between real and
synthetic data.

To build the background model for the inversion we first applied a high cut (10/15 Hz) frequency
filter to the P-wave impedance log. This filter removed all frequencies above 15 Hz, yielding a long-
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wavelength starting model. This long wavelength structure is essential for the inversion, and has to
be recovered from the well log because the low frequencies are always missing from the seismic data
(Russell and Hampson, 1991). We constrained the background model away from the well location by
using clear seismic horizons in the area of interest. At Site GeoB20802, these horizons were: the
seafloor, Reflector H1 (described in the following section), and a horizon deeper than the region of
interest, defined simply as the seafloor + 300 ms. At Hole U1517A, we used the seafloor, the Base of
Debris Reflector, and (as with at Site GeoB20802) a downward shift of the seafloor reflection
(seafloor + 300 ms).

4. Results
4.1 Seismic reflection data

In Figure 2, we present four seismic profiles (Sections w-w’, x-x’, y-y’ and z-z’) extracted from the
seismic volume that provide an overview of the Tuaheni Landslide Complex. Section w-w’ (Figure 2a)
runs WNW-ESE along the intact sedimentary section adjacent to the northern sidewall of the slide
complex. The sub-seafloor is characterised by several lobes of chaotic reflectivity (white arrows,
Figure 2a), suggestive of a local history of repeated sediment remobilization / mass wasting that pre-
dates the upper landslide unit (Unit Il) of the Tuaheni Landslide Complex. One of these units of
chaotic reflectivity (Unit HO) extends through the GeoB20802 drill site (Figure 2a). The dashed white
line in Section w-w’ marks an onlap surface or angular unconformity that truncates several reflectors,
including a prominent reflector that we refer to herein as Reflector H1 (yellow arrow heads, Figure
2a). Drill site GeoB20802, through the undeformed seafloor adjacent to the sidewall (Figure 1b),
extends down to a sub-seafloor depth just beneath Reflector H1 (Figure 2a). Anomalously high-
amplitude reflections occur in some places, suggestive of localised free gas accumulations (Gross et
al. 2018) (Figure 2a, selected examples labelled).

[FIGURE PROVIDED SEPARATELY]

Figure 2. Seismic sections through the Tuaheni Landslide Complex (see Fig. 1b for locations). Vertical axes in seconds (s) two-
way travel time (TWT). “VE” = vertical exaggeration. a) Section w-w‘) Section along the intact seafloor adjacent to the
sidewall. Annotated are: Reflector H1 (yellow arrow heads), the GeoB20802 drill site, and example high-amplitude patches
that we interpret as free gas (see example enlarged wavelet compared to the seafloor wavelet). White arrows point to lobes
of incoherent seismic reflectivity, including one lobe that we define as “Unit HO”. b) Section x-x’) Inline 648, crossing the
Northern Lobe of the slide. Annotated are: Reflector H1 and the Intra-Debris Reflector (IR), after Gross et al. (2018). Lateral
continuity, as well as consistent amplitude and phase (see yellow boxes), means we correlate Reflector H1 (beneath the
intact seafloor) to the Intra-Debris Reflector. We annotate both by yellow arrow heads. Cyan arrow heads mark the Base of
Debris (BD), after Gross et al. (2018). c) Section y-y’) Section through the Northern Lobe of the landslide. Annotations as in
(b). d) Section z-z’) Composite seismic line running from north of GeoB20802, southwest across the Northern Lobe, and then
southeast along the Southern Lobe and through drill site U1517. Annotations as in other sections above. Dotted white lines
on left-hand side of the section indicate the 15 ms window beneath Reflector H1, within which root-mean-square amplitudes
were extracted for the plot in Fig. 1c. Dashed white line on the right-hand-side of the section marks the approximate base of
gas hydrate stability (BGHS) (Gross et al. 2018; Barnes et al. 2019).

In Section x-x’ (Figure 2b), Reflector H1 can be traced to the sidewall scarp, where it occurs at the
same stratigraphic depth as the Intra-debris Reflector, which has been interpreted as the base of the
upper landslide unit (Unit Il) (Gross et al. 2018). The amplitude and phase of Reflector H1 is
consistent with that of the Intra-debris Reflector (Figure 2b, enlarged yellow boxes). A deeper
reflection at the base of Unit lll is marked by cyan arrow heads; this reflection was termed the Base
of Debris Reflector by Gross et al. (2018) (Figure 2b).

Section y-y’ (Figure 2c) is a section running approximately NW-SE through the Northern Lobe of the
landslide complex. The Intra-debris Reflector is clearly identifiable in the Northern Lobe. Example
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interpretations of free gas accumulations are annotated, including directly beneath the upper
landslide unit, Unit Il (Figure 2c).

Section z-z’ (Figure 2d) links Site GeoB20802 in the North to Site U1517 in the South. A central ridge
divides the Northern and Southern Lobes (Figures 1b, 2d). The Intra-debris Reflector is generally not
as prominent in the Southern Lobe of the landslide as it is in the Northern Lobe. Indications of free
gas are also widespread in this composite profile, including directly beneath the upper landslide unit,
Unit Il (Figure 2d). Although gas appears to accumulate directly beneath the upper landslide unit in
several places, there are no clear indications for gas accumulating beneath Reflector H1, the lateral
continuation of the Intra-debris Reflector into the pre-slide stratigraphy north of the sidewall (Figure
2d). This is demonstrated in the map of root-mean-square amplitudes in Figure 1c, extracted in a 15
ms window beneath Reflector H1 and the Intra-debris Reflector (Figure 2d). This map highlights the
spatial distribution of strong reflectivity (high root-mean-square amplitudes) likely caused by gas that
exists just below the Intra-debris Reflector. This suggests there is a preference for gas to be trapped
beneath the landslide (i.e. south of the lateral shear), but not at equivalent sub-seafloor depths north
of the lateral shear and beneath the intact seafloor (Figure 1c).

