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Abstract Morphological and seismic data from a submarine landslide complex east of New Zealand indi-
cate flow-like deformation within gas hydrate-bearing sediment. This “creeping” deformation occurs imme-
diately downslope of where the base of gas hydrate stability reaches the seafloor, suggesting involvement
of gas hydrates. We present evidence that, contrary to conventional views, gas hydrates can directly desta-
bilize the seafloor. Three mechanisms could explain how the shallow gas hydrate system could control
these landslides. (1) Gas hydrate dissociation could result in excess pore pressure within the upper reaches
of the landslide. (2) Overpressure below low-permeability gas hydrate-bearing sediments could cause
hydrofracturing in the gas hydrate zone valving excess pore pressure into the landslide body. (3) Gas
hydrate-bearing sediment could exhibit time-dependent plastic deformation enabling glacial-style deforma-
tion. We favor the final hypothesis that the landslides are actually creeping seafloor glaciers. The viability of
rheologically controlled deformation of a hydrate sediment mix is supported by recent laboratory observa-
tions of time-dependent deformation behavior of gas hydrate-bearing sands. The controlling hydrate is
likely to be strongly dependent on formation controls and intersediment hydrate morphology. Our results
constitute a paradigm shift for evaluating the effect of gas hydrates on seafloor strength which, given the
widespread occurrence of gas hydrates in the submarine environment, may require a reevaluation of slope
stability following future climate-forced variation in bottom-water temperature.

1. Introduction

Active landslides can occur in subaerial environments as low-velocity mass movement complexes that pro-
gressively convey sediment downslope by plastic deformation and creep processes [Hungr et al., 2001].
Such processes are well documented in weak clay-rich material (often the weathering products of weak
rocks) as earthflows/mudflows [Glastonbury and Fell, 2008], and in sediment and ice mixtures as rock gla-
ciers [Haeberli et al., 2006]. In this context “active” refers to landslide complexes that are continuously or epi-
sodically moving residual strength material downslope, as oppose to repeated first time failures (as might
occur in a retrogressive landslide). In the submarine environment, low-velocity active landslide processes
are little known, with the few published examples including salt-related flow deformation [Garfunkel et al.,
1979; Mitchell et al., 2010], and a submarine landslide complex interpreted as an active earthflow on the
Hikurangi Margin, New Zealand [Mountjoy et al., 2009]. In the latter example, the authors proposed that sta-
bility field perturbations that might enable submarine landslide complexes to maintain activity for pro-
longed periods include seismic ground-motion, repeated static sediment loading and fluid flow induced
pore pressure. Rheological materials that potentially alter sediments to promote viscoplastic, glacier-like
creep on submarine slopes include salt, permafrost, and natural gas hydrates.

Gas hydrates are ice-like compounds that occur globally in marine sediments at low temperatures and high
pressures [Kvenvolden, 1993] in what is known as the gas hydrate stability zone (GHSZ). The base of gas
hydrate stability (BGHS) is often visible in seismic data as a bottom simulating reflection (BSR). Gas hydrates
have an upslope limit dependent on pressure and temperature conditions where the GHSZ will “pinchout”
to the seafloor, and methane hydrate cannot occur in shallower depths than this water depth that we refer
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to here as the GHSZ pinchout. Methane in hydrate systems represents a potential energy resource [Collett,
2002], and the release of methane to the seafloor may impact global climate [Kennett et al., 2003]. Hydrate
dissociation is also considered to be a seafloor destabilization mechanism [Kvenvolden, 1993; Lopez et al.,
2010]. The upslope limit of the GHSZ is attracting increased interest in studying the interaction between cli-
matic changes and gas hydrates because gas hydrates in its vicinity are most vulnerable to changes in water
temperature [e.g., Phrampus and Hornbach, 2012; Westbrook et al., 2009] or sea-level [e.g., Davy et al., 2010].

The primary mechanism by which gas hydrates have been proposed to influence slope failure is via temper-
ature or pressure-controlled dissociation of hydrate to free gas at the BGHS [e.g., Kvenvolden, 1993; Paull

et al., 1996; Vogt and Jung, 2002]. Gas hydrate destabilization is thought to be caused by depressurization
with lowered sea level [Paull et al., 1991] or by seafloor warming following increases of bottom-water tem-
peratures [Kennett et al., 2000; Phrampus and Hornbach, 2012]. Hydrate dissociation is widely proposed to
result in a significant pore pressure increase in host sediments [Xu and Germanovich, 2006] leading to
reduced stability of the overlying sedimentary sequence.

Other mechanisms have also been proposed by which the presence of gas hydrates may reduce the static
stability of natural slopes. Sultan et al. [2004] and Sultan [2007] propose that hydrate dissolution at the top
of the GHSZ could be an influential factor in marine slope instability. The melting of hydrate, that may itself
be increasing shear strength by grain cementation, could lead to localized shear strain due to volume
expansion with the creation of shear discontinuities that may act as preferential failure surfaces. Critically
overpressured free gas reservoirs may exist at the BGHS in some gas hydrate provinces [Hornbach et al.,
2004], implying that slopes in these areas might be preconditioned for failure.

Early laboratory results have suggested that gas hydrate is significantly stronger than water ice [Durham

et al,, 2003]. Sediment containing gas hydrate is suggested to be strengthened with respect to adjacent,
nonhydrate-bearing sediments [Winters et al., 2007], and this cementation effect implies enhanced stability
of hydrate-sediment-mix materials. Recent laboratory experiments, however, indicate significant viscoplastic
behavior of gas hydrate-bearing sands [Miyazaki et al., 2011]. This work shows that incorporating hydrate
into a sediment sample may result in significantly enhanced creep behavior, and that hydrate-sediment
mixtures may exhibit very high strain-rate dependence. Constitutive modeling based on these recent find-
ings indicates that strain-rate dependence in clay-rich sediments can result in significant strain softening
with the implication that the presence of hydrates themselves may reduce the stability of slopes [Sultan
and Garziglia, 2011].

Gas hydrates thus provide a framework for both generating excess pore pressures within slope sediments
and altering the rheology of the seabed. In this study, we analyze newly collected seismic reflection data
that show a gas hydrate system intersecting the seafloor within the Tuaheni landslide complex. We elabo-
rate on evidence that this is an active low-velocity landslide complex [Mountjoy et al., 2009], and propose
three hydrate-related mechanisms for enabling prolonged deformation of the landslide debris.

2. Geological Setting

The study area for this work lies on the upper slope of the northern Hikurangi Margin, off New Zealand's
east coast (Figure 1). The region of interest is informally referred to as the Tuaheni slope, after Tuaheni Ridge,
a structurally controlled seafloor high forming the lower bound to the upper slope basin.

