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Exploration of the continental slope of the Canadian Beaufort Sea has revealed a remarkable coalescence of slide
scars with headwalls between 130 and 1100 m water depth (mwd). With increased depth, the scars widen and
merge into one gigantic regional slide scar that is more than 100 km wide below ~1100 mwd. To understand the
development of these features, five sites were investigated with an Autonomous Underwater Vehicle, which
provided 1-m bathymetric grids and Chirp profiles, and surveyed with a Remotely Operated Vehicle. The
morphologies are consistent with retrograde failures that occurred on failure planes located between 30 and 75
m below the modern seafloor. At issue is whether the continental slope in this area is preconditioned for failure.
While rapid sedimentation during glacial periods, and the presence of shallow gas cannot be ruled out, given the
geological environment, it is unclear that they are primary preconditioning factors. Evidence of widespread
flushing of the slope with brackish waters, and observed flows of brackish water within slide scars, suggest fluid
venting and overpressure may play a role in the development of the extensive slope failures seen along this
margin. The impact of pore water salinity changes at the depth of the failure plane on slope stability has not been
considered in marine settings previously.

sediments are especially prone to failures (Twichell et al., 2009). This
study provides detailed documentation of parts of large slide scars that

1. Introduction

Scars left by submarine slope failures are particularly common along
the continental slopes of passive margins (e.g., Hampton et al., 1996;
Weaver et al., 2000; Piper and McCall, 2003; Dugan and Flemings, 2000;
Huhnerbach and Masson, 2004; Masson et al., 2006; Twichell et al.,
2009; Talling et al., 2014). Many factors can contribute to these failures,
including rapid deposition and the build-up of excess pore pressure at
depth (e.g., Locat, 2001; Locat and Lee, 2002; Masson et al., 2010).
Failures can be facilitated by weak layers at depth (Locat et al., 2014) or
where interstitial gas bubbles are present within the sediment matrix
(Paull et al., 2000). Areas with thick sections of rapidly deposited
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occur on the slope of the Canadian Beaufort Sea, offshore of the
Northwest Territories, Canada (Fig. 1), using state-of-the-art survey
tools. The goal of this study is to evaluate whether the massive seafloor
morphological features observed on the slope are due to the unique
conditions along this margin, which precondition the seafloor for
deformation and/or failure. In particular, we evaluate whether the
propensity for slope failure may be related to relict permafrost occur-
rence in the adjacent shelf, and presence of brackish pore waters within
the slope sediments.
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1.1. Geological setting

Regional assessment of the subsurface geology of the Canadian
Beaufort Sea suggests the area (Fig. 1) is underlain by a seaward
thickening wedge of post-Cretaceous sediments that reach more than 10
km in thickness (Dietrich et al., 1985; Dixon et al., 2019). More than 100
hydrocarbon exploration wells drilled on the shelf provide information
about the stratigraphy of the subsurface sediments, permafrost and gas
hydrate occurrences, and anomalous overpressure (Siddiqui, 1988;
Osadetz and Chen, 2010; Hu et al., 2013, 2018). Observations from wells
drilled in mid-shelf locations suggest that the Quaternary section can be
up to a kilometer-thick and is comprised of a succession of transgressive/
regressive deposits (Blasco et al., 1990) thought to reflect sea level
changes during Pleistocene glaciations.

A well-defined morphologic break occurs in the Canadian Beaufort
Sea at approximately 110 m water depth (mwd) which separates the
Beaufort Shelf from the upper slope (Figs. 1 and 2). The subsurface
sediments beneath the upper slope are complexly bedded with several
intervals displaying wavy and contorted reflection packages of variable
amplitudes characteristic of mass-transport deposits (Sun et al., 2017),
which are commonly seen along this margin (Mosher et al., 2012;
Mosher and Hutchinson, 2019).

The first systematic multibeam surveys of the outer shelf and upper
slope of the Canadian Beaufort Sea were gathered in 2009 under the
auspices of an industry-academic consortium, ArcticNet (http://www.
omg.unb.ca/Projects/Arctic/google/). The surveys revealed a number
of geomorphic features that have potential geohazard implications.
Initial attention was focused on a 22 km-wide slide scar that extends up
to near the present shelf edge. It has a sharp morphologic expression
(Fig. 1; Mosher, 2009; Saint-Ange et al., 2014) suggesting that it is the
result of a recent failure. This large slide is part of slide complexes that
occur between the US/Canadian border and the mouth of Amundsen
Gulf, as identified in bathymetric and sub-bottom profiler data, with
run-outs exceeding 130 km (Blasco et al., 2013; Cameron and King,
2019; Mosher and Hutchinson, 2019). The multibeam bathymetry also
showed mud volcanoes occurring sporadically along the slope, which
may indicate overpressured conditions at depth (Paull et al., 2015a).

1.2. Glacial and permafrost history

The outer shelf edge of the Canadian Beaufort Sea was not exten-
sively ice covered during the last glaciation (Dyke, 2004; England et al.,
2009). However, ice streams flowing north through the Mackenzie
Trough and west out of Amundsen Gulf (Batchelor et al., 2013;
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Jakobsson et al., 2014, Keigwin et al., 2018; Klotsko et al., 2019; Fig. 1)
presumably provided large volumes of sediments to the slope.

During the glacial sea level low stands the exposed Arctic shelf
experienced very cold mean annual surface temperatures (<—20 °C),
which resulted in substantial permafrost formation. Exploration wells
document that the Quaternary shelf sediments still contain relict
permafrost down to 700 m below seafloor (mbsf) (Weaver and Stewart,
1982; Pelletier, 1988). The relict permafrost is inferred to extend out to
near the shelf edge (Taylor et al., 2014; Frederick and Buffett, 2015;
Pelletier, 1988; Blasco et al., 2013).

The last postglacial marine transgression imposed a large thermal
change on shelf sediments as bottom water temperatures are always > —
1.8 °C, the freezing point for sea water. This thermal disturbance is still
propagating into the subsurface (Taylor et al., 2014), stimulating the
decomposition of submerged terrestrial permafrost and gas hydrate at
depth (Weaver and Stewart, 1982; Riedel et al., 2017). These processes
can result in significant sediment property changes through the release
of pore water and methane, the reduction of sediment strength, and in
some instances the creation of overpressure.

Early researchers recognized that areas of the Beaufort Shelf un-
derlain by relict permafrost had a number of unique seafloor features.
The name pingo-like-feature (PLF) was used to describe isolated sub-
marine circular topographic highs which are up to 100 m in diameter
and stand up to 40 m in height with respect to the surrounding nearly
flat seafloor on the shelf (Shearer et al., 1971; Pelletier, 1988). PLFs are
similar in size and shape to terrestrial pingos observed along the Arctic
coastal plain (i.e., Mackay, 1998). The positive relief of terrestrial pingos
is attributed to the expansion associated with ground ice formation and
the larger pingos are connected to open hydrologic systems, which
provide additional waters from below. Sediment coring at several PLFs
shows that shallow sediments within PLFs are frozen and contain visible
ice (Yorath et al., 1971; Poley, 1982; Paull et al., 2007; Gwiazda et al.,
2018).