4.2 Site GeoB20802
4.2.1 Undrained shear strength and MSCL data

Undrained shear strength at Site GeoB20802 are presented in Figure 3b. A linear fit through the data
is used to highlight depth intervals where the undrained shear strength deviates from the
background trend. Note that this linear fit is anchored at the shallowest measurement close to the
seafloor. Undrained shear strength increases relatively steadily from around 10 kPa close to the
seafloor to a value of ~55 kPa at a sub-seafloor depth of 42 mbsf (Figure 3b). From 42 to 72 mbsf,
shear strength values vary between 25-55 kPa. This range (25-55 kPa) persists in general down to the
bottom of the core at 105 mbsf, with notable exceptions that there are pronounced undrained shear
strength peaks at approximately 76, 84 and 91 mbsf, and again at the bottom of the core (105 mbsf).
Likewise, there are four intervals in the lower half of the borehole where multiple successive
undrained shear strength measurements are lower than the background linear trend; these occur in
the depth intervals 67-72, 78-81, 85-88 and 92-101 mbsf.

[FIGURE PROVIDED SEPARATELY]

Figure 3. Log-seismic integration at Site GeoB20802 (178° 28.96', -38° 45.93'; Inline 650, Crossline 6210). a) Lithofacies after
Huhn (2016). Lithofacies 1 = greenish grey clayey silt; Lithofacies 5 = laminated, sandy, clayey silt; Lithofacies 6 = disturbed,
sandy, clayey silt. Horizontal green ticks mark depths of thin (<5 cm) tephra beds identified within the core. b) Undrained
shear strength (S,) (kPa). mbsf = meters below seafloor. Empty circles (down to ~32 mbsf) and filled dots (the rest) are data
points from GeoB20802-05 and GeoB20802-06, respectively. Broken red line is a linear trend line anchored at the shallowest
measurement (10.54 kPa). Equation of line given in red. Peach-coloured intervals highlight local strength peaks in the lower
30 m of the core, which generally correlate to bulges in density (see panel c). The local strength peaks around 90 mbsf and
104 mbsf (bottom of the core) also correlate to step increases in V, (see panel b). A comparison of these S, data to a global
compilation (Sawyer and DeVore, 2015) is given in the Supporting Information (Text S3 and Figure S3). ¢) P-wave velocity
(Vp) (m/s) measured with the multi-sensor core logger (MSCL). Grey dots = raw data. Blue line = running mean. d) Bulk
density (p) (kg/m3) measured with the MSCL. Grey dots = raw data. Blue line = running mean. e) Magnetic susceptibility (Xm)
from the MSCL. f) P-wave impedance (Z,): product of the running means of V, (b) and p (c). Heavy black ticks next to all sub-
figures show locations of line-scan images shown in Figs. 4 and 5. g) Seismic data at the drill site, vertical axes in
milliseconds two-way time (TWT) as well as mbsf. Depth conversion based on blue V, curve in (b). H1 = Reflector H1. Unit HO
(from ~75 to ~95 mbsf) labelled. h) Comparison between synthetic traces (left) and P-Cable traces (right) at the borehole. H1
= Reflector H1. Dotted ellipses encircle two synthetic waveforms that do not correlate well with the P-Cable data. Cross-
correlation value (0.8) refers to range between the yellow lines. Note: no squeezing/stretching was applied to improve the
cross-correlation at this site.
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The raw and filtered V, data are displayed in Figure 3c. Like the undrained shear strength profile, V,
increases relatively steadily to a depth of ~¥42 mbsf. There is a distinct V, drop at ~42 mbsf, and an
even more pronounced drop (on the order of ~130 m/s) at ~50 mbsf. A low velocity zone extends
from ~50 to ~89 mbsf, at which depth V, then steps up again (by ~140 m/s). V, remains at
approximately 1700 m/s below 90 mbsf, before increasing to higher velocities beneath about 101
mbsf.

The bulk density data (Figure 3d) display pronounced inflections in many intervals down core,
including at ~50 mbsf, where there is also a significant drop in V. From ~70 mbsf downward, the bulk
density increases from ~1800 to ~2200 kg/m?3. Throughout this depth interval (i.e. the lowermost 35
m of the cored section), there is a fluctuating density trend with peak to peak cyclicity on the order of
~7 m. Density peaks throughout this fluctuating interval correlate with the intervals where undrained
shear strength is relatively high. We have demonstrated this alignment between bulk density maxima
and intervals of increased undrained shear strength by the horizontal, peach-coloured bars in Figure
3.

Finally, and for reference, magnetic susceptibility data are shown in Figure 3e. Local bulk density
maxima generally correlate with intervals of higher-than-background magnetic susceptibility, such as
in the interval from ~81-83 mbsf, the interval around 90 mbsf (also where the pronounced V,, step is),
and near the bottom of the core (~102-104 mbsf).

4.2.2 Log-seismic integration

The log-seismic correlation at Site GeoB20802 is represented in Figure 3, where the seismic data
around the drill site (Figure 3g) are depth converted using the velocity profile in Figure 3c. The
correlation between synthetic seismic traces and P-Cable seismic traces at the drill site is shown in
Figure 3h. The deepest reflection captured by the log-seismic integration is Reflector H1, a negative
polarity event beneath 850 ms two-way time (TWT) (Figure 3h). Two positive-polarity synthetic
reflections (between 830 and 850 ms TWT, Figure 3h) are exceptions to what is otherwise a good
cross correlation between the P-Cable and synthetic seismic data. These two synthetic reflections lie
within a chaotic, low-amplitude seismic unit above Reflector H1 — the unit that we have designated
as Unit HO (Figures 2a, 3g, and Table 1).