2.1. Tectonic and Stratigraphic Setting

The shelf to continental slope off Gisborne (Figure 1b) is greatly affected by the active tectonic processes of
the Hikurangi subduction margin. Oblique convergence between the Pacific and Australian plates at
approximately 45 mm/yr is partitioned into lateral motion in the onshore axial ranges and orthogonal con-
vergence across the offshore subduction system [Wallace et al., 2004]. Offshore active faults occur as pure
dip-slip thrust faults striking parallel to the margin in two primary zones, from the deformation front to the
midslope, and from the outer continental shelf to the coast [Mountjoy and Barnes, 2011]. From the midup-
per slope, there is a gap in active structures, along at least 100 km strike-length of the margin. The activity
of faults underlying the continental shelf is well documented, with vertical rates of 3-5 mm/yr [Mountjoy
and Barnes, 2011]. Although the specific activity of upper-plate faults underlying the midlower slope are not
well known, in terms of ground shaking potential, all upper plate faults and the Hikurangi subduction thrust
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Figure 1. Study area location, main tectonic features, and slope geomorphology. (a) Location of study area on the Hikurangi Margin. Plate
motion vector from Beavan et al. [2002]. (b) Forearc geomorphology and principal tectonic features, showing the deformation front, active
(upper plate) earthquake sources (red) after Stirling et al. [2012], and distribution of major mass transport deposits exposed on the seafloor
(yellow) after Mountjoy et al. [2009] and Mountjoy and Micallef [2012]. (c) Local geomorphology, physiographic features, and geophysical
data available in the study region. Underlying multibeam bathymetry is a compilation of Kongsberg EM300 and EM302 data sets. White
lines show available seismic reflection profiles. Red line indicates the location of composite seismic reflection profile in Figure 2. Blue out-
line indicates the extent of Figure 3. Black arrows indicate the direction of movement within the slides. PDA refers to the Paritu Debris Ava-
lanche [Mountjoy and Micallef, 2012].

are accounted for in the National Seismic Hazard Model (NSHM) [Stirling et al., 2012]. Earthquake sources in
the study area are indicated in Figure 1b as red lines, and the NSHM indicates the peak ground acceleration
(PGA) of 0.4-0.5 g at a 250 year return period across the upper slope.

The Tuaheni slope is underlain by Quaternary shelf-edge clinoform sequences that extend from the outer
shelf onto the upper slope [Pedley et al., 2010]. The clinoforms are characterized by wedge-shaped, gently
dipping, parallel bedded sedimentary packages and are characteristic of sea-level-cycle controlled progada-
tional deposits, i.e., the lowstand systems tract [e.g., Posamentier and Vail, 1988; Van Wagoner et al., 1988].
The clinoform sequences are fine grained at the surface [Alexander et al., 2010], reflecting Holocene sedi-
mentation, but likely contain a significant sand fraction at depth as documented for equivalent clinoform
sequences near-by [Barnes et al., 1991]. The Quaternary sequences are underlain by Miocene and older

MOUNTJOY ET AL.

©2014. American Geophysical Union. All Rights Reserved. 4139



@AG U Geochemistry, Geophysics, Geosystems 10.1002/2014GC005379

-

'_
=
'_
o
e}
j
[e}
(s}
Q
2]
2—
T 1km
(ve 4.5 @ 2 kms™' TWT)
3

shelf-edge clinoforms Tan1114-10B | Tan1213-01

initial source area
—

debris accumulation o

unfailed sequence

Figure 2. Regional seismic line illustrating the shelf break to upper slope sedimentary setting, the contrast between failed seabed (deformed debris zone) and intact slope stratigraphy
(unfailed sequence). Bottom simulating reflections (BSRs) represent the base of gas hydrate stability (BGHS)—Dblue arrows. The line is located in Figure 1c.

rocks that are variably exposed by erosion and tectonic uplift [Barnes et al., 2002; Field et al., 1997; Mountjoy
and Barnes, 2011].

2.2, Previous Work on Gas Hydrates

The Hikurangi Margin east of the North Island of New Zealand is likely to hold significant accumulations of
hydrates [Navalpakam et al., 2012; Pecher and Henrys, 2003]. A possible link between gas hydrates close to
the upper limit of the GHSZ and seafloor erosion has been proposed for a location known as Rock Garden,
south of the study area [Crutchley et al., 2010; Ellis et al., 2010; Pecher et al., 2005]. Rock Garden is a subsea-
floor ridge with a plateau-like top that is flanked by BGHS pinchouts. Two mechanisms have been proposed
to link gas hydrates and seafloor erosion to explain its flattened ridge top. (1) Repeated formation and dis-
sociation of gas hydrates (“freeze-thaw” cycles) due to water-temperature fluctuations may lead to repeated
expansion and contraction of pore volumes, thereby fracturing the seafloor. (2) Overpressure from fluid
migration beneath a very shallow, low-permeability gas hydrate zone may lead to hydrofracturing in the
shallow subseafloor. Results from modeling favor the second concept [Crutchley et al., 2010; Ellis et al.,
2010]. In both models, fracturing would weaken the seafloor. Weakened material could then be transported
away by currents.

2.3. Tuaheni Slope Instability

Submarine slope instability is widely recognized along the length of the Hikurangi Margin [Barnes et al.,
2010; Collot et al., 2001; Faure et al., 2006; Kukowski et al., 2010; Micallef et al., 2012; Mountjoy et al., 2009;
Mountjoy and Micallef, 2012; Pedley et al., 2010]. The continental slope off the coast of Gisborne is subject to
widespread mass failure, including some of the largest and best preserved landslide complexes on the mar-
gin. The Tuaheni landslide complex occurs within the outer-shelf to upper-slope clinoform sediments on
the Tuaheni slope (Figures 1c and 2). The surface morphology of the ~145 km? landslide complex is
described in detail by Mountjoy et al. [2009]. First-order landslide morphological features are clearly
delineated, including headscarps (source areas) and landslide deposits. The base of the Tuaheni landslide is
stratigraphically controlled, with a planar basal failure surface which steps down to deeper horizons down
the landslide length (Figure 2). Debris above the basal failure surface exhibits tectonic-style deformation,
transitioning from contraction in the upper slide debris to extension in the lower slide debris region. These
morphologic features, together with nested lateral shear zones and significant deflation in the main
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landslide track, closely resemble creep deformation features observed in terrestrial earthflows [Mackey et al.,
2009].

The landslide comprises two distinct components (north and south) which primarily contribute failed
material to the debris-filled Tuaheni basin, with a component feeding into the Paritu basin (Figure 1c).
Mountjoy et al. [2009] recognized that the landslide complex is dominated by stratigraphically controlled
failures and recognized some key differences between the north and south domains. Tuaheni North is
dominated by multiple, overprinted landslide scars between 700 and 1800 m across. Scarp heights are
predominantly around 100 m, sloping at approximately 8-20°, and occur from 150 to 850 m water depth.
The evacuated scars in Tuaheni North contain minimal landslide debris suggesting that, following failure,
debris was mostly conveyed to the Tuaheni basin, the floor of which is at water depths between 900 and
1000 m. In contrast, source area scars in Tuaheni South occur near the shelf break, in water depths of
150-550 m. These scars are >2500 m wide, with 300-350 m high scarps sloping at 8-20°. Downslope of
the Tuaheni South source-area-scars, an 80 km? field of irregular, rough landslide debris is observed at
depths between 550 and 850 m, sloping at 1.5-4°. An arcuate apron of debris containing transverse con-
tractional folds is interpreted as a remnant of the parent landslide proposed to from an initial, relatively
rapid slope failure. The lower boundary (toe) of the debris field is predominantly unconfined. Kinematic
indicators from surface morphology show three directions of movement, partitioning the slide into three
separate components (Figure 1c).