Chloride measurements on pore waters extracted from over a hun-
dred sediment cores collected on the Beaufort Shelf and slope show
downcore freshening is widespread, especially on the upper slope near
the shelf edge (Paull et al., 2015a; Gwiazda et al., 2018). Apparently
fresh waters have pervasively been infused into slope sediments. The
present seawater column of the Canadian Beaufort Sea is stratified with
an intermediate layer of cold water (i.e., temperatures as low as —1.5 °C)
extending from the base of the seasonal thermocline (> ~ 30 m) down to
~200 mwd (McLaughlin et al., 2004; Melling, 1998). The unusual hy-
drography sets the conditions for brackish water to freeze within sea-
floor sediment in a zone between 30 and 200 mwd.
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Fig. 1. Maps showing locations of AUV surveys with respect
to the morphology of the continental slope along the Canadian
Beaufort Sea. Location of the study area (B) is indicated in A
(red box). Bathymetric map in B based on the ArcticNet
multibeam surveys show AUV mapping surveys presented in
Figs. 3 to 6 outlined in white (10.26022/IEDA/330047). Red
line indicates location of multichannel seismic profile shown
in Fig. 2. Red triangle indicates location of core JPC15 of
Klotsko et al. (2019). Areas mapped in published AUV surveys
concerning mud volcanoes (Paull et al., 2015a) and shelf edge
PLFs (Paull et al., 2019) are outlined in grey. Contours are at
200 m intervals. The 22 km-wide slide scar which reaches the
uppermost slope is indicated. Slide scars merge downslope
and coalesce into one giant slide scar. (For interpretation of
the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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2. Methods

The Geological Survey of Canada (GSC), Fisheries and Oceans Can-
ada, and the Monterey Bay Aquarium Research Institute (MBARI) have
jointly conducted five cruises on the Canadian Coast Guard icebreaker
Sir Wilfrid Laurier in 2003 (WLO03; Paull et al., 2007), 2010 (2010-035-
WD; Paull et al., 2011), 2012 (2012004PGC), 2013 (2013005PGC; Paull
et al., 2015a), and 2016 (Gwiazda et al., 2018) to study the marine
geology of the Canadian Beaufort Sea shelf and slope. The Korean Polar
Research Institute (KOPRI) joined this collaboration, conducting cruises
on the South Korean icebreaker Araon in 2013 (ARA04C, Jin et al.,
2015), 2014 (ARAO5C, Paull et al., 2015a; Jin and Dallimore, 2016), and
2017 (ARAO8C). Here we present seafloor surveys conducted in five
areas (Fig. 1) using an Autonomous Underwater Vehicle (AUV) config-
ured for seafloor mapping (Caress et al., 2008), supplemented with
Remotely Operated Vehicle (ROV) observations made during these
cruises.

2.1. AUV Mapping surveys

Detailed mapping surveys were conducted at four sites along the
uppermost slope which show progressively increasing seafloor defor-
mation downslope. These include an AUV dive on the Gentle Shelf- Slope
Transition (Fig. 3), a dive at Shelf Edge Scar with Staircase of Terraces in >
130 mwd (Fig. 4), and a dive on the Shelf Edge Scar with Adjacent Remnant
Section in > 141 mwd (Fig. 4). AUV surveys also covered two slide scar
areas on the slope which do not extend up to the present shelf edge: with
two dives on Scar with Headwall in > 519 mwd (Fig. 5), and two dives in
the Scar with Headwall in > 715 mwd (Fig. 6). During these mapping
cruises three other areas were surveyed, which have been reported on
elsewhere (Fig. 1; Paull et al., 2015a, 2019).

The AUV(s) carried a Reson 7125, 200-kHz multibeam sonar in 2013
and 2016, a Reson 7125, 400-kHz in 2017, and an Edgetech 1- to 6-kHz
Chirp sub-bottom profiler on all the surveys. The AUVs were pre-
programmed to proceed to >50 waypoints while traveling at 3 knots
and maintaining an altitude of 50 m off the seafloor. During each dive up
to 9 km? were surveyed with ~150 m spaced tracklines. In this mode,
overlapping multibeam bathymetric coverage is obtained at a vertical
resolution of 0.15 m and at a horizontal resolution of 0.87 m, whereas
Chirp seismic-reflection profiles are produced at a vertical resolution of
0.11 m. Initial navigation fixes are obtained from Global Positioning
System when the AUV is at the sea surface and subsequently updated
with a Kearfott inertial navigation system and a Doppler velocity log
when within 100 m of the seafloor. Data processing was done using the
open source software package MB-System (Caress and Chayes, 1996;
Caress et al., 2008).

2.2. ROV dives

Ground truth observations were made on 17 ROV dives within five of
the AUV survey areas conducted in 2012, 2013, 2016, and 2017. The
MBARI-built ROV carried an Insite Nova Camera, a Falmouth Scientific
Instruments Micro CTD, and an Imagenex Technology (Model 881A)
obstacle avoidance sonar. A mechanical arm to collect solid material (i.
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Fig. 2. Multichannel seismic profile (R/V Araon cruise ARAO5C line 8)
extending from the outer shelf to the upper continental slope of the 22
km-long slide scar uppermost slope of the Beaufort Sea (Jin et al.,
2015). Profile location indicated by red line in Fig. 1. Red arrows -
mass transport deposits; Orange arrows - amplitude anomalies. Black
vertical line is Nektoralik K-59 well (Hu et al., 2013, 2018). (For
interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Fig. 3. Maps showing bathymetry derived from Gentle Shelf-Slope Transition
AUV survey (10.26022/IEDA/329971). Bathymetry is rotated such that the
shelf edge is parallel to the top of the page.

Location of survey indicated in Fig. 1. Area outlined in white in A shows the
entire AUV survey superimposed on a regional multibeam grid with 50 m
contours in grey. Red squares are areas illustrated in B and C in more detail.
Straight black line 7A-7A’ is the location of the Chirp profile segment shown in
Fig. 7. B shows the subtle contour-parallel swales (S). C shows top of a mud
volcano and ROV dive transects M5, M11, and M12 (thick black lines) discussed
in Paull et al. (2015a), (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

e., cobbles) was added for the 2013 dives. In 2016, the ability to collect
20-cm long push cores was added and four push cores were extruded and
sectioned into 1-cm slices on shipboard. 21°Pb activities were measured


https://doi.org/10.26022/IEDA/329971

C.K. Paull et al. Marine Geology 435 (2021) 106453

136°5'W

(0 5001 00

Fig. 4. Map showing bathymetry of sites Shelf Edge Scar with Staircase of Terraces in > 130 mwd (10.26022/IEDA/329965) and Shelf Edge Scar with Adjacent Remnant
Section in > 141 mwd (10.26022/IEDA/329966). Bathymetry was rotated such that the shelf edge is parallel to the top of the page.

Location of surveys indicated in Fig. 1. Area outlined in white in A shows entire AUV survey superimposed on a regional multibeam grid with 50 m contours in grey.
Red squares are areas illustrated in B, C, D, and E in more detail. Straight black lines are location of Chirp profile segments 7B-7B’, 7C-7C’, and 7D-7D’ shown in
Fig. 7. Blue squares are the locations of photos and samples shown in Fig. 8A and B. Thick black lines indicate locations of ROV dives M10, M16, M25, M26, M27,
M79 and M83. Locations of pingo-like-features (PLF), distinctive terrace edge ridges (R), terraces (T) and bedding plane ledges (BPL) are indicated. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Map showing bathymetry of Scar with Headwall in > 519 mwd site (10.26022/IEDA/329967, 10.26022/IEDA/329970).