4.2.3 Line-scan images

Figures 4 and 5 present a selection of line-scan images, and corresponding RGB intensity, from
sediment core recovered from Site GeoB20802. The depth intervals of all line scans are shown by
horizontal black ticks in Figure 3. In general, sediments throughout this drill site are characterised by
greenish grey, clayey silt. However, distinct variations occur down-core, including depth intervals
characterised by dark silt laminations (e.g. Figures 4b, 4g, 5a), distinct colour changes (e.g. Figures 4c,
5a, 5e, 5g), irregular / contorted laminations (Figures 4c, 4d), divergent or “fanning” laminae (Figure
5c), and core disturbance caused by gas expansion (Figures 5d-f).

[FIGURE PROVIDED SEPARATELY]

Figure 4. Line-scan images of sediment core at selected locations down core at Site GeoB20802 (see Fig. 3 for locations).
Beneath each line scan are red-green-blue (RGB) values along the scans. Depth labels on the tops of line-scan images are in
meters below seafloor (mbsf). Various features in the core are annotated (see text for further descriptions).

[FIGURE PROVIDED SEPARATELY]
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Figure 5. Line-scan images of sediment core at selected locations down core at Site GeoB20802 (see Fig. 3 for locations).
Beneath each line scan are red-green-blue (RGB) values along the scans. Depth labels on the tops of line-scan images are in
meters below seafloor (mbsf). Various features in the core are annotated (see text for further descriptions).

The pronounced V, inversion at ~52 mbsf (Figure 3c) correlates to a 2 cm-thick silt turbidite and a
facies change (Figures 3a, 4b) — the sediment below 52 mbsf becomes laminated and darker coloured
(Figure 4b; lower RGB values). At ~60 mbsf, seismic reflectivity changes from high-amplitude and
laterally-continuous to lower-amplitude and less laterally coherent (Figure 3g). This less coherent
seismic facies beneath 60 mbsf correlates to sedimentary units characterised by irregular and
contorted laminations within the core (e.g. Figures 4c,d). The peak shear strength at ~75.7 mbsf
(Figure 3b) correlates to a darker clay-rich interval underlain and overlain by silt layers (Figure 4e).
The pronounced V, increase around 90 mbsf (Figure 3c) corresponds to divergent laminae in the core
(Figure 5c), suggestive of folding / shearing. Deeper in the borehole, below ~91 mbsf, we observed
frequent gas expansion fractures in the core (e.g. Figures 5d-f) that occurred during de-pressurisation
as the cores were recovered and gas came out of solution from the pore fluid. Beneath the gas
expansion features, in Core Section 24P-3A, is a 3 cm-thick, graded coarse silt layer, which also
manifests itself as a darkening of colour (a drop in RGB values; Figure 5f). This is the most distinct
feature that we observed in the vertical vicinity of Reflector H1, and it is underlain by faintly
laminated, stiff, clay-rich silt (Figure 5g).

4.3 Site U1517
4.3.1 Logging while drilling (LWD) data and log-seismic integration (Hole U1517A)

Ultrasonic caliper measurements (borehole diameter), ring resistivity, neutron porosity, V, and
neutron density for the upper 72 m at Hole U1517A are displayed in Figure 6a-e. This depth range
includes both the Intra-debris Reflector and the Base of Debris Reflector (Gross et al. 2018) (Figure
6h). For reference, we also plot P-wave impedance (Z,) (Figure 6f) and include the interpreted LWD
logging units defined by Barnes et al. (2019) (Figure 6g).

[FIGURE PROVIDED SEPARATELY]

Figure 6. Log-seismic integration at Hole U1517A (178° 28.5574, -38° 49.7722’; Inline 1776, Crossline 4225). a) Ultrasonic
caliper measurement of borehole diameter (inches). Mbsf = meters below seafloor. b) Ring resistivity (Q m). c) Neutron
porosity (¢). d) P-wave velocity (V) (m/s) (blue). Dotted black line = projected V, through “washout” zone, where
measurements were compromised (see text for more detail). Broken red line = V, log after stretching to generate the
synthetic shown in (i). ) Neutron density (p) (kg/m3). Dotted black line = projected density through washout zone. f) P-
wave impedance (Z,) (m/s x kg/m3). g) Logging units (1-4), defined by Barnes et al. (2019). h) P-Cable seismic data at the
drill hole, with vertical axes in milliseconds two-way time (TWT) as well as mbsf. Depth conversion based on the V, curve in
(d) (broken red line). “IR” and “BD” (dotted yellow lines) are the Intra-debris Reflector and the Base of Debris Reflector,
respectively (see e.g. Fig. 2). i) Comparison between synthetic traces (left) and P-Cable traces (right) at the borehole. Minor
stretching to align reflections resulted in the slight change to the V, curve shown in (d). The extent of the Intra-debris
Reflector and Base of Debris Reflector wavelets are shown next to the P-Cable traces.