Based on morphometric analysis of the surface roughness of the Tuaheni South landslide debris, combined
with interpretation of subsurface features in multichannel seismic data, Mountjoy et al. [2009] identified
multiple features that indicate compression, extension and lateral-shear deformation. Considering (1) the
distribution of contractional versus extensional deformation (extension occurs in the distal slide region as
oppose to the upper region of the slide as is most common for single event or stacked failures on land and
on the seafloor), (2) the very well formed lateral shear zones, (3) the lack of vertical partitioning of the slide
debris, and (4) the similarity of the surface morphology with other creep-dominated slope deformation
processes on-land, the authors propose that this landslide complex is a submarine earthflow subject to per-
turbations inducing ongoing mobility. Earthflows are landslide complexes in areas of weak, clay-bearing
rock that behave as slow, glacier-like debris streams that repeatedly remobilize the same material [Baum

et al,, 2003; Hungr et al,, 2001]. While the mobility of terrestrial earthflows is principally controlled by
precipitation-controlled elevations in pore pressure, this clearly does not influence submarine slopes.
Mountjoy et al. [2009] proposed that the ongoing mobility, either episodic—stick-slip—or continuous creep-
ing motion could be controlled by earthquakes, gas expulsion, or rapid sediment loading, all of which might
plausibly occur at this site. Gas hydrate indicators in the vicinity of the landslides were not, however, identi-
fied in this previous study.

A newly available grid of high resolution multichannel seismic reflection data now provide significant fur-
ther insight into these landslides. The new data confirm and further constrain the nature and extent of
creeping and show shallow gas hydrate indicators below the landslides (Figure 2), as identified by Navalpa-
kam et al. [2012] on the adjacent slope. Based on interpretation of the new seismic reflection data, we pro-
pose a mechanism for the long-term deformation behavior of actively mobile submarine landslide
complexes in gas hydrate provinces.

3. Data

3.1. Multibeam Bathymetry

The Tuaheni slope is extensively mapped with Kongsberg Simrad EM300 and EM302 30 kHz multibeam
bathymetric data (Figure 1c). Simrad EM300 data were collected with the hull-mounted instrument on RV
Tangaroa in 2006 and 2008. The system operates 135 1 X 2° beams at 30 kHz. Shipboard navigation com-
prises a POS/MV system with differential GPS. A grid size of 25 m is chosen to honor beam insonification
and sounding density across the water depths of interest. EM300 data were processed to this resolution in
Hydromap. Kongsberg EM302 data were collected in 2011 with the upgraded hull-mounted instrument on
RV Tangaroa. The EM302 system operates 288 1 X 2° beams at 30 kHz, and employs the same navigation
system as previously. Data were processed on board using CARIS HIPS & SIPS and QPS Fledermaus, and
gridded at 25 m.
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3.2. Seismic Reflection

A significant amount of seismic reflection data is available in the study area (Figure 1¢). This includes unpub-
lished multichannel seismic reflection data (MCS) collected in 2011 [Barnes et al., 2011] and 2012 [Wysoczan-
ski et al., 2012]. For both surveys, data were collected with the same system aboard RV Tangaroa. The
seismic system has a 600 m streamer with 48 channels and a group interval of 12.5 m. Depth is controlled
by a CSMX system with compass birds providing streamer feather angle information. Navigation is via
Hydropro navigation software from Trimble to merge depth, DGPS position (POSMV antenna accurate to
+0.4 m). The seismic source is a dual Gl gun (2 X 45/105 cubic in.).

In addition, archived MCS data are available, including GeodyNZ 6-channel seismic reflection data collected
in 1993 [Collot et al., 1996], TANO106 24-channel NIWA survey data collected in 2001 [Mountjoy et al., 2009;

Pedley et al., 2010], and 05CM New Zealand Government-funded deep-penetration petroleum industry sur-

vey data collected in 2005 [Multiwave, 2005; Navalpakam et al., 2012].

3.3. Oceanographic

The study area is broadly located in a zone of mixing between the cooler Wairarapa Current that travels
northward along the North Island’s east coast and the warmer East Cape Current approaching the North
Island from the north. This mixing is thought to lead to the Wairarapa Eddy causing mesoscale (100-200
days) temperature fluctuations [e.g., Chiswell, 2005]. Historic CTD data within ~100 km of Rock Garden,
approximately 140 km south of the Tuaheni area [Pecher et al., 2005], as well as a >450 day mooring deploy-
ment close to Rock Garden suggest bottom-water fluctuations of almost = 1°C. [Pecher et al., 2008]. Historic
CTD measurements within ~100 km of the Tuaheni area display similarly large fluctuations with average
temperatures that are only ~0.1°C lower than those on Rock Garden.

3.4. Surface and Subsurface Landslide Morphology

Key elements of the landslide, including the depth of failure plane, slope gradient, and the affected area
and volume were all described by Mountjoy et al. [2009]. While full coverage multibeam bathymetry data
were available to these authors, new Kongsberg-Simrad EM302 data are less noisy and, with the higher
sounding density of this instrument, provide significantly improved resolution imaging of landslide surface
morphology (Figure 3). The same features identified as diagnostic of creeping deformation are observed
more clearly in the new multibeam data. The uninterpreted multibeam bathymetry insets in Figure 3 illus-
trate the complex surface morphology of the landslides, including crescent-shaped concave downslope
fracture/scarp features and linear lateral scarps indicating faulting and folding of the landslide debris.

New seismic reflection data provide significant insight into the internal structure of the landslides. The
geometry of seismic reflections can indicate sediment deformation style in terms of contractional and
extensional deformation, the character of which is exemplified by the internal deformation of large-scale
gravity instability systems [e.g., de Vera et al., 2010; Maloney et al., 2012]. The Tuaheni slides exhibit the char-
acteristic rollover and stacking geometries related to thrust fault development and contractional folding,
and down-dropping resulting from extensional faulting (Figures 4 and 5). Deformation structures indicate
contractional deformation in the upper regions of the slides and extensional deformation in the distal
(downslope) parts. The boundary between contractional and extensional areas is in agreement across the
different slide components (Figure 3). Quantifying the dip angle of the faults shown in Figures 4 and 5 dem-
onstrates that contractional faults have an average dip of 29° while extensional faults have an average dip
of 63°. The clear distinction of the dip populations between reverse and normal faults is indicated in

Figure 6. The measured dip values for both fault populations are characteristic of low angle thrust (contrac-
tion) and dip slip (extension) [Scholz, 2002], supporting the downslope distinction between deformation
domains as shown in Figures 3-5.