Bathymetry is rotated such that the shelf edge is parallel to the top of the page. Location of survey indicated in Fig. 1. Area outlined in white in A shows AUV survey
superimposed on a regional multibeam grid with 50 m contours in grey. Red squares are areas illustrated in B, and C in more detail. Straight black line 7E - 7E’ shows
location of Chirp profile segment presented in Fig. 7. Locations of ROV dive transect (thick black line), secondary escarpment (SE), small scarps (SS), terraces (T),
merged terrace (MT), and distinctive terrace edge ridges (R) are indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

at the US Geological Survey in Santa Cruz, California, following tech- sediment samples was analyzed with a scanning electron microscope
niques of Swarzenski et al., 2006. In 2016 a thermal probe with a 0.01 °C equipped with energy dispersive X-ray (EDX-SEM) at the Moss Landing
resolution was mounted on the side of the mechanical arm which could Marine Lab, California State University.

be inserted up to 20 cm into the sediment. The composition of selected
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Fig. 6. Maps showing bathymetry derived from Scar with Headwall in > 715 mwd AUV survey (10.26022/IEDA/329968, 10.26022/IEDA/329969). Location of
survey indicated in Fig. 1. Bathymetry is rotated to fit the page. Area outlined in white in A shows AUV survey superimposed on a regional multibeam grid with 50 m
contours in grey. Red squares are areas illustrated in B, C, D, and E in more detail. Straight black line shows location of Chirp profile segments 7F-7F" and 7G-7G’
shown in Fig. 7. Blue squares indicate location of photos and samples shown in Fig. 8C, D, and E. Thick black lines in A and D show locations of ROV dives transects.
Red triangles are the locations of push cores with 2!°Pb measurements shown in Fig. 9. Secondary escarpment (SE), distinctive terrace edge ridge (R), terraces (T),
and merged terrace (MT) are indicated. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3. Results
3.1. AUV surveys

The AUV surveys provide an opportunity to examine in detail the
morphology of the shelf edge and upper slope (Fig. 1). In the following
section, we present results from AUV surveys of one site with a relatively
undisturbed transition from shelf to slope, two sites along an extensive
failure scar that extends up to near the shelf edge, and two sites along the
headwalls of deep-water failure scars.

3.1.1. Gentle shelf-slope transition

A 1.2 km-wide corridor between 87 and 346 mwd was surveyed
where the shelf-slope transition morphology is relatively undisturbed
(Figs. 1 and 3A). Below 100 mwd the bottom is smooth with an average
slope of 1.7°. The resolution of the AUV surveys reveals subtle contour-
parallel linear swales on this surface (S - Fig. 3B). These features have <
50 cm amplitudes and 50 to 250 m wavelengths. The survey extended
8.2 km downslope to include the top of a mud volcano in 281 mwd
(Fig. 3C; Paull et al., 2015a). Chirp profiles of the upper ~40 ms Two
Way Travel (TWT; ~30 m) below the seafloor show finely layered and
laterally continuous reflectors that are nearly parallel to the seafloor (LS
- Fig. 7A). A similar acoustic signature consisting of numerous laterally
continuous reflectors over a seismically homogeneous unit is charac-
teristic of the slope regionally (Saint-Ange et al., 2014; Klotsko et al.,
2019). In > 120 mwd, Chirp profiles show disrupted strata in the troughs
separating the swales (SD - Fig. 7A).
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3.1.2. Shelf edge scar with staircase of terraces in > 130 mwd

A section of the 22 km-wide escarpment identified in the regional
surface ship multibeam bathymetry (Mosher, 2009; Saint-Ange et al.,
2014) between 85 and 322 mwd was surveyed (Figs. 1 and 4). Here the
escarpment initiates at 130 to 144 mwd, has slopes of > 15°, and ~ 30 m
of relief.

Immediately above the escarpment there is a 420 to 750 m wide zone
of comparatively smooth seafloor with a seaward slope of 1.2° (Fig. 4)
composed of layered sediments (LS - Fig. 7D). Chirp profiles show that
acoustic blanking is present within the PLF-rich zone (PLF - Fig. 4B), but
does not occur within the > 420 m wide band between the PLF-rich zone
and the escarpment (AB - Fig. 7D).

Below the headwall scarp is a distinctive morphology composed of a
staircase of tilted terraces that are 100 to 250 m across (T - Fig. 4C).
Chirp profiles show the terraces are rotated blocks of layered sediment,
which in places dip toward the shelf edge at up to 15° (RB - Fig. 7D). On
the outer edges of many terraces are several > 100 m long ridges that are
< 4 m high and < 35 m wide (T, R - Fig. 4C). The offset between the
layered sediment on adjacent blocks indicates ~40 m of throw is com-
mon on the faults that separate the rotated blocks (RB - Fig. 7D). Chirp
profiles do not show a discernible drape of post-failure hemipelagic
sediment.

3.1.3. Shelf edge scar with adjacent remnant section in > 141 mwd
Another section of the 22 km-wide headwall scarp covered in Section
3.1.2 but farther to the west, was also surveyed (Figs. 1 and 4). It covers
an area between 99 and 410 mwd that includes the western half of a
tongue-shaped ridge, the adjacent headwall scarp, and some of the floor
inside the slide scar (Figs. 1 and 4). This ridge appears to be an intact

Fig. 7. Chirp sub-bottom profile dip lines showing the character, deformation and failure along shelf edge (A-D) and slope (A-G). Locations of profiles are indicated
in Figs. 3-6. LS- layered sediments, SD- stratal disruptions, M- multiple reflection from surface echo, HW- headwall scarp, SE - secondary escarpment, AB- blanking,
RB- rotated blocks, FP- failure plane, DW- debris wedge, TS- truncated strata. Vertical scale bar assumes 1500 m/s sound velocity (10.26022/IEDA/329996,
10.26022/1EDA/329997, 10.26022/IEDA/329998, 10.26022/IEDA/329999, 10.26022/IEDA/330000, 10.26022/IEDA/330001, 10.26022/IEDA/330002,
10.26022/TEDA/330003).
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remnant of the upper slope. Below 350 mwd the scars on both sides of
the remnant feature merge.

A change in the seafloor slope and texture occurs at 135 to 150 mbsf
on the surface of the intact remnant. The average slopes increase from
~1.2° to ~3.2° at 135 mwd (Fig. 4A). The seafloor texture is charac-
terized by rough topography associated with PLFs (PLF - Fig. 4A and D)
and underlying acoustic blanking (AB - Fig. 7B) and a generally smooth
surface topography with subsurface layered sediment under the remnant
section below.

Superimposed on the smooth seafloor surface of the intact remnant
seafloor are subtle contour-parallel linear swales, which are up to 0.50 m
in amplitude, spaced at 25 to 70 m apart. Chirp profiles across the
remnant below 150 mwd show a ~ 65 ms TWT (~49 m) thick zone with
numerous reflections that are nearly parallel to the seafloor (LS -
Fig. 7B). Ledges on the side of the remnant seafloor block reflect trun-
cated bedding (BPL - Fig. 4E).