A washout zone in the interval from 22 to 28 mbsf is indicated by the extremely high porosity, low V,
and low density (Figure 6c¢c-e). Washout zones are presumably related to the existence of non-
cohesive sediments (silt to sand) with low clay content (Barnes et al. 2019). To avoid compromising
the log-seismic integration, and in particular the time to depth conversion, we deleted bulk density,
Vp and Z, values within the washout zone (22-28 mbsf) and interpolated linearly from 22 — 28 mbsf
(dotted red lines, Figure 6d-f). The log-seismic correlation at Hole U1517A is represented in Figure
6h, where the seismic data around the drill site are depth converted using the velocity profile in
Figure 6d. The correlation between synthetic traces and P-Cable traces at the drill site is shown in
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Figure 6i. The most pronounced sub-seafloor reflection in the P-Cable data is the Base of Debris
Reflector at ~1025 ms TWT (Figure 6h). This reflection correlates well to a pronounced positive
polarity synthetic reflection that arises from the Z, increase between 55 and 60 mbsf (i.e. LWD Unit
3b; Figures 6f,g), providing good control on the log-seismic integration. The Intra-debris Reflector
(Figure 6h) is much subtler than the Base of Debris Reflector, and the correlation between synthetic
and P-Cable data is not as good in the depth vicinity of the Intra-debris Reflector (Figure 6i).

4.3.2 Core-seismic integration from physical property measurements at Hole U1517C

Hole U1517C (Figure 7) lies on the same seismic inline as Hole 1517A (the LWD hole), but 20 m
downslope. We here present the lithological log and lithostratigraphic units (Figures 7a,b) (Barnes et
al. 2019), alongside undrained shear strength, RGB values from line scans, natural gamma radiation,
MAD-derived porosity, and magnetic susceptibility (Figures 7c-g).

[FIGURE PROVIDED SEPARATELY]

Figure 7. Physical property measurements made on the upper 70 m of sediment core at Hole U1517C (178° 28.5633’, -38°
49.7820’; Inline 1776, Crossline 4219). a and b) Lithological log and major lithostratigraphic units from Barnes et al. (2019)
(legend at bottom). Mbsf = meters below seafloor. Note: lithostratigraphic units I-1V (shown here) are distinct from the
logging units (1-4) shown in Figure 6 (Barnes et al. 2019). Grain size analyses from samples at this hole are provided in the
Supporting Information (Text S4, Figure S4). Black and grey boxes indicate depth intervals of line scan images shown in
Figure 8. ¢) Undrained shear strength (S,) (kPa) (black dots are from vane shear, blue dots are from a penetrometer).
Broken red lines are linear trend lines calculated for data above and below 24 mbsf — the approximate depth where there is
a clear change in the data trend. Equations of the lines are given in red. A comparison of these S, data to a global
compilation (Sawyer and DeVore, 2015) is given in the Supporting Information (Text S3 and Figure S3). d) Red-green-blue
(RGB) values from line scans. e) Natural gamma radiation (NGR) (counts/s). f) Moisture and Density (MAD)-derived porosity
(d) (dimensionless). g) Magnetic susceptibility (Xm) (dimensionless). h) P-Cable seismic data at the drill site (U1517C, vertical
black line), with vertical axes in milliseconds two-way time (TWT) and mbsf. Our depth conversion is based on the same
sub-seafloor velocities used at Hole U1517A (dotted red line) (see Figure 6). “IR” and “BD” (dotted yellow lines) are the
Intra-debris Reflector and the Base of Debris Reflector, respectively (see e.g. Fig. 2). Thin vertical blue line is the location of
the LWD hole, Hole U1517A (from Figure 6h).

The Base of Debris Reflector (Figure 7h) occurs within the lower part of Lithostratigraphic Unit IIl,
represented by the distinct drop in MAD porosity and RGB values between ~61 and ~66 mbsf. This ~5
m thick interval of lower MAD porosity is the equivalent of the reduction in neutron porosity in
Logging Unit 3b at the LWD site (Hole U1517A, Figure 6). The Intra-debris Reflector (Figure 7h)
appears to correlate to the boundary between lithostratigraphic Units Il and Ill (Figures 7b, h), where
there is also a distinct change in magnetic susceptibility (Figure 7g) and RGB value scatter (Figure 7d).

Undrained shear strength increases steadily from the seafloor down to a depth of approximately 24
mbsf (Figure 7c), within Unit Il. Between 12 and 24 mbsf, shear strength regularly exceeds values of
100 kPa — values that were not measured anywhere down core in the 105 m of sediments adjacent
to the landslide at Site GeoB20802 (Figure 3b). Below 24 mbsf at Hole U1517C, shear strength drops
back to values that are typically less than 100 KPa (Figure 7c). Aside from the upper 5 mbsf, the
lowest shear strength measurements occur at ~30 mbsf (Figure 7c). This depth broadly correlates
with an interval of scattered RGB values (Figure 7d), a local reduction in natural gamma radiation
(Figure 7e) and a local increase in MAD porosity (Figure 7f). Notably, this marked reduction in shear
strength at ~30 mbsf is well above (i.e. ~10 m shallower than) the Intra-debris Reflector. As with Site
GeoB20802, we have added linear trend lines to the undrained shear strength data to highlight
deviations from the background trend (Figure 7c). We have calculated separate trend lines for the
data above and below 24 mbsf because of the pronounced change at this depth.
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4.3.3 Line scan images (Hole U1517C)

Figure 8 shows example line scan images at selected locations down hole. We focus on the lower
part of Unit Il, and the boundary between Unit Il and Unit lll (see depth intervals annotated to Figure
7). The darker bands within the line scans in Figure 8 represent sandy layers. There is a distinct
increase in the thickness of the sandy intervals from about 30 mbsf (Figure 8), which coincides with
the reduction in natural gamma radiation and the region of more scattered RGB values in the depth
vicinity of 30-35 mbsf (Figure 7d,e).

[FIGURE PROVIDED SEPARATELY]

Figure 8. Line-scan images of sediment core at selected locations down core at Hole U1517C (see Fig. 7 for depth intervals).
Beneath each line scan are red-green-blue (RGB) values along the scans. Depth labels on the tops of line-scan images are in
meters below seafloor (mbsf), using the IODP Core Depth Below Seafloor B (CSF-B) scale. Some features in the core are
annotated (see text for further descriptions).