Deformation features within the debris sole to a basal surface defined by relatively coherent underlying
reflectivity, and higher amplitude reflections. Material directly beneath the deforming debris contains fea-
tures that indicate it is also landslide material. It onlaps or is discontinuous with upslope material, and con-
tains contractional deformation structures (Figures 4 and 5). We thus recognize two stratigraphic units
within the Tuaheni landslides, (1) a lower unit of semi-coherent higher amplitude reflectivity forming a
wedge that completely tapers out downslope and (2) an overlying highly disrupted, low amplitude surface
unit that retains a relatively constant thickness downslope but which varies locally from 60 to 130 m.
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Figure 3. Geomorphology of the Tuaheni landslides. Black linework indicates a deformation-related contractional and extensional features
within debris bodies after Mountjoy et al. [2009]. Red lines are lateral shear faults. Red transparency indicates a contractional region in the
debiris field, and green transparency indicates an extensional region. Colored insets show an uninterpreted single-swath multibeam data
across the lower extensional zones of the two main components of the landslide. The location of seismic reflection profiles presented in
Figures 4 and 5 is indicated. Dashed contour lines show the highest probability seafloor intersect of the BGHS (605 m, light blue), and the
minimum (585 m, dark blue) and maximum (640 m, red) depth. Colors are as per Figures 8 and 9 and are discussed in the text in section
54.

Underlying these units, a >300 m thick sequence of coherent, horizontal to gently landward-dipping stra-
tigraphy represents the intact sequence of the clinoform sediments deposited in the upper slope.

3.5. Gas Hydrate System Geometry and Dynamics

The main seismic indicator of the gas hydrate system is exemplified by a BSR crossing landward dipping
reflections (Figure 2). Dipping, high-amplitude reflections beneath the GHSZ that terminate at the BSR are
classical indicators of gas charged sediments [Berndt et al., 2004]. To gain a more regional understanding of
gas hydrate stability, we analyzed all available multichannel seismic data sets in the areas surrounding the
Tuaheni landslide and picked BGHS indicators where they are easily identifiable. The depth of BGHS seismic
indicators below the seafloor with respect to modeled curves indicate upper and lower geothermal gra-
dients for hydrate stability of 20 and 65°C km™" (Figure 7). The average value of 30°/km is in good agree-

ment with the local model-fit value for the BGHS beneath the Tuaheni Landslides of 27°C km ™"

We do not observe any clear evidence for BGHS pinchouts with the seafloor in seismic reflection data within
the Tuaheni slide area. However, we identified two possible reflections that may mark the BGHS pinchout: a
weak reflection that appears to be cutting through stratigraphic layers and may pinch out at the seafloor at
~560 m depth (Figure 4) and a reflection that appears to cut through stratigraphy pinching out at 645 m
(Figure 5). Both reflections are unusually weak for gas-related BSRs and we were not able to unambiguously
establish their polarities. We therefore do not consider these events as reliable indicators for BGHS pinch-
outs, and predict seafloor positions of the BHGS (green line in Figures 4 and 5) based on BSR depth beneath
the seafloor as a function of water depth further downslope. This water depth position is in agreement with
the numerous BGHS pinchouts on the flanks of Rock Garden at 630-645 m water depth [Crutchley et al.,
2010; Pecher et al., 2005].
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Figure 4. Uninterpreted and interpreted versions of true-amplitude multichannel seismic profile Tan1114-22 down the length of the Tuaheni landslide. Features mapped include the
base of landslide debris (solid black line), the interpreted base of active deformation (dashed black line), and the base of gas hydrate stability (BSR, green), internal landslide deformation
features (black). Linework interpretations show an internal reflectivity indicative of faulting style.

To model the stability and subsurface location of the gas hydrate phase boundary, we assumed a system
without any recent sediment removal or deposition and with constant water temperatures as a function of
time. Water temperature was assumed to decrease with depth following the average temperature profile
observed in CTDs (Figure 8). For our initial estimate of the depth of the BGHS as a function of water depth,
including depth at the seafloor, we assumed a thermal gradient of 0.025°C m~ " based on observations else-
where along this margin [Pecher et al., 2010] and used physical and chemical properties as listed in Table 1
[after Pecher et al., 2005]. We then tried to match observed and predicted depth of the BGHS by varying the
thermal gradient and adding constant values to water temperatures. The latter accounts for both unknown
precise water temperatures as well as changes in the composition of gas and pore water, which lead to
near-constant temperature shifts in the gas hydrate phase boundary. This approach has two unknowns
(thermal gradient and temperature shift of the phase boundary) and thus, by picking more than two depth
levels of the BSR, is well constrained. In a trial-and-error approach, we found a good match for a thermal
gradient of 0.027°C m ™', a seafloor temperature of 0.0°C, and a BGHS pinchout at 605 m water depth (Fig-
ure 9). We estimated error margins based on trial-and-error models as +0.002°C m~" and =20 m for ther-
mal gradient and depth of the BGHS pinchout, respectively.

Average water temperatures are ~0.1°C lower in the Tuaheni area than on Rock Garden (and probably well
within the error margin of observations), the equivalent of only ~4-5 m water depth at the predicted BGHS
pinchout. Yet, BGHS pinchouts on Rock Garden were observed at a water depth of 630-645 m. A thermal
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Figure 5. Uninterpreted and interpreted versions of true-amplitude multichannel seismic profile Tan1114-10B down the length of the Tuaheni landslide. Features mapped include the
base of landslide debris (solid black line), the interpreted base of active deformation (dashed black line), and the base of gas hydrate stability (BSR, green), internal landslide deformation
features (black). Linework interpretations show an internal reflectivity indicative of faulting style.

gradient of 0.020°C m~ " would be required for a BGHS pinchout at 630 m in order to match the predicted
depth of the BGHS with the shallowest termination of a high-amplitude reflection (possible BGHS Figure 5).
The predicted BGHS “dives” well below the observed termination of high-amplitude events at greater
depths. Pecher et al. [2005] suggest that similar deviations between the predicted and observed curvature
of the BGHS for given depths of BGHS pinchouts may be due to seismic resolution (the actual BGHS pinch-
out may be shallower but not resolved) or localized advective heatflow due to fluid expulsion at BGHS
pinchouts leading to an increase of thermal gradient from <0.03°C m™" on the flanks of Rock Garden to
>0.05°C m™ " close to the BGHS pinchouts. Fluid expulsion is consistent with vigorous gas venting observed
next to BGHS pinchouts on Rock Garden. In the absence of further data, we therefore estimate the BGHS
pinchout for average water temperatures in the Tuaheni slide area to be present between 585 m (predicted
minus estimated error margin) and 640 m (deepest BGHS pinchouts on Rock Garden adjusted for slightly
lower temperatures in the Tuaheni area), with a maximum probability at 605 m. We note that the BGHS
pinchout is predicted to fluctuate by almost =50 m as a function of bottom-water temperature variations
probably on relatively short, mesoscale time scales.