The semicircular headwall scarp to the west of the remnant seafloor
area between 141 and 236 mwd has an average slope of 8.5° (Fig. 4D).
This is the only place where the headwall cuts into sediments associated
with the band of shelf edge pingos (PLF - Fig. 4A, B, and D) and seismic
blanking (HW, AB - Fig. 7C). The surface of the slide below 236 mwd
slopes at ~1.2°. Chirp profiles across the floor of the slide show a > 30-m
thick mass of acoustically homogenous wedge of debris bound at its
lower base by a continuous acoustically diffuse but more reflective plane
(DW, FP - Fig. 7C). It thins further downslope, suggesting that this
reflector represents the failure surface. Chirp profiles do not show a
discernible drape of post-failure hemipelagic sediment.

3.1.4. Scar with headwall in > 519 mwd

The AUV survey covered the northern side of a semicircular headwall
scarp in 519 to 736 mwd. The regional multibeam bathymetry shows
this scar is entirely confined to the slope (Figs. 1 and 5) and merges with
the much larger regional scar below ~1100 mwd.

Above the main headwall scarp, a smooth seafloor surface slopes at
~1.3°, consistent with the slope of unfailed areas regionally. Here, Chirp
profiles show the upper ~40 ms TWT (~30 m) is composed of laterally
continuous parallel reflectors (LS - Fig. 7E). Below this thin acoustic
layering a few faint seafloor-parallel reflectors occur down at 120 ms
TWT (~90 mbsf). On the northeast side and above the headwall, there
are ~600 m long fault scarps (crown cracks) with < 1.5 m of relief
oriented subparallel to the headwall (SS - Fig. 5B).

Below the main headwall scarp (> 532 mwd), there is a > 1100 m
wide zone sloping at ~2.9°, and composed of a staircase of 50 to 100 m
wide terraces that wrap around the scar (T - Fig. 5B). The edge of the
uppermost terrace merges laterally with the undeformed slope sedi-
ments regionally (MT - Fig. 5A). In Chirp profiles these terraces are the
tops of fault-bounded rotated blocks (RB - Fig. 7E). The reflection
pattern within the rotated blocks nearest to the headwall is indistin-
guishable from the undeformed sediment upslope. The outer edges of
the terraces have distinctive linear ridges that are commonly over 200 m
long, < 5 m high and < 30 m wide (T, R - Fig. 5B). The integrity of the
terraces decreases downslope leaving only broken vestiges of the
terrace-edge ridges.

In > 635 mwd within the main scar there is a conspicuous ~25 m
high, ~20° sloping, semicircular, secondary escarpment (SE - Fig. 5).
Chirp data show a strong laterally continuous reflection, truncated at the
face of this secondary escarpment (FP, SE - Fig. 7E), that has a slope of
~1.3° consistent with the regional dip outside of the scar. Chaotic re-
flections and deformed strata overly this reflection which are taken to be
a debris wedge overlying the failure plane (DW, FP - Fig. 7E). Upslope
projection of the deep reflector positions it at ~75 mbsf with respect to
the top of main headwall.

Below the semicircular secondary escarpment (> 660 mwd) a few
huge pieces of talus, including a ~ 550 m long feature (Fig. 5C) with a
shape similar to the linear ridges on the edges of the terraces above (T -
Fig. 5B), lie on this surface. Otherwise the bottom is lacking a noticeable
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cover of debris and in Chirp profiles the seafloor forms a strong reflector.
No discernable drape of post-failure sediment was observed anywhere
within this survey.

3.1.5. Scar with headwall in > 715 mwd

Three overlapping AUV surveys covered an ~8 km-long segment of a
slide scar in 715 to 990 mwd. This slide scar merges with the other scars
below ~1100 mwd to become more than 100 km wide (Fig. 1).

The seafloor upslope of the scar is smooth, undeformed, lacking
contour-parallel swales, and dips at ~1° (Fig. 6A, B and C). Here, Chirp
profiles show a ~ 70 ms TWT (~53 m) thick unit containing seafloor-
parallel, laterally continuous, closely spaced reflections suggesting
layered sediments (LS - Fig. 7G).

The scar is composed of a series of arcuate to semicircular escarp-
ments of varying sizes. Within the two largest semicircular scars are
staircases of terraces that average 220 m across (T - Figs. 6B and C). The
uppermost terraces merge with the surrounding undeformed seafloor,
suggesting upper terraces are incompletely severed from the surround-
ing seafloor (MT - Figs. 6B).

Reflection patterns in Chirp profiles show that the uppermost ter-
races are rotated blocks of strata which are otherwise indistinguishable
from the undeformed layered strata upslope of the slide (RB, LS -
Fig. 7G). The thickness of the rotated blocks near the head of the slides is
> 40 ms TWT (i.e., > 30 m). Distinctive ridges are observed along the
outer edges of the terraces, which are > 400 m long, < 35 m wide, and <
5 high (R - Fig. 6B). The morphology becomes more irregular downslope
as individual terraces, ridges, and rotated blocks become less sharply
defined (T, R, RB - Fig. 6) and Chirp profiles transition to chaotic re-
flections with no identifiable internal continuous strata (DW - Fig. 7).
This volume of chaotic material forms a wedge situated on top of a sharp
boundary below which thinly layered laterally continuous reflectors
occur (DW - Fig. 7F and G). This deep layered unit is truncated in a few
places along secondary escarpments.

Tongues of jumbled debris composed of individual blocks of talus
with up to 5 m of relief and at least 50 m in length cover the bottom of
the scar (Fig. 6E). Nowhere within the landslide is there evidence of a
post-failure hemipelagic sediment drape thick enough to be detected (>
0.2 m) in the Chirp profiles.

3.1.6. Morphology of the slope away from the scars

The areas outside the scars below ~200 mwd are smooth with
average slopes of < 1.3° and consistently underlain by a > 30 m-thick
layer of parallel reflections that represents well stratified sediments,
which in turn overlies an acoustically homogeneous unit. The surveys in
< 350 mwd all show subtle contour-parallel < 1 m-high swales, spaced
between 50 and 250 m apart superimposed on an otherwise smooth
surface (S - Fig. 3B). The swales are usually bounded by stratal disrup-
tions which occasionally are coincident with small faults of nominal
throw. These stratal disruptions (Hill et al., 1982) trace downward to the
base of the well layered zone before their continuity is lost within the
underlying homogeneous unit (SD - Figs. 7A, B and C). Some of these
stratal disruptions trace up to the seafloor while others terminate within
the sediment column. Contour-parallel swales are not seen in the two
deeper surveys > 500 mwd (Figs. 5 and 6).

3.2. ROV observations

3.2.1. Dives within shelf edge slump with staircase of terraces in > 130
mwd

Five ROV dives took place within this survey area (Fig. 4A and B):
three dives on the shelf crossed the PLFs (M16, M25, and M27), one ran
up the headwall scarp (M10), and one inspected the ridges associated
with the rotated blocks (M26). The three dives on the PLFs revealed that
a pebble-rich lag gravel is exposed on their flanks (Fig. 8A). The gravels
vary from angular to well-rounded in shape, and are composed of mixed
lithologies (Fig. 8B). Clasts were infrequent on the flatter seafloor away



C.K. Paull et al.

from PLFs. The seafloor surface on dives M10 and M26 was visually
unremarkable and devoid of clasts or exposed bedding (Fig. 4).