Figures 8f-8i span the depth interval 37.7 — 42.4 mbsf, across the boundary between Unit Il and Unit
Il (Figure 7). The most distinct change in the core across this boundary is the absence of sandy
intervals beneath ~39.5 mbsf (Figure 8). There is also a distinct increase in magnetic susceptibility
from ~39.5 mbsf downward (Figure 7g), and RGB values become less scattered (Figure 7d).

4.4 Post-stack acoustic inversion for P-wave impedance (Z,) around the drill holes

The Z, logs at Sites GeoB20802 (Figure 3f) and U1517 (Figure 6f), combined with an estimate of the
source wavelet (Figure 9a,b), provide the opportunity to invert for Z, in the regions surrounding each
drill site. We present representative inversion results at both drill sites in Figure 9. In Supporting
Information (Figure S2) we show additional inversion results at Site U1517 based on different
weighting factors (see also description in Section 3.5) to demonstrate the relatively minor effect of
weighting factors on the final Z, inversion results.

[FIGURE PROVIDED SEPARATELY]

Figure 9. P-wave impedance (Z;) inversions at Sites GeoB20802 and U1517. a) Source wavelet used for the inversions,
estimated statistically from ~360,000 traces in the seismic data volume. b) Frequency domain of source wavelet. c) Z, (black
line) at Hole GeoB20802. Cyan line = filtered Z, (high cut; 10/15 Hz) used as starting model. H1 = Horizon 1. d) P-Cable
seismic data around Site GeoB20802 (see Fig. 1b for location). Vertical blue line represents the drill hole. Red dash ~halfway
down the drill hole marks a negative polarity reflection associated with a pronounced impedance drop. e) Z, inversion of
data in (d). Identical scale, extent and labels as (d). Red dash as in (d), marking the pronounced impedance drop at this
depth. Impedance increases again within Unit HO. Results at stratigraphic depths deeper than the bottom of the drill hole
are masked, due to the lack of well control. f) Comparison between P-Cable and synthetic data (from Z, inversion), at Site
GeoB20802. g) Z, (black line) at Hole U1517A. Cyan line = filtered Z, used as starting model. BD = Base of Debris Reflector;
BGHS = approximate base of gas hydrate stability. h) P-Cable seismic data around Site U1517 (see Fig. 1b for location). IR
(black arrows) = Intra-debris Reflector; BD (magenta arrows) = Base of Debris Reflector. i) Z, inversion of data in (h).
Identical scale, extent and labels as (h). j) Comparison between P-Cable and synthetic data (from Z, inversion) at Site
U1517.

Our inversion around Site GeoB20802 is shown in Figure 9c-f. A negative polarity reflection
approximately half way between the seafloor and the bottom of the drill hole (shown by the red dash
in Figure 9d) is a result of the impedance drop at ~50 mbsf (795 ms TWT) (Figure 3f). This impedance
drop is well recovered away from the drill hole in the inversion results of Figure 9e. Deeper beneath
the seafloor, within Unit HO, Z, begins to increase again with depth, from values of ~3.0 to ~3.5 (km/s
x g/cm3) (Figure 9e).

This article is protected by copyright. All rights reserved.



Our inversion around Site U1517 is shown in Figure 9g-j. The results reveal pronounced low-Z, layers
that dip to the NW beneath the regional BGHS. These represent gas-charged layers beneath the gas
hydrate system (Gross et al. 2018), where free gas drastically reduces the velocity of the host strata
(e.g. Domenico, 1976). The sediments between the seafloor and the Base of Debris Reflector are
characterised by relatively high Z,, when compared with deeper sediments that lie between the Base
of Debris Reflector and the BGHS (Figure 9h). Z, is locally high at the Base of Debris Reflector (Figure
9i), consistent with the increase in both V, and density in this depth interval that was noted in the
LWD data (i.e. between 55 and 60 mbsf, Figure 6d,e). The weakly-reflective, negative-polarity Intra-
debris Reflector (Gross et al. 2018) correlates to a subtle drop in Z, (Figure 9i, yellow to green
colours) around 500 ms beneath the seafloor. This Z, drop correlates to the depth within core at Site
U1517C where interbedded sandy intervals cease to exist beneath a depth of ~39.5 mbsf (Figure 8).

5. Discussion
5.1 The intact sedimentary sequence (Site GeoB20802) adjacent to the landslide

Site GeoB20802 cored through Reflector H1, which appeared (in seismic data at least) to represent
the intact lithological unit / boundary that became the failure surface of the upper landslide.
Synthetic seismic data generated from V, and density measurements on the core have reproduced
the negative polarity Reflector H1 near the base of the drill hole (Figure 3h). Indeed, the log-seismic
correlation at this site, based on smoothed MSCL data, is very good through most of the length of the
drill hole (cross-correlation of 0.8, Figure 3h). However, there are two clear exceptions within the
chaotic unit (Unit HO), where pronounced synthetic reflections are generated that do not correlate
well to the P-Cable data (Figure 3h). The upper synthetic reflection (annotated by the upper ellipse in
Figure 3h) correlates to a local increase in density just below 80 mbsf (Figure 3d). The lower synthetic
reflection (annotated by the lower ellipse, Figure 3h) correlates to a pronounced increase in V,
(Figure 3c) and an increase in density (Figure 3d) at around 90 mbsf, which align with the zone of
dark fanning laminae in Figure 5c. While the point sampling nature of sediment coring forms the
basis for these pronounced impedance contrasts, we speculate that they are not sufficiently laterally
continuous to generate coherent reflections in the seismic data. Given the chaotic character of Unit
HO, we interpret it as a buried mass transport deposit. This interpretation is supported by contorted
and divergent laminations in some of the darker intervals of the core (Figures 4c,d and 5c), which
point to sub-parallel deformation and potentially even folding of the primary sedimentary structure.
It is important to note that this interpreted mass transport deposit (Unit HO) was emplaced long
before the Tuaheni Landslide Complex — Unit HO is covered by at least 60 m of laterally continuous
reflections (Figure 3g). Unit HO is just one example of what appears to be a complex spatial pattern
and history of mass wasting on the slope (white arrows, Figure 2a).