Three observed depths of the BSR should thus be sufficient to allow prediction of the BGHS pinchout loca-
tion. This approach has a number of additional unknowns, such as seismic velocity and thermal conductiv-
ity; however, we have demonstrated that even a change of predicted BGHS pinchout of 25 m (605-630
water depth) makes it difficult to match the observed depth profile of the BGHS. However, additional factors
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Figures 4 and 5. A distinction is made between contractional (reverse)
and extensional (normal) faults. Back thrust (i.e., landward verging) con-
tractional faults were not included in the analysis.

the BGHS. However, even further seaward, the
predicted BGHS would be considerable
deeper than the observed terminations of
high-amplitude events that we interpret as marking the BGHS. If this reflection was a BSR, this mismatch
between predicted and observed BGHS could best be explained by bottom-water cooling (or similarly, sea-
floor removal). In this case, the thermal field in the shallow subseafloor may already have readjusted to
cooler conditions while the thermal pulse may not have reached deeper and thus, the depth of the BGHS
may still be at its precooling level. Similarly, a deeper BGHS pinchout could be explained by a relatively
recent increase of bottom-water temperatures by 1°C.

To obtain a rough estimate of the timescale of possible thermal disturbances (including sudden sediment
deposition or removal), we modeled the penetration of a temperature step of +1°C into the seafloor. Signif-
icant temperature changes at 50 mbsf, roughly the depth that the shallower cross-cutting reflection are pre-
dicted to start between 20 and 100 years (Figure 10). At ~115 mbsf, the shallowest depth of observed
terminations of high-amplitude reflections interpreted as BSRs (top of green line Figures 4 and 5),
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Figure 7. Base of gas hydrate stability indicators (BSR) mapped from seismic reflection profiles in the immediate region of the study area
(i.e., white lines in Figure 1c indicate a location of seismic reflection profiles). Picks are plotted as seafloor depth against depth below sea-
floor. Modeled methane hydrate stability curves for three geothermal gradients are shown.
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hydrate to gas and water phase boundary, and the BGHS pinchout for
the present situation (light blue) and for a temperature fluctuation of
plus and minus 1°C (red and dark blue lines, respectively). Colors of
BGHS pinchout boundaries match those in Figure 9.

temperatures remain almost constant for
about 200 years following the temperature
step. Latent heat for gas hydrate dissociation
and limited mobility of free gas would add to
the time required for adjusting the position of
the BSR after any temperature steps. Hence, if
temperature steps caused a discrepancy
between BGHS pinchout and the deeper
BGHS, they would have occurred in the past
several hundreds of years.

4. Discussion

Despite widespread inferences that gas
hydrates have a significant role in seafloor
instability, few hydrate-associated slope fail-
ure mechanisms have been proposed beyond
the conventional model of gas hydrate disso-

ciation at the BGHS destabilizing intact slopes. Given the complexity of hydrate and gas within GHSZ sedi-
ments [Navalpakam et al., 2012; Suess et al., 2001], the gas hydrate system is very likely to have numerous
and varied influences on sediment stability and slope failure processes at a range of scales.

Our analyses indicate that the BGHS projects to the seafloor within an actively deforming submarine land-
slide. To facilitate “active” ongoing downslope deformation of landslide debris a dynamic and short-time
scale trigger is required. Long-term average downslope deformation rates for terrestrial low-velocity active
landslides show a remarkable consistency around 1 =+ 0.5 m yr™ . This is the case for precipitation forced
movement in weak-rock earthflows [Corsini et al., 2005; Mackey et al., 2009], as well as for gravity forced
movement in creeping flows composed of a sediment-ice mix [Bodin et al., 2008; Haeberli et al., 2006]. We
infer that movement rates in the Tuaheni landslides should be in this range to maintain the geomorphic

features that identify this as a low-velocity actively moving landslide. To quantify this movement rate in the
future will require either a long-term program of very high resolution (e.g., Autonomous Underwater Vehicle
or AUV) repeat bathymetric surveys, or the installation of a seafloor deformation monitoring network.

Although seismic ground-shaking is likely to influence slope stability in this region, such a process does not

provide stability perturbations on these shorter timescales considered a requirement to maintain an active
low-velocity landslide complex (e.g., subdecadal). Our data and analysis lead us to the hypothesis that the
shallow gas hydrate system provides the driving mechanism for this active landslide.

4.1. Development of the Tuaheni Landslide Complex

Many conceptual models exist for the emplacement of submarine landslide complexes. These include single
event failures [Lafuerza et al., 2012], multiple events resulting in stacked debris sheets [Greene et al., 2006],
small displacement sediment spreading [Micallef et al., 20071, and rapid runout mudflows [Sawyer et al.,

Table 1. Thermal Properties for Estimating the Propagation of a
Temperature Step into the Seafloor®

p (kgm™3) kWm~ 'K CpUkg™'s™")
Pore water 1035 0.60 4187.00
Matrix 2650 2.80 750.00
Bulk 1647 1.08 2884.38

?Density (p), thermal conductivity (k), and specific heat (Cp) for
sediment [Fowler, 1990]. Porosity estimated as 0.62 from a seismic
velocity of 1600 m s~ [Hamilton, 1978], k of the rock matrix is for a
sandy shale [Kappelmeyer and Haenel, 1974]. Cp ranges between 500
and 1000 J kg~' s~ for marine sediments [Schon, 1996]—we there-
fore use 750 J kg~ ' s as average. These properties do not account
for gas hydrates nor do the models incorporate latent heat needed for
gas hydrate dissociation.

2012]. Evidence for multiple catastrophic fail-
ures in the Tuaheni landslide complex
includes the remnant lobe and lower debris
unit interpreted as part of a parent failure
(Figures 3-5), and the composite headscarp
indicating multiple small scale failure (Figure
3). However, the conclusion of Mountjoy et al.
[2009] that the internal structure and mor-
phology of the present Tuaheni landslide
complex does not show features consistent
with multiple stacked events being solely
responsible for constructing the landslide
complex (e.g., coalescing lobes, debris units
separated by coherent reflectivity in seismic
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Figure 9. Location of the BGHS with respect to the seafloor for the current situation (0.0°C) and varying temperatures based on data from
Figure 8. Curves are overlain on seismic reflection profile Tan1114-10B as per Figure 5.

reflection data) is supported by the new data presented in this study. This is true for the landslide deposits
above the dashed line in Figures 4 and 5 (interpreted as the active portion of the failure complex), and we
acknowledge that the unit below this line may contain multiple events.