3.2.2. Dives within shelf edge scar with adjacent remnant section in > 141
mwd

During dives M79 and M83, transects were run upslope from the
floor of the scar between 253 and 221 mwd and 231-193 mwd (Fig. 4A).
The floor of the scar on both sides of the remnant is composed of fine-
grained sediment and is visually homogeneous except for two small (<
20 m) patches of blocky cohesive mud rubble. Attempts to push core
within the floor of the scar indicated there was only a thin veneer (~10
cm) of soft sediment overlaying firm strata. Nearly horizontal < 5 cm-
thick bedding planes exposed between 245 m and 232 mwd on the east
side of the remnant appeared to be composed of cohesive clay.

3.2.3. Dives within scar with headwall in > 519 mwd

The scar was investigated on dive M15 with a 580 m long transect
going upslope between 665 and 597 m water depth to inspect the
staircase of terraces along the headwall (Fig. 5A). The seafloor along this
transect had a consistently smooth texture and was visually unremark-
able and similar to that observed in dives M10 and M26 (Section 3.2.1).

3.2.4. Dives within scar with headwall in > 715 mwd

Three short ROV dives (M21, M22, and M80) targeted an area near
the base of a secondary escarpment (SE - Fig. 6A and D) in ~890 mwd.
These dive were conducted where Chirp profiles show the potential
outcropping of the continuous plane that underlies the acoustically
chaotic top unit, and of the truncated strata below this unit (FP - Fig. 7F).
Mounds covered with bright orange to rust colored surface stains and
protruding ~1 m above the surrounding seafloor were encountered
(Fig. 8C and D). Another ROV dive (M81) made a transect ~4.5 km
farther to the west that extended between 964 and 890 mwd (Figs. 6A
and 7G). Similar bright orange stains were encountered on this dive in
901 mwd on a ~ 20° slope, which appeared to be nearly continuous
along strike (Fig. 6A). These orange stained deposits appear to be
common, approximately ten were encountered on these short ROV dives
(Fig. 6A and D). Energy dispersive X-ray spectroscopy with a scanning
electron microscopy (EDX-SEM) analysis shows that the bright orange
material (Fig. 8C and D) is an iron oxide or iron hydroxide precipitate.

Shimmering water was observed apparently rising out of two of these
orange mounds (https://www.mbari.org/arctic-shelf-edge/). A thermal
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Fig. 8. ROV collected video images and
sample photographs showing distinctive
features observed during ROV dives within
the AUV mapping areas. A - Gravel exposed
on top of circular topographic high in 115
mwd during ROV dive M16 within the
unfailed section of the Shelf Edge Scar with
Staircase of Terraces in > 130 mwd AUV
survey. B - Gravel clasts of diverse lithol-
ogies picked up on that dive. Locations for
A and B are denoted with a blue square in
Fig. 4A. C- Sample of orange crust from 890
mwd suggesting concentric layers of crust.
D- Bright orange sediment crust on side of
mound at base of secondary scarp in 890
mwd within the Scar with Headwall in >
715 mwd survey. E- Matrix-supported co-
bles exposed on the face of the secondary
scarp in 858 mwd within the Scar with
Headwall in > 715 mwd survey area. Loca-
tions for C, D and E are denoted with a blue
square in Fig. 6A and D. (For interpretation
of the references to colour in this figure
legend, the reader is referred to the web
version of this article.)

probe inserted ~18 cm into an orange colored mound on dive M80 did
not register a significant change (> 0.01 °C) from the ambient temper-
ature. Abundant krill were seen swarming in the immediate vicinity of
the orange stained areas, especially after the seafloor was disturbed, but
cold seep biological communities, which indicate the presence of seep-
ing sulfide or methane, were not observed (e.g., Paull et al., 2015a).

The steeply sloping sections of the escarpment near the orange
stained area (Fig. 6A) observed in ROV dives consisted of cohesive clays
with pebbles and cobbles sticking out of the surface (Fig. 8E). Some
resistance was encountered when pulling the clasts from the sediment
wall, suggesting that the sediments were consolidated.

Two push cores were taken within this escarpment wall (Figs. 6A and
D) for 21%Pb analysis. One push core (M80 PsC-R2, 14 cm long, 882
mwd) was taken close to an orange mound near the base of the sec-
ondary scarp (Figs. 6D and 9A). The other core (M81 PsC-R1, 19 cm
long, 964 mwd) was taken on smooth sediment with no significant relief
nearby (Figs. 6A and 9B).

4. Discussion

The AUV surveys illustrate the detailed morphology and shallow sub-
bottom structure within scars on the slope of the Canadian Beaufort Sea
and reveal the stages in the development of a large slope failure. The
scars coalesce downslope into a > 100 km wide slope failure complex
(Mosher, 2009; Mosher et al., 2012; Saint-Ange et al., 2014; Cameron
and King, 2019; Mosher and Hutchinson, 2019).

4.1. Morphology of the slide scars and failure planes

The upslope extent of these slide scars is sharply defined by distinct
headwall and sidewall scarps with slopes commonly in excess of 20°.
These scarps in places expose the truncated edges of the adjacent layered
strata (TS - Fig. 7E, F, and G). The bathymetric relief on these scarps is
commonly 30-50 m (Figs. 4, 5 and 6) and provides a constraint on the
minimum thickness of the section removed by the failures.

Staircases of terraces (T - Figs. 4, 5, and 6) composed of fault-
bounded rotated blocks (RB - Fig. 7D, E, F, and G) below the headwall
show a distinctive morphology characteristic of retrogressive slides
(Gauer et al., 2005; Vanneste et al., 2014; Puzrin et al., 2017). The
spacing of these rotated blocks are comparable to the spacing of the
slope-parallel swales above or adjacent to the slide scars (Figs. 3 and 4),
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Fig. 9. Downcore profiles of total (blue filled circles) and supported (red squares) 2'°Pb activity in push cores (A - M80 PsC R2 and B - M81 PsC R1) =+ 2SD error bars.
Both cores were taken on the surface of the Scar with Headwall in > 715 mwd AUV survey at locations shown in Fig. 6. (For interpretation of the references to colour in

this figure legend, the reader is referred to the web version of this article.)

suggesting the faults that created the rotated blocks developed along a
pre-existing weakness associated with the stratal disruptions (SD -
Fig. 7). However, similar swales were not observed in the two deeper
surveys. Instead, small faults scarps parallel to the sidewalls suggest that
incomplete failures have occured (SS - Fig. 5B) and may further develop
in the future.

Near the headwalls, where displacements are modest, the original
stratigraphy within the rotated blocks is well preserved even though
they have been tilted up to 15° in both upslope and downslope directions
(RB - Fig. 7D, E, and G). The base of the layered units within the rotated
blocks is typically sharp with an acoustically transparent unit beneath.
In places the acoustically transparent unit extends upward along the
edge of the rotated blocks (RB - Fig. 7D and E). The uppermost terraces
commonly have distinctive < 3 m high, < 30 m wide, > 100 m long
ridges on the edges of terraces (R, T - Figs. 4C, 5A, B, 6B, and C). These
ridges occur along the bounding faults of the rotated blocks, are elevated
above the adjacent terraces, and occur where the stratification at their
bases has been lost. These observations suggest that soft sediment was
squeezed out from depth along these faults as the blocks rotated to form
ridges (R - Figs. 4C, 5B and C, 6B and C).