Given that the highly variable undrained shear strength beneath ~75 mbsf correlates to Unit HO
(Figure 3), we interpret that this strength variability was inherited during emplacement of this (now
buried) mass transport deposit. The correlation between undrained shear strength and bulk density
fluctuations in Unit HO indicates that there is an inherent relationship between bulk density and
undrained shear strength. In general, the denser intervals correspond to the darker, laminated
intervals in the core while the less dense intervals correlate to the lighter, more homogenous
intervals.

Despite the detail revealed by core-log-seismic integration, we cannot unequivocally attribute a
particular weak layer (or layers) beneath the seafloor at Site GeoB20802 to the basal shear zone of
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the Tuaheni Landslide Complex’s upper landslide unit. Because Reflector H1 can be traced from the
intact sequence to beneath the landslide, where its polarity and amplitude remain essentially
unchanged (Figure 2b), we suggest that the sediment layering responsible for this reflection has
remained intact beneath the upper landslide. In other words, the basal shear zone likely developed
distinctly above Reflector H1 (Figure 3g). The closest interval of low undrained shear strength that is
clearly above Reflector H1 is the interval from 85-88 mbsf (Figure 3b) that lies directly above the
pronounced step increase in Z, at ~¥90 mbsf (Figure 3f). Another relatively weak interval exists
between 78 and 81 mbsf, while the most pronounced weak interval occurs significantly shallower in
the sedimentary sequence (67-72 mbsf). Any of these intervals, and perhaps all of them, could have
been exploited as shear zones of the upper Tuaheni Landslide, at least in the Northern Lobe of the
complex. We note that undrained shear strength measurements on remoulded samples can, in some
cases, provide additional insight into the lower bound strength of landslide materials (Kvalstad et al.
2005b). However, such a comprehensive geotechnical analysis is beyond the scope of this study.

As with most submarine landslide investigations, there are several possible pre-conditioning and
triggering factors that could be relevant for the creation of the Tuaheni Landslide Complex. Without
any measurements of pore fluid pressure at the GeoB20802 site, we can only speculate as to
whether pore fluid pressure at the boundaries between the more laminated and more homogenous
sediment intervals in Unit HO (e.g. Figures 4g and 5b, respectively) might have played a role in the
failure. Pore pressure accumulation at the boundaries between different lithologies is a process that
has been proposed elsewhere for subaqueous slope failures (e.g. Stegmann et al. 2007; Urlaub et al.
2018). In the similar tectonic setting of the Nankai forearc, earthquake shaking and pore fluid
pressure have been invoked as likely landslide triggers (e.g. Strasser et al. 2011), where wedge-scale
transient fluid pressure conditions have been interpreted on the basis of dilatational and
compactional structures in fault zones (Conin et al. 2014). Given the location of the Tuaheni
Landslide Complex atop an active subduction margin, earthquake shaking and/or any associated pore
pressure change may have destabilized a weak layer (or layers). Sources of significant ground shaking
could come from shallow crustal faults, intraslab faults, and the subduction interface (e.g. Reyners,
1998; Holden et al. 2008; Stirling et al. 2012). Notably, transient fluid expulsion has also been
interpreted in the region of the Tuaheni Landslide Complex on the basis of seafloor heat flow
measurements (Pecher et al. 2017). Building on these studies, Carey et al. (2020) have investigated
the potential movement mechanisms of the Tuaheni Landslide Complex during earthquakes. Using
undrained dynamic shear experiments, they show that the coarse silt to fine sand sediments are
unlikely to liquify within the low-angle basal shear zone of the landslide. They concluded that a basal
frictional failure mechanism is more likely, when pore water pressures are sufficiently increased
during earthquake shaking.

Our demonstration that free gas exists directly beneath the base of the Northern Lobe, but not at the
same stratigraphic level below the undeformed seafloor (Figure 1c), can be interpreted in two
different ways. On the one hand, the free gas directly beneath the landslide may have existed prior
to the initial slope failure, thereby playing a role in reducing effective stress and destabilising the
slope. On the other hand, free gas directly beneath the landslide could be the result of some upward-
migrating gas becoming trapped beneath the landslide after it was emplaced. This latter scenario is
possible because landslide deposits can behave as seals to upward gas flow (e.g. Cardona et al. 2016;
Sun et al. 2017; Moernaut et al. 2020), since they are typically denser than surrounding, undisturbed
strata (e.g. Sawyer et al. 2009). Indeed, our seismic inversion results around Site U1517 (Figure 9i)
demonstrate the increase in Z, (both density and velocity) within the shallow landslide units,
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compared to the sediments deeper than the Base of Debris Reflector. The Base of Debris Reflector
itself is the direct seismic response to localised densification / porosity reduction at the base of the
lower landslide unit, Unit lll (Figures 6 and 7). In any case, there is widespread evidence from
negative polarity seismic amplitude anomalies for gas charged strata in the sub-seafloor of the
greater Tuaheni region (Mountjoy et al. 2014; Micallef et al. 2015; Gross et al. 2018). Micallef et al.
(2015) proposed that early-stage spreading failures just 15 km to the Northeast of the Tuaheni
Landslide Complex were caused by the presence of shallow gas. Higgs et al. (2019) documented
widespread, active, and long-lived gas seepage just upslope of these spreading failures. Together,
these previous studies, and the indications for widespread gas in the subsurface beneath the Tuaheni
Landslide Complex (e.g. Figure 2), indicate that free gas may have played a role in pre-conditioning
the slope for failure.