Based on our data analysis, we propose three key steps in the evolution of an intact slope into the active
landslide complex of the present day (Figure 11).

The Tuaheni landslide complex is proposed to have first occurred as a relatively large failure from the upper
slope which ran out into the basin defined by Tuaheni Ridge, with the lower part coming to rest on gas
hydrate-bearing sediments. This initial failure constitutes the first step in Figure 11a. The remnant toe of this
frontally confined parent failure exhibits compressive structures (Figure 3) [Mountjoy et al., 2009] in accord-
ance with widely accepted landslide emplacement models for both submarine and terrestrial landslide dep-
osition, resulting in thinning and extensional deformation in the upper slide mass and contraction in the
distal toe-area [Bull et al., 2009; Prior et al., 1984; Turner and Schuster, 1996]. Seismic reflection data reveal a
lower, wedge-shaped unit underlying the main debris sheet that is interpreted as a remnant of this initial
parent failure (Figures 4 and 5). This initial failure of the upper-slope clinoform sediments is most likely to
have been earthquake triggered. The composite headscarp of the landslide complex indicates that it has
formed by multiple failures and this likely reflects the ongoing development of the headscarp following the
loss of lateral support after the initial failure.

Since landslide debris was deposited sufficiently far downslope to enter the field of gas hydrate stability
(Figure 11a), the second key step (Figure 11b)
involves the first interaction between the gas

0 l 1 1 l 1 1 l hydrate system and the failed material from the
20 | 0 B parent landslide. As a fluid flow system developed
through the emplaced landslide debris, we expect
‘_g? 40 B gas hydrate to have formed within the pore spaces
3 60 of the debris. Recent studies demonstrate the short
=4 time periods over which methane hydrates can col-
8 80 - o onize a sedimentary structure [Berndt et al., 2014]
100 - L Assuming that interstitial hydrate had formed
_Shallowest level of visible BSR ) within the landslide debris, it would potentially
120 T T T T T T T change the mechanical properties of the sediment

in at least two ways. (1) Under rapid loading rates,
the brittle strength of the sediment is likely to be
Figure 10. Modeled BGHS temporal response to changes in !ncreased [Durhc.'m.et al, 2003]‘.Thls Strength
bottom-water temperatures. Plot illustrates how a dramatic sea- increase would limit the potential for further cata-
ward shift would occur at the shallowest BGHS in the early stages Stl’OphiC failure of the landslide debris. In this case,
f bottom-water t t ing, followed b, dual . . . .
o Dotfom-warer femperature watming, foTowed by more graca it would provide something of a buttress to rapid

change over time. The shallowest observed BSR in seismic reflec-
tion data is plotted. static loading from material failing from the

Temperature (°C)
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Figure 11. Cartoon illustrating the three key stages in the evolution from the intact Tuaheni slope to an active landslide complex. (a) The
parent landslide occurs onto intact slope sediments. The post glacial gas hydrate system is established within the subseafloor and the
TGHS would be at 600 m bsl. (b) Over time the gas hydrate system reestablishes to the new seafloor (the landslide surface) and interstitial
hydrate may form within the landslide debiris. (c) The slope evolves to the present-day situation with an active landslide complex. Note
that from the initial failure, the distribution of extension versus contraction has switched so that extension now occurs in the downslope
region of the failure.

headscarp upslope. (2) The sediment is likely to attain enhanced viscoplastic properties under low loading
rates [Miyazaki et al., 2011]. This means the material may be susceptible to creep deformation. In addition,
the development of interstitial hydrate is likely to alter the permeability characteristics of the sediment.

Our hypothesis is that once hydrate has formed within the landslide debris, the hydrate system provides a
mechanism for active landsliding to occur (Figure 11¢). The newly identified methane hydrate and underly-
ing free gas system may provide a cyclic, short- time scale mechanism to perturb slope stability over pro-
longed time periods. The presence of this landslide type is believed to reflect a combination of
preconditioning factors including sediment type and availability (stratified weak sediments) and slope geo-
morphology (gentle slope gradients, toe removal mechanisms). What is actually triggering and maintaining
the proposed movement within the debris stream is the subject of this discussion in section 5.3, and we
focus on formulating hypotheses for how the coincident gas and gas hydrate system might be facilitating
active landslide movement.

4.2. Spatial Relationship Between Gas Hydrates and the Landslide Mass

Seismic reflection data and hydrate stability modeling indicate that the BGHS approaches the seafloor
within the central zone of the Tuaheni landslides (Figures 7-9). While we cannot identify any unambiguous
BGHS pinchouts, the modeled location of the BGHS occurs at between 585 and 640 m water depth (Figure 3).
This modeled pinchout coincides with the transition between contraction and extension mapped in the
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landslide complex and applies to the three components of the Tuaheni landslide complex. This indicates that
interstitial hydrate could be incorporated into sediments in the extensional region of the landslides, within
the underlying intact sequences and within the debris, and is very likely to occur in shallow sediments where
the BGHS approaches the seafloor [e.g., Tréhu et al., 2004]. Below the BGHS, reservoirs of free gas and pressur-
ized gas are known to occur [Flemings et al., 2003; Hornbach et al., 2004]. At Tuaheni, high-amplitude reflection
packages that truncate against the BGHS indicate the presence of a free gas system.

The observation that hydrates are not involved with the upslope reaches of the slide departs from existing
models of hydrates and slope failure [Kvenvolden, 1993; Paull et al., 1996]. As the initial landslides initiated
well upslope of the gas hydrate zone, hydrate dissociation beneath the initial slide mass cannot be impli-
cated as the trigger for the parent landslides. It is possible that hydrate dissociation-related failure initiated
near the toe of the parent landslide and developed in a retrogressive fashion. However, it is more likely that
the parent landslides occurred as a result of earthquake ground shaking, with other contributing factors
such as sediment loading playing a role. The initial probably catastrophic failure is significantly different
from the present situation, where the parent landslide has been remobilized as a creeping failure. We pro-
pose two models for the current slow deformation is either repeated remobilization or continual downslope
creep of the emplaced debris. Explanation of this mobility requires either a constant driving force or a cyclic
perturbation to reduce the static stability of the slope.

4.3. Influence of the Gas Hydrate System on Active Landsliding

The Tuaheni landslides demonstrate key attributes of relevance to the models we propose for hydrate-
related instability. (1) The landslides are actively deforming [Mountjoy et al., 2009], either continuously or
episodically in response to physical perturbations. (2) All lateral-shear-bounded “debris streams” within the
failure complex have a free (unconfined) lower boundary where landslide debris can be removed. (3) The
BSR is not coincident with the failure source area on the intact slope, but rather the BGHS is predicted to
pinch out to the seafloor within the landslide debris. The coincidence of an active landslide complex and a
gas hydrate system leads us to consider three mechanisms by which the gas hydrate system could control
this little-known mode of submarine sediment instability. These three mechanisms are discussed in the fol-
lowing three subsections.