The ~100 m terrace widths, > 1 km lengths and 10’s of m thickness
of the rotated blocks show the scale of the individual failure compo-
nents. Downslope, the blocks become progressively more fragmented,
the debris wedge over the failure plane thins-out, and in places almost
all the original sediment cover has been evacuated (DW, FP - Figs. 7C -
G). This indicates that the excavated sediment mass lost its internal
cohesion sufficiently to be transported out of the survey area into the
basin below during large upslope propagating retrogressive slope failure
events (e.g., Gauer et al., 2005; Vanneste et al., 2014; Puzrin et al.,
2017).

The shape of elongated large pieces of debris on the surface of the
scars suggests that they are fragments of the distinctive terrace-rimming
ridges (Figs. 5C and 6E). These debris wedges are part of the mass
transport deposits left after catastrophic failures.

The observed thickness of well layered sediment within the rotated
blocks and projections of undeformed sediments under the slide debris
help constrain the depth of the initial failure surfaces. A minimum depth
for the failure planes of 30 to 50 mbsf is estimated from the thickness of
parallel reflections within the rotated blocks (RB, LS, FP - Fig. 7D, E and
G). A thickness of < 75 mbsf is inferred from the projection upslope
toward the headwalls of undeformed intact horizons visible underneath
the debris wedge (HW- Fig. 7D, E, and G). These observations suggest
the basal failure surfaces associated within the surveyed slide scars were
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between 30 and 75 mbsf before the failure event(s). The failure planes
are generally parallel with the bedding, but also periodically step up into
shallower horizons at secondary scarps within the slide scars (FP -
Fig. 7E, F and G), suggesting that the failures were not restricted to one
particular weak horizon.

4.2. Timing of slope failures

Radiocarbon measurements on the background unfailed slope sedi-
ments are available from JPC 15, a 13.35 m-long piston core taken 687
m water depth in this area (Keigwin et al., 2018; Klotsko et al., 2019;
Fig. 1). These measurements show sedimentation rates starting at 10’s of
cm per thousand years, but increasing with depth to ~6 m per thousand
years during deglacial times.

The AUV surveys were all conducted across the uppermost head- (or
side) walls of the slide complexes. Due to the retrograde nature of the
slumps, areas covered by the surveys are thus associated with the most
recent failures. The lack of observable post-failure hemipelagic sediment
drapes in the AUV Chirp profiles (Fig. 7) and the rugose surface mor-
phologies inside the slide scars seen in the multibeam data (Figs. 4, 5,
and 6) suggest that not enough time has passed to cover the surface of
any of the surveyed slides with a sediment layer thick enough to be
identified in the Chirp profiles (i.e., > 20 cm).

210ph profiles from two ROV-collected push cores taken in the soft
surficial hemipelagic sediment drape covering the surface of the Scar
with Headwall in > 715 mwd (Fig. 6) show excess 210py, activity that
decreases gradually down to ~10 cm below seafloor (Fig. 9). These data
suggest that sediments accumulated undisturbed on top of this slide
surface for more than 136 years, given the 22.6-year half-life of 2'°Pb
and a detection limit of 1%. These measurements are generally consis-
tent with other 2'°Pb measurements of hemipelagic sediment drape on
the Beaufort Slope (Cameron et al., 2017).

Mosher (2009) has suggested that the failure event that produced the
22-km wide scar segment near the shelf edge could have produced a
tsunami. While no tsunamis are known to have occurred along the Ca-
nadian Beaufort Sea in historic times (<200 years; Leonard et al., 2014),
storm surge deposits are common along the Beaufort coast, but are
difficult to distinguish from tsunami deposits (Reimnitz and Maurer,
1979; Harper et al., 1985). Earthquake occurrence maps show a distinct
cluster of events under the Beaufort Slope and outer shelf in the im-
mediate vicinity of the slide scars (Hyndman et al., 2005; Audet and Ma,
2018). While historical earthquake events recorded in the Canadian
Beaufort Sea had magnitudes less than 6.5 (Hyndman et al., 2005), a
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recent reassessment of the seismic hazard model used as a basis for the
Canadian Building Code has invoked the possibility of a thrust fault
beneath the Beaufort Slope with potential for a magnitude 7.8 earth-
quake (Allen et al., 2015). Earthquakes of this magnitude could provide
a trigger for synchronous slope failures along this margin.

4.3. Preconditioning for slope failure?

A remarkably common attribute of all of the slope failures here is
that they merge downslope. The systematic multibeam coverage in the
area only reaches down to ~1500 mwd. However, by this depth the scar
formed by the merging of upslope failures extends laterally along the
margin for > 100 km (Saint-Ange et al., 2014; Cameron and King, 2019)
and connects with mass transport deposits that extend downslope for >
600 km (Mosher and Hutchinson, 2019). This suggests this area is
especially susceptible to large-scale slope failures. Moreover, the simi-
larity of morphology among the slump scars (Figs. 4, 5 and 6) suggests a
common failure mechanism.

4.3.1. Rapidly accumulating glacial marine deposits

The consistent depth of the failure planes between 30 and 75 mbsf
(FP - Fig. 7C, E, F and G) within the upper reaches of the failures suggests
weaknesses in this interval. ROV observations indicate the unit which
underlies the failure plane is composed of diamicton facies (Fig. 8A, B,
and E) with pebbles and cobbles up to 30 cm in diameter. The varied
pebble lithologies in the diamicton imply a glacial origin. Ice shelves
extending into the Arctic Ocean from Amundsen Gulf and the Mackenzie
Trough > 10,000 years ago have been proposed as the source for glacial
deposits (e.g., Margold et al., 2015; Klotsko et al., 2019). However, the
deeper reaches of these slide scars cut into much older stratigraphy
suggesting that the failures are not restricted to a particular horizon
(Fig. 7G).

Sedimentation rates in the study area (Fig. 1) during the late Holo-
cene (Keigwin et al., 2018; Klotsko et al., 2019) are only 10’s of cm per
thousand years. This suggest that this area is not receiving large inputs of
sediment from the Mackenzie River (Rachold et al., 2000; Holmes et al.,
2002). In contrast, the ~6 m/1000 yr sedimentation rate during
deglacial times (Keigwin et al., 2018; Klotsko et al., 2019) is anoma-
lously rapid compared to most continental slope settings, but not un-
known in other glaciomarine settings (Sommerfield, 2006). Moreover,
still higher sedimentation rates may have occurred during glacial times.

Clay present in the matrix of glaciomarine diamicton reduces
permeability and impedes compaction and dewatering. Thus, such
rapidly accumulating glaciomarine sections are prone to experience
elevated pore pressure, a factor that can weaken the sediments and cause
slope instability (e.g., Pope et al., 2018).

Similar Arctic settings off Norway, which also experienced high
sedimentation rates, contain many of the world’s largest slides scars
(Bugge et al., 1988; Solheim et al., 2005; Laberg and Vorren, 2000;
Lindberg et al., 2004). Rapid glaciomarine sedimentation has been
considered a partial contributing factor to these slides. By analogy, high
sedimentation rates are also likely a pre-conditioning factor for the
failures on the Beaufort Slope. While the period of high sedimentation
rates ended more than 10,000 years ago (Keigwin et al., 2018; Klotsko
et al., 2019), the pre-condition and propensity for failure of slope sedi-
ments persist. Thus, additional pre-conditioning factors should also be
considered.