5.2 The Tuaheni Landslide Complex sediments (Site U1517)

Our core-log-seismic integration at Site U1517 provides the opportunity to address previous
interpretations of the Tuaheni Landslide Complex (e.g. Mountjoy et al. 2014; Gross et al. 2018;
Couvin et al. 2020), as well as draw comparisons to the intact sedimentary sequence at Site
GeoB20802.

The drilling results confirm the absence of gas hydrates within the shallow landslide units (Barnes et
al. 2019), as Gross et al. (2018) had inferred on the basis of 3D seismic interpretation. This
conclusively rules out a hypothesis proposed by Mountjoy et al. (2014) that gas hydrates have
directly altered the rheology of the landslide, thereby causing present-day downslope creep. An
alternative interpretation in Mountjoy et al. (2014), referred to as a “gas-valve” hypothesis,
suggested that hydraulic fracturing or fault reactivation could transport free gas toward the
shallower landslide and thereby reactivate it through overpressure accumulation. This general
mechanism (Flemings et al. 2003; Hornbach et al. 2004) has also been proposed for slope failure and
seafloor erosion elsewhere, and modelled theoretically (e.g. Crutchley et al., 2010; Elger et al., 2018).
This gas-valve mechanism remains untested for the specific conditions at the Tuaheni Landslide
Complex (i.e. in situ stresses and gas pressures) but is the focus of ongoing research that is beyond
the scope of this paper.

Gross et al. (2018) identified and mapped out the Intra-debris Reflector and the Base of Debris
Reflector in both the Southern and Northern Lobes of the Tuaheni Landslide Complex. As mentioned
above, the Base of Debris Reflector is clearly linked to densification and velocity increase at the base
of Lithostratigraphic Unit Ill / LWD Unit 3 (Figures 6 and 7) — the unit interpreted by Couvin et al.
(2020) as a submarine fan deposit. The Intra-debris Reflector is difficult to constrain at Hole U1517A,
because our log-seismic integration in this interval of the drill site does not correlate as well with the
P-Cable data (Figure 6i). The best insight we can gain into the origin of the Intra-debris Reflector
comes from the sediment cores at Hole U1517C and, in particular, the boundary between
Lithostratigraphic Unit Il and Unit Ill (Figure 7). The transition from Unit Il to Ill, around 40 mbsf,
correlates with the approximate sub-seafloor depth of the Intra-debris Reflector. From this depth
downwards, the most noticeable lithological change in the core is the lack of very fine — medium
sand layers (Figure 7a), which manifests itself as a less scattered distribution of RGB values (Figure
7d) and an increase in magnetic susceptibility (Figure 7g). The deepest sandy interval in Unit Il ends
at 39.3 mbsf (Figure 8g) — below this depth are clay intervals interbedded with silt layers (Figure 8g-i).
This change from sandy intervals existing (above) to sand intervals being absent (below) is a likely
explanation for the negative polarity of the Intra-debris Reflector, since sands typically have higher
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velocities than surrounding clays in shallow sub-seafloor sediments (Cook and Sawyer, 2015). Our
core-log-seismic integration at Site U1517 therefore supports the previous interpretation that the
Intra-debris Reflector separates two distinct units, with the deeper Unit lll having a different
depositional origin to the more recent Unit Il (Couvin et al. 2020).

In contrast to an interpretation of Gross et al. (2018) that the Intra-debris Reflector might represent
an induced shear zone at the base of the upper landslide, there is no evidence for a distinct change in
undrained shear strength in the depth vicinity of the Intra-debris Reflector (Figure 7). Rather, the
pronounced reduction in shear strength within the upper landslide unit (Unit ) starts at ~25 mbsf
(Figure 7c), approximately 15 m shallower than the Intra-debris Reflector. Comparison of physical
property data from cores (Figure 7, Hole U1517C) with the LWD data (Figure 6, Hole U1517A)
suggests that the washout zone at Hole U1517A (around 22-28 mbsf, Figure 6) may correlate to the
reduction in undrained shear strength that begins at ~25 mbsf at Hole U1517C (Figure 7c). As such, it
seems likely that the localised reduction in undrained shear strength has developed within the upper
landslide unit during emplacement — i.e. an induced weak layer, following the terminology of Locat et
al. (2014). It is not possible to correlate this weak zone directly to the intact sequence because of the
large geographic separation between Sites U1517 and GeoB20802 (Figure 1b). However, our
interpretation that the Intra-debris Reflector remained intact during landslide emplacement (see
Section 5.1) is consistent with the inference that the landslide induced a weak interval distinctly
above the Intra-debris Reflector. Some ongoing research at the Tuaheni Landslide Complex is based
on numerical modelling of slope failure, which should consider potential weak layers in both the
intact sequence (at Site GeoB20802) and within the landslide body (Site U1517).