4.3.1. Gas Hydrate Dissociation

Dissociation of methane clathrate to methane gas and liquid water provides a mechanism for in-sediment
pore pressure generation that has been widely considered in publications on the topic over the last 30+
years [Mclver, 1982]. Phrampus and Hornbach [2012] have recently presented evidence indicating that
bottom-water warming has resulted in a downward movement of the BGHS leading to gas hydrate dissocia-
tion, the generation of overpressured gas, and potentially to seafloor destabilization. For Tuaheni, the varia-
tion of the BGHS under different temperature regimes indicated that the location of the seafloor pinchout
of the BGHS would be approximately 2 km upslope under a —1°C temperature change (Figure 9). This
increased hydrate stability would yield a potential zone of excess pore pressure generation under parts of
the slide debris further upslope (i.e., beneath the lower end of the contractional domain of the parent land-
slide) (Figure 12a). If this phase change occurred rapidly, it would certainly influence sediment stability.
However, detracting from this mechanism is the timeframe over which such a process is likely to operate, in
the absence of large seasonal ocean-temperature fluctuations, for example, as observed in arctic regions
[Berndt et al., 2014]. Hydrate dissociation does not appear to provide a robust mechanism for triggering
landslide movement, and is unlikely to provide ongoing perturbation to support such an actively deforming
landslide complex. A water temperature decrease needed to match predicted BGHS and depth of the shal-
lower cross-cutting reflection would lead to on-going gas hydrate formation, not dissociation, and thus
would not be predicted to cause seafloor instability using this model.

4.3.2. The Hydrate Valve

The repeated formation and dissociation of gas hydrates following bottom-water-temperature fluctuations
is proposed to cause seafloor weakening close to BGHS pinchouts [Pecher et al., 2005]. Modeling of this
mechanism indicates that significant fluid overpressure can develop in the presence of fluid flow, assuming
that gas hydrates in the pore spaces of sediments cause permeability reductions [Crutchley et al., 2010; Ellis
et al,, 2010]. Where the BGHS approaches the seafloor, pore pressure may reach lithostatic levels leading to
hydrofracturing into the shallow gas hydrate zone [Crutchley et al., 2010]. As fractures develop, elevated
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Figure 12. Schematic illustration of the three proposed models for hydrate-controlled active landsliding. (a) Hydrate dissociation due to
changing bottom-water temperature. The schematic model illustrates a dissociation occurring in the region of the landslide upslope of the
observed BGHS. This seaward move of the BSR of approximately 2 km requires a temperature increase in the order of 1°C (Figure 9). (b)
Methane hydrates acting as a pressure valve. Pressure accumulation below the impermeable layer defined BGHS reaches lithostatic pres-
sure and causes transient hydrofracturing (inset). At a certain point seaward, the thickness of overburden will become too great for pore
pressure to be transmitted to the landslide base. (c) The hydrate glacier. Downslope of the BGHS pinchout conditional enable hydrate for-
mation within the landslide body (Figure 11b). Grain cementation (inset I) strengthens sediment in the short term but under sustained
load enables creep to occur. Interstitial hydrate also may force grains apart altering geotechnical and permeability properties of the sedi-
ment (inset Il). Shear deformation within the landslide body may be localized along a basal decollement, or distributed within the slide
mass, as illustrated in the velocity profile. The displacement profiles associated with this indicate rates of mm/yr as for rock glaciers and
show a predominantly basal shear dominated situation with a minor component of distributed shear. Displacement velocity profile after
Arenson et al. [2002].

pore pressure may also be transmitted into low permeability landslide debris and destabilize the landslide
body, initiating movement [Viesca and Rice, 2012] (Figure 12b). As the BGHS dives rapidly below the sea-
floor, the region within which hydrofracturing can occur is limited by the ability of overpressure to fracture
the hydrate seal and allow the vertical migration of pressurized fluids. That is, at greater subseafloor depths,
the magnitude of excess fluid pressure required to approach lithostatic pressure increases.

In terrestrial earthflows, precipitation-induced pore pressure-increase triggers downslope displacement,
which is arrested once sediment dilation occurs [Iverson et al., 2000; Schulz et al., 2009]. This pore pres-
sure—dilatency feedback enables ephemeral but repeated downslope movement of the landslide debris,
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and is the core of the hydrate valve hypothesis with respect to landslide mobility. As pore pressure
increases at the base and within the landslide body, which rests very near to static equilibrium, displace-
ment occurs. During displacement, fracturing and dilation occur and pore pressures dissipate. Once land-
slide motion ceases pore pressure must build up to lithostatic again before debris movement reoccurs.
Cyclic pressure build up, rupture, and resealing enables repeated movement of the landslide debris.

Detracting from this model is the rapid thickening of overburden above the BSR as the BGHS dives into the
sedimentary sequence beneath the basal surface of the landslide. Although we have not calculated the
threshold overburden thickness for hydrofracturing at this location, for thickness greater than 100 m, hydro-
fracturing is unlikely [Crutchley et al., 2010]. For the relatively steeply dipping BSR observed beneath the
Tuaheni slides, this depth limitation may reduce the likelihood that this mechanism is the dominant control-
ling factor in active landslide mobility. However, in the case, that there is a deeper preexisting fracture net-
work subject to cyclic hydrofracturing this process may be viable to greater depths.

4.3.3. Rheology Controlled Hydrate-Sediment Glaciers

In a totally new model, we propose that the presence of gas hydrate within the landslide debris could be
enabling low-velocity plastic deformation to occur, similar to that found in sediment and water-ice mix rock
glaciers [Arenson et al., 2002]. The position of the BGHS immediately below the Tuaheni landslide indicates
the presence of methane hydrates within the sediment matrix (Figure 12c). Rock glaciers similarly contain
distributed water ice within sediment, the presence of which enables long-term plastic creep of the debris
body downslope [lkeda and Matsuoka, 2006], and the viscous behavior is due to the cumulative deforma-
tion of thermally controlled ice/rock mixtures [Haeberli et al., 2006]. The review of Haeberli et al. [2006]
shows that the thickness of the active deformation layer in rock-glaciers varies between 0.5 and 3 m. Ice
concentrations in active layers in rock glaciers are typically 40-70%; however, in finer grained materials
creep deformation can be facilitated by very low concentrations of ice cementing sediment together [lkeda
and Matsuoka, 2006]. Morphologically, the presence of well-formed lateral shear zones, contractional and
extensional zones and deflation of the central debris stream of the Tuaheni landslide complex is consistent
with viscous glacier-like deformation (Figure 3).