4.3.2. Slope steepness

The areas adjacent to the mapped slides on the Beaufort Slope
consistently have slopes of < 1.7°, which is not uncommonly steep on
depositional slopes (Booth et al. Srodon, 1999; Masson et al., 2010). The
majority of the > 100 km wide coalesced failure scars below ~1100
mwd developed in areas with similar average slope angles. Moreover,
some areas on the Beaufort Slope are steeper (i.e., < 3.6°) and have not
failed. Thus, high pre-failure depositional slope angles do not appear to
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4.3.3. Implications of Arctic cold-water lid

An unusual aspect of the Canadian Beaufort Sea is the shallow cold-
water layer with mean annual temperatures of < —1.5 °C that impinges
on the shelf edge seafloor down to ~200 mwd (McLaughlin et al., 2004;
Melling, 1998). Brackish waters freeze at these temperatures (Millero
and Leung, 1976). Freezing of the brackish waters that infuse the shelf
edge and upper slope strata in this area (Gwiazda et al., 2018) might
deform near seafloor sediment and stimulate slope failures. Seafloor
deformation associated with intra-sediment freezing along the Beaufort
Shelf edge is indicated by the presence of a band of numerous PLFs
(Saint-Ange et al., 2014; Paull et al., 2019; Figs. 1 and 4). However, the
majority of the failures along the Beaufort Slope are in > 1 km water
depth, well below where freezing of brackish water is possible. Only in
one place (Shelf Edge Scar with Adjacent Remnant Section in > 141 mwd)
does the headwall of the slide connect with potentially permafrost-
bearing shelf edge strata, and this coincidence may be the result of up-
slope slide retrogression. Thus, proximity to the shelf edge and the
resulting bathing of sediments < 200 mwd by subzero degree waters do
not appear to play a major role in stimulating the observed widespread
failures.

4.3.4. Interstitial gas and gas hydrate

Because the occurrence of interstitial gas bubbles reduces sediment
shear strength and the decomposition of gas hydrate can also lead to the
formation of gas overpressure, they have long been suspected to play a
role in submarine slope failures worldwide (e.g., Hampton et al., 1978;
Paull et al., 2000). Gas hydrate decomposition has been postulated as a
possible cause of slope instability in the Beaufort Sea (e.g., Saint-Ange
et al., 2014; Nixon and Grozic, 2007). Indeed, methane bubbles have
been observed escaping from the seafloor from the top of mid-shelf PLFs
(Paull et al., 2007), along the edge of the Beaufort Shelf (Paull et al.,
2011), and from mud volcanoes on the slope (Blasco et al., 2013; Saint-
Ange et al., 2014; Paull et al., 2015a). Samples of gas hydrate have been
taken from a seep site on the Alaskan Beaufort Slope (Edwards et al.,
2011; Pohlman et al., 2011). However, the existence of isolated seeps
does not necessarily imply that free gas or gas hydrates are widely
distributed within the slope sediments.

Three observations suggest that interstitial methane bubbles are not
widespread within the slope sediments at the depths of the observed
failure planes. (1) Bottom simulating reflectors, a common indicator of
the presence of free gas near the base of a gas hydrate bearing zone, are
notably absent in seismic reflection profiles from the relevant areas on
the Canadian Beaufort Slope (Riedel et al., 2017; Fig. 2). While some
multichannel seismic lines show enhanced amplitudes at depth, which
are possibly indicative of free gas within Pliocence strata, they are well
below the observed slope failure planes (amplitude anomalies - Fig. 2)
and there are no seismic indications (Lgseth et al., 2009) that free gas is
leaking up to the seafloor under the slope in the vicinity of the failures.
(2) High resolution AUV Chirp profiles and multichannel seismic lines of
slope sediments, where the upslope propagating retrogressive slides
initiated, lack distinctive acoustic blanking patterns indicative of the
presence of free gas (Judd and Hovland, 1992; Fig. 2). The sub-bottom
resolution is unusually deep and laterally consistent compared to
other regions using the same Chirp system (Paull et al., 2015a, 2015b).
Moreover, pore waters in sediment cores taken from the shelf edge
where patches of acoustic blanking do occur (Fig. 7 B and C) have steep
chloride but gentle sulfate pore water concentration gradients (Fig. 10A
and C) suggesting the blanking results from permafrost cementation
instead of the presence of gaseous methane (Borowski et al., 1996). (3)
In the slide scars where iron oxide or hydroxide mounds and shimmering
water were observed (Fig. 8C and D), no evidence, such as chemosyn-
thetic seep fauna or methane-derived authigenic carbonate (e.g., Paull
et al., 1992; Kiel, 2010), was seen that would indicate significant con-
centrations of methane are carried in the venting water.
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Fig. 10. Concentrations of pore water sulfate (A) and chloride (C) versus sub-bottom depth of Beaufort Sea cores from water depths between 130 and 1016 m with
statistically significant linear gradients (p values <0.05). Also shown are histograms of the depths in meters at which the sulfate (B) and chloride (D) extrapolated

gradients would indicate a zero concentration.

For gas hydrate decomposition to stimulate widespread, late Holo-
cene failures, a change in physical conditions (i.e., chemical composi-
tion, pressure, or temperature) would be required. Usually, the salinity
of pore water within the first few hundreds of meters below the seafloor
remains similar to seawater. The freshening in the pore water salinity
observed in the sediment cores (Fig. 10C) is uncommon (Borowski et al.,
1999). The elemental and isotopic composition of the freshening water
is inconsistent with a gas hydrate decomposition origin (Pohlman et al.,
2011; Gwiazda et al., 2018). Furthermore, the decrease in salinity
associated with the infusion of brackish water acts to expand the gas
hydrate stability field (Dickens and Quinby-Hunt, 1997) which by itself
would likely act to increase rather than decrease slope stability (Winters
et al., 2007).

For a seafloor pressure decrease to stimulate gas hydrate decompo-
sition, uplift associated with glacial rebound would have had to occur at
a rate that exceeded eustatic sea level rise (Dyke and Peltier, 2000). Post
glacial isostatic adjustment on the Beaufort Shelf was limited as this area
was not extensively ice covered during the last glaciation (Rampton,
1988; Dyke, 2004; England et al., 2009) and the relative sea level data
from the Beaufort Sea indicates that the shelf area has been subsiding
throughout the late Holocene (Hill et al., 1985). Thus, the observations
suggest that in the Holocene a net seafloor pressure increase has
occurred which would act to stabilize gas hydrate in the slope, not
stimulate its decomposition.

The existence of temperature variations associated with the deep-
waters within the Arctic Ocean throughout the Holocene are largely
unknown. The marine gas hydrate stability field forms a wedge where
the up-dip limit of the marine gas hydrate stability zone in sediments
thins before vanishing. The volume expansion associated with gas hy-
drate decomposition increases at shallower water depths, leaving the
sediments within the up-dip limit of the gas hydrate stability zone
increasingly susceptible to failure associated with either temperature or
pressure changes (Booth et al., 1994; Paull et al., 2000; Westbrook et al.,
2009; Ruppel, 2011). In the Canadian Beaufort Sea, the depth where the
up-dip limit of the gas hydrate stability zone in sediments thins and
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vanishes is presently at ~282 mwd (e.g., Paull et al., 2015a). The
observed slope failures on the Beaufort Slope are not preferentially
concentrated nor start in a band near this depth (Figs. 1 and 3). Taken
together, the available observations do not indicate the slope in the
Canadian Beaufort Sea is especially susceptible to failures associated
with the widespread occurrence of interstitial free gas or gas hydrate
decomposition.