5.3 Core-log-seismic integration outlook

The integration of sediment core data, logging data and seismic reflection data is an approach that is
commonly used in the petroleum industry and in geoscience research (e.g. Mitchum et al., 1993;
Bloomer and Mayer, 1997; Riedel et al. 2020). Subaqueous landslide investigations are well-suited to
this type of approach, where small-scale measurements and observations from drill holes need to be
put into context of large-scale geology — scales that can only be investigated using seismic reflection
data. Our study has demonstrated the value of combining datasets from remote seafloor drilling
(MeB0200 system), ship-based drilling (JOIDES Resolution) and 3D seismic surveying (P-Cable
system). In particular, we showed that P-wave velocity and density measurements, made with a
MSCL on sediment core recovered with MeBo0200, can be used for a robust integration with seismic
reflection data (Figure 3). While it is more common to use LWD or wireline data for log-seismic
integrations, such datasets are not always available. Our study, together with a recent study of
Danube Deep Sea Fan sediments (Riedel et al. 2020), highlights the value of combining P-Cable 3D
seismic data with MSCL data from MeBo0200 drill cores for such core-log-seismic integration studies.

6. Conclusions

In this study we have integrated a diverse set of geological and geophysical datasets at the Tuaheni
Landslide Complex to characterise both the intact sedimentary sequence (Site GeoB20802) and the
landslide sediments (Site U1517). We draw the following main conclusions:

e Site GeoB20802: A chaotic and weakly reflective seismic unit (Unit HO) exists beneath the
undeformed seafloor, in a depth interval from ~75-95 mbsf. Its chaotic seismic appearance,
together with evidence for disruption of sediment laminations in core data, suggests that it is a

This article is protected by copyright. All rights reserved.



buried mass transport deposit. It was emplaced before the upper landslide of the Tuaheni
Landslide Complex.

e Site GeoB20802: Pronounced undrained shear strength variations in sediment cores from Unit
HO correlate to bulk density fluctuations. The denser (and stronger) intervals correlate to
sediments that are generally darker in colour and more laminated. Lighter, more homogenous
intervals are typically less dense and weaker.

o A widespread reflector, termed the Intra-debris Reflector (Gross et al. 2018), can be traced into
the intact sequence beneath the undeformed seafloor, where we refer to it as Reflector H1. The
similar amplitude and phase of this reflection beneath both the undeformed seafloor and the
upper landslide unit suggests that it has not been significantly altered by emplacement of the
upper landslide. As such, we infer that the primary basal shear zone was distinctly above
Reflector H1. Strength measurements at Site GeoB20802 indicate that there are three relatively
weak intervals above Reflector H1 (between 67 and 88 mbsf). Any one of these weak intervals, or
perhaps more than one of them, could have been exploited as a shear zone / shear zones.

e Site U1517: Drilling of landslide sediments in the Southern Lobe of the Tuaheni Landslide
Complex provides insight into the origin of the Intra-debris Reflector (beneath the upper
landslide unit, Unit Il) and a deeper reflector termed the Base of Debris Reflector beneath the
lower unit, Unit lll. LWD data and physical property measurements demonstrate that the Base of
Debris Reflector is the result of densification and velocity increase at the base of Unit lll. The
Intra-debris Reflector marks a subtle, local impedance drop, in the vicinity of the boundary
between Units Il and Ill. There is no significant shear strength reduction near the Intra-debris
Reflector.

e Site U1517: An interval of low undrained shear strength near the base of the upper landslide unit
in the Southern Lobe likely represents an induced weak layer that formed during landslide
emplacement. This feature occurs distinctly above the Intra-debris Reflector (~*10-15 m
shallower), consistent with our interpretation from the Northern Lobe that the upper landslide
unit was likely emplaced shallower than the Intra-debris Reflector.

e Free gas appears to be widespread in the sub-seafloor beneath the Tuaheni Landslide Complex,
and there is evidence for gas accumulating directly beneath the upper landslide unit. This
accumulation, at least in part, could be due to the effective sealing capacity of landslide deposits.
Alternatively, it is possible that free gas played a significant role in pre-conditioning/triggering
the slope to failure. Additional possible drivers are seismic shaking and associated transient fluid
pressures.

e Methodologically, this study contributes to a recent impetus to combine high-resolution 3D P-
Cable seismic data with logging data from MeBo0200 and IODP drill holes (c.f. Riedel et al. 2020;
Shankar et al. 2020). The integration of such datasets (that span the centimetre- to kilometre
scale) enables the application of complementary geophysical methods, such as post-stack seismic
inversions and rock physics investigations. The result is a step forward in our capability to predict
sub-surface physical properties and tie them to geological processes.
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Reflector (R) / Lithostratigraphic Unit (LU)

Description

R: Seafloor

Seafloor reflector

LU: Unit | (Barnes et al. 2019; Couvin et al. 2020)

3 m thick Holocene drape sequence of greenish grey silty clay

LU: Unit Il (Barnes et al. 2019; Couvin et al. 2020)

Upper landslide unit of the Tuaheni Landslide Complex. Responsible for the
present-day seafloor morphology.

R: Intra-debris Reflector (Gross et al. 2018)

Note: referred to as “R3” in Couvin et al. (2020)

Interpreted as the basal shear plane of the upper landslide unit (Unit I1).

R: Reflector H1 (this study)

Equivalent to the Intra-debris Reflector, but also identified in this study within
the intact (pre-failure) strata beneath the undeformed seafloor adjacent to the
landslide.

LU: Unit HO (this study)

Unit beneath the undeformed seafloor, directly above Reflector H1.

LU: Unit lll (Barnes et al. 2019; Couvin et al. 2020)

Unit beneath the Intra-debris Reflector, interpreted as a submarine fan
deposit.

R: Base of debris (Gross et al. 2018)

Note: referred to as “R4” in the re-interpretation of
Couvin et al. (2020)

Reflector marking the base of Unit Il

R: BGHS (Mountjoy et al. 2014)

Seismic manifestations of the base of gas hydrate stability, including bottom
simulating reflections (BSR)
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