Natural methane hydrate likely occurs within sediment as distributed lenses, veins and pockets [Suess et al.,
2001], while laboratory experiments indicate that the mechanical properties of sediment-hydrate mixes are
strongly controlled by hydrate formation mechanisms [Priest et al., 2009]. Hydrate cementation is likely to
strongly affect physical properties even at low saturation, and here we suggest that hydrate cement may
deform plastically leading to viscous deformation of bulk sediment while strengthening sediments during
short-term deformation. We propose that the hydrate/sediment ratio in the Tuaheni landslides might ena-
ble material to deform as a brittle-plastic creeping mass, as opposed to coherent sediment accelerating
downslope. Creep may be preferentially located in basal shear zones or distributed throughout the deform-
ing landslide mass (Figure 12c). The conditions for hydrate-sediment-mix materials (i.e., downslope of the
BGHS pinchout) coincides with the spatial distribution of extensional deformation within the landslide
debris. Creep deformation is likely to be strongly dependent on the formation mechanisms and morphol-
ogy of hydrate formed in fine grained materials.

Formation of gas hydrates in fine-grained sediments is poorly understood. Most studies of the effect of
hydrate formation on sediment strength, both in the field and in the laboratory, have focused on coarser-
grained sands as reservoir rocks. Seismic and geotechnical studies in the field and laboratory studies on nat-
ural samples appear to be converging to a model that gas hydrates form within the pore space without
cementing grains [Lee and Collett, 2001; Winters et al., 2004; Yun et al., 2007]. Laboratory studies on sedi-
ments partly saturated with artificially formed hydrate on the other hand, often show the significant
increase of elastic properties expected for grain-cementing gas hydrates. This apparent discrepancy has
been attributed to the availability of water or gas for hydrate formation, laboratory studies of artificial
hydrates formed in sands with constrained water supply appear to form grain cement, whereas constrained
gas supply appears to have led to pore-filling hydrate [Priest et al., 2009].

Elsewhere on the Hikurangi Margin, slopes with similar sediment and slope-gradient ubiquitously do not
have failed sediment retained within landslide scars. That is, if sediment fails, it catastrophically runs away
downslope. If gas hydrates form as grain-contact cement rather than frame-supporting grains, even small
percentages of gas hydrates are expected to lead to a significant increase in sediment strength for short-
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term deformations (Figure 12c-l). This would stop catastrophic failure from occurring. We suggest that
creeping could then be caused by the plastic behavior of gas hydrate cement under a sustained load.

Theoretical studies as well as field observations of veins, lenses, nodules, and other macroscopic gas hydrate
occurrences indicate that gas hydrate in fine-grained sediments may displace grains (Figure 12c-l). Next to
hydrophilic mineral surfaces, it may be energetically advantageous for hydrate to displace grains in order to
increase accommodation space and minimize the surface area of the hydrate-water interface rather than
overcome the capillary entry pressure for hydrate formation in small pore space [Clennell et al., 1999; Henry
et al, 1999]. We here speculate that during this process of hydrate formation, grain displacement may cause
weakening of cohesive bonds between grains in unconsolidated sediments and thus, weakening and
potential failure of sediments. This process would be localized and ephemeral on larger time and spatial
scales, this type of failure may then appear as creeping. We note that this process is complicated by the
uncertainty of gas hydrate formation leading to a net-volume reduction or increase. A volume reduction is
commonly assumed if gas hydrates form from water and free gas is supplied over longer distances—the
incorporation of free gas with a much lower density than water into the hydrate structure is known to lead
to significant volume reduction [Sloan and Koh, 2007]. A net-volume increase would facilitate this process:
such an increase could be expected for hydrate formation from free gas that only locally comes out of solu-
tion. The net effect is then volume expansion during the phase transition from water to less dense hydrate,
similar to ice. We speculate that a similar frost-heave-like process could be in place on Rock Garden [Faure
et al,, 2006], where gas hydrate growth in fractures close to the seafloor could lead to volume expansion in
fractures although bubble streams from hydrocarbon seeps suggest excess free gas migrating through the
seafloor with hydrate formation to lead to a net decrease of pore volume. Better understanding of the proc-
esses associated with gas hydrate formation in fine-grained, clay-bearing sediments is required for any
firmer conclusions.

Based on our data, analysis and observations we support the rheological control of interstitial hydrate for-
mation as controlling the active mobility of the Tuaheni landslide complex. Active seafloor glacial processes
controlled by interstitial hydrate could conceivably occur anywhere that hydrates are present at shallow
depths in the sediment column. While more work is required to evaluate these hypotheses, through our
existing data analysis we propose that hydrate-sediment glaciers may be a fundamental dynamic element
of the marine cryosphere, and play a globally important role in continental margin stability with significant
implications for resource exploitation, engineering infrastructure, and natural hazard assessments.

5. Conclusions

Traditional models of seafloor mass failure involve rapid mobility of sediment downslope in individual
events. On land, and inferred on other planets, many processes involve the slow downslope creep of
sediment-ice mixtures. We now see evidence that this type of process is occurring on the seafloor facilitated
by gas hydrates. This constitutes a reversal in the perception of the role of gas in sediment strength in that
gas hydrates may lead to creep rather than stabilization of the seafloor. This process has major implications
for our understanding of sediment transport, landform development, hazards, and the role of gas hydrates
in the seafloor environment.

Seismic reflection and bathymetry data show extension and deformation in the reverse locations to single
event emplaced landslides. Normal faulting indicates that extensional deformation is occurring through the
distal region of the landslide and this is coincident with the area where interstitial hydrate can form within
the shallow sedimentary sequence. Hydrate indicators are observed throughout the area and both geomet-
rical projection and modeling indicate that the base of gas hydrate stability (BGHS) would intersect the sea-
floor at 600 = 50 m water depth. This is coincident with the downslope transition from contraction to
extension within debris across the landslide complex. Multichannel seismic data indicate gas build up
beneath the BGHS and features that may represent previous locations of the BGHS.

We propose three mechanisms by which the shallow gas hydrate system could be controlling this unique
active landslide complex where extensional creep occurs in the distal extent of the debris field: (1) the
widely cited model of gas hydrate dissociation, (2) hydrofracturing of hydrate-bearing sediments releasing
excess pore pressure into the landslide mass, and (3) a new hypothesis that hydrates are facilitating visco-
plastic glacial deformation.
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While the “seafloor glacier” hypothesis remains unproven, the model best fits our observations and model-
ing, and we believe that this is a very exciting and potentially very important concept in seafloor process
research. We propose that the poorly understood rheological properties of gas hydrate-sediment mixes are
enabling this landslide to evolve into an active sedimentary transport system that is progressively or epi-
sodically moving material through the landslide zone in the manner of a terrestrial rock glacier.

Given the sensitivity of marine gas hydrate systems to temperature and pressure changes, future ocean
temperature variations as well as sea-level changes could significantly affect the behavior of the hydrate-
bearing marine slopes. This model for slope failure represents a paradigm shift for submarine landslide
processes, and the influence of gas hydrates on slope stability. It is possible that this type of failure occurs
widely where the marine gas hydrate system approaches the seafloor on continental margins, and accep-
tance of hydrate controlled active landslides would require a global reevaluation of seafloor instability proc-
esses within the hydrate pinchout zone.
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