4.3.5. Widespread infusion of brackish waters within slope sediments

Previously published pore water chloride concentration gradients of
cores from the Beaufort Shelf edge and Slope (Fig. 10C) show a sys-
tematic freshening with depth (Paull et al., 2011, 2015a; Gwiazda et al.,
2018). Data from these studies supplemented with additional cores from
130 to 1016 mwd (see Supplementary Table 1) show 34 statistically
significant (i.e., p < 0.05) chloride gradients. Extrapolations of the
existing pore water gradients (Fig. 10C; Paull et al., 2011, 2015a;
Gwiazda et al., 2018) suggest that fresh water occurs at a median depth
of 38 mbsf within the study area (Fig. 10D). Irrespective of whether truly
fresh water is the appropriate end member, the gradient extrapolations
indicate that waters at the depth of the failure plane (30-75 mbsf) are
considerably fresher than seawater. The existence of brackish waters
within slope sediments along continental margins is uncommon (Bor-
owski et al. Srodon, 1999) and its impact on slope stability should be
considered.

The sedimentary section underlying the Beaufort Slope where slope
failures are found was deposited within a marine environment pre-
sumably trapping seawater at deposition along with clay minerals dur-
ing latest Pleistocene and early Holocene times (Keigwin et al., 2018;
Klotsko et al., 2019). The presence of fresher waters now within the
slope sediment has been attributed to infusion with water from
decomposing relict permafrost near the shelf edge and regional ground
water flow underneath the relict permafrost at greater depths (Gwiazda
et al., 2018; Fig. 11).

The effect of the observed pore water salinity change on the clay
mineral properties in the slope sediments should be considered. The
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Fig. 11. Schematic representation of flow paths for the brackish waters infusing into shelf edge and slope sediments of the Canadian Beaufort Sea after Gwiazda et al.
(2018). They infer in the shelf edge the brackish waters are derived from permafrost decomposition at the base of the permafrost (a) and in the slope from regional
groundwater flow underneath the permafrost (b). Hatched and stippled patterns represent permafrost and gas hydrate zones, respectively.

hydro-mechanical behavior of most clay particles is affected by changes
in salinity (e.g., Rolfe and Aylmore, 1977; Locat and Demers, 1988; Di
Malo, 1996; Barbour and Yang, 1993; Laird et al., 1995; Deng et al.,
2011; Nguyen et al., 2013; Zhang et al., 2019). Increases in salinity
result in changes in the bonding strength between grains in most types of
clays and a susceptibility to swelling in some clays. For marine sedi-
ments changes in the bonding strength start with clay flocculation when
suspended clay traveling in fluvial transport systems first encounter the
higher salinities of seawater (Al Ani et al., 1991; Sutherland et al., 2015).
After deposition, the effective stress continues to change with the
salinity (Torrence, 1983; Bjerrum, 1954). However, the changes are
reversible (Laird et al., 1995; Di Malo, 1996; Morsy and Sheng, 2014). A
decrease in pore water salinity will result in a decrease in clay bonding.
Thus, clay rich strata originally deposited in open marine sediments that
have been flushed with fresher water after deposition may be pre-
conditioned for failure.

Samples of the sediment at the depth of the inferred failure plane for
the surveyed failures are not available. The existing knowledge of the
clay mineral composition of the sediments rimming the Arctic suggests
illite (a non-expanding clay) is the dominant clay (Kalinenko, 2001).
Nevertheless, the permeability of even illite-dominated cores does
change markedly with electrolyte concentrations (i.e., salinity; Rolfe
and Aylmore, 1977). However, swelling clays are a common secondary
component of Arctic clays (Kalinenko, 2001). The sediments found at
depth under the Beaufort-Mackenzie Basin are dominated by illite/
smectite mixed-layered clays with smectite predominating at shallower
depths (Ko and Hess, 1998; Ko and Hesse, 1995). Smectite in
mixed-layered clays are subject to swelling with increased salinity
(Goldberg et al., 1991; Srodon, 1999). When appropriate samples of clay
minerals along the failure plane become available, their role as a pre-
conditioning agent for failure could be weighed further.

4.3.6. Brackish water springs within slide scars

The fortuitous discovery of the orange stained mounds and shim-
mering water (https://www.mbari.org/arctic-shelf-edge/) indicates
that there is advective water flow coming out onto the seafloor from
strata associated with the exposed, acoustically homogeneous unit. The
shimmering visual effect is produced by mixing of waters with different
refractive indices, usually related to temperature or salinity differences.
The lack of a temperature anomaly in the thermal probe measurements
indicates that the rise of the shimmering waters was not driven by heat,
and that the shimmering effect is due to salinity differences between
seawater and the emerging fluid. The lack of chemosynthetic biological
communities known to colonize methane seeps, suggests the springs
associated with the orange iron precipitate are not carrying significant
concentrations of methane (Kiel, 2010). Iron precipitates like those
observed on the mounds are characteristic of brackish or fresh water
springs which carry reduced iron to the seafloor where it precipitates
when oxygenated seawater is encountered (Charette and Sholkovitz,
2002). The discovery of 10 similarly appearing orange mounds during
just three short ROV dives covering ~200 m long transects and another
one 4.5 km away suggests that submarine springs are common within
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these slide scars (Fig. 6A & D and 8C & D). The existence of seafloor
springs carrying brackish waters to the seafloor requires a pressure
gradient to drive the flow, which is another indication of overpressured
conditions. However, the Arctic margin has not been adequately
sampled to assess how widespread the presence of brackish pore waters
is within the Arctic Slope.

5. Conclusions

Detailed surveys along the upper continental slope of the Canadian
Beaufort Sea provide documentation of the scars left by large retro-
gressive submarine landslides, and of the character of non-failed, near-
seafloor sediments in adjacent areas. The slides have failure planes that
were initially between 30 and 75 mbsf within glacial marine deposits.
The morphology indicates major failures occurred as discrete large-scale
events which retrogressed upslope. The overlying material initially
broke up into rotated blocks which preserved the original stratigraphy,
but with increasing downslope transport, blocks disaggregated and the
materials flowed out of the survey areas. Minimal drape of hemipelagic
sediment has accumulated since the failure(s) occurred, indicating that
these scars are geologically recent.

Attributing a particular failure mechanism to any slide scar is
inherently difficult. Rapid sedimentation during last glacial periods is
likely a factor in preconditioning the Beaufort Slope for failure. The role
of free gas and gas hydrate could be invoked, but it is not clear that the
sediments on the Beaufort Slope near the failure plane are especially gas
or hydrate charged. A rather unique characteristic of the Beaufort Slope
is widespread occurrence of brackish waters at the depth of the failure
plane. As these sediments were deposited under marine conditions, pore
water freshening would imply sediments have been flushed with
brackish waters. Flushing is also consistent with the spring flow
observed emanating from the slide scars walls, which in turn indicates
overpressured conditions. Overpressure and a reduction in pore water
salinity may both act to reduce the mechanical strength of clays and
precondition these sediments for failure.
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