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Abstract
The Geological Survey of Canada has a long history of regional assessment of marine geohazards in Arctic environments.
Regional mapping allows identification of the distribution of hazards on the seafloor and is a critical part of hazard assessments. However, it does not shed light on understanding the recurrence and triggers of marine geohazards because it consists of one static view of the seafloor. In order to better understand the dynamic nature of seafloor environments, an experiment in Southwind Fiord, Nunavut began by monitoring and recording active marine geohazards. The preliminary data
allowed recording of the effect of active turbidity currents and iceberg groundings in the fiord. Both these processes have
led to erosion and deposition of sediment on the seafloor. A submarine landslide recorded in the fiord in 2018 appeared to
have been triggered by an iceberg grounding on the fiord slope. A submarine landslide triggered by iceberg grounding is a
significant discovery, as icebergs ground in many fiords and across the continental margin of Baffin Bay, therefore representing a previously unknown hazard on the seafloor. These results show that Arctic environments are areas of active seafloor processes that can have consequences on future marine infrastructure. Understanding the triggers of marine geohazards, in combination with standard regional assessments performed by the Geological Survey of Canada, will allow
stakeholders and decision-makers to properly manage seabed infrastructure in a changing and active marine environment.

Introduction
Marine geohazards occur in most marine environments;
however, the causes, frequency and risk they pose are largely
unknown, especially in Arctic environments (Broom et al.,
2017; Deering et al., 2020). Historically, the Geological Survey of Canada (GSC) has focused targeted research on regional mapping of marine geohazards. This led to the discovery of numerous hazards on the seafloor, the existence
of which forms the basis of hazard assessments. Regional
mapping commonly does not, however, allow a thorough
understanding of the processes responsible for these hazards and the evaluation of their modern activity. Regional
mapping offers only a static view of the seafloor, while its

dynamic nature is not understood. Unlike terrestrial landscapes where satellites can help map changes in the
environment every few days, the seafloor is more commonly mapped only once, from which its dynamic nature is
interpreted rather than directly observed. Therefore, without repeat mapping or monitoring, this single view of the
seafloor does not display its changing nature.
In the last decade, monitoring of seafloor hazards in Canada has greatly improved, mostly through detailed studies
offshore British Columbia (e.g., Ayranci et al., 2012; Hill,
2012; Hughes Clarke, 2016; Lintern et al., 2016) and, more
recently, southeastern Canada (Normandeau et al., 2020a).
However, these detailed studies are currently limited to
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southern Canada, where the processes responsible for
seafloor hazards are likely to be different from those occurring in Arctic environments. The predominant role of glaciers and ice sheets in delivering sediments (Normandeau
et al., 2019) is likely to contribute to seafloor geohazards.
Without repeat seafloor mapping and monitoring of Arctic
environments, these processes are not well understood.
Therefore, although regional mapping is an important component of hazard assessments, it has been recently recognized that there is a need for targeted monitoring of Arctic
seafloor processes to better understand the triggers of
marine geohazards and the processes acting on the seabed.
In 2018 and 2019, taking advantage of GSC scientific cruises,
a short monitoring program was implemented to understand specific processes and marine geohazards activity in
one Arctic fiord. This monitoring program was planned in
conjunction with a more regional assessment of seafloor
sediment failures (Bennett et al., 2021). This paper presents
the approach used during this ongoing monitoring program
and preliminary results that help in understanding marine
geohazards in Arctic environments.

Regional setting
Baffin Bay is a 1300 km long by 450 km wide, elongated
ocean basin connecting the Arctic Ocean to the Atlantic
Ocean. Eastern Baffin Island’s offshore can be divided into
four distinct morphological settings: 1) the inner fiords,
which trap most of the sediment supplied by the rivers and
have steep-sided walls; 2) the continental shelf, 40–60 km
wide with numerous U-shaped transverse troughs that
reach 700 m deep; 3) the continental slope, dissected by
submarine channels and submarine landslides; and 4) the
Baffin Bay basin, accumulating sediment from both the
Greenland and Baffin Bay margins and reaching a depth of
2300 m.
The occurrence and recurrence of marine geohazards have
been shown to roughly follow the retreat of glacial ice from
the region (Normandeau et al., 2020b). Therefore, fiords
where glacial ice is present in their watersheds are more
likely to rapidly accumulate sediment and be prone to natural hazards. In 2013 and 2014, an ArcticNet mapping program led by Hughes Clarke et al. (2015) mapped numerous
fiords around Cumberland Peninsula, which led to the identification of potential hazards. From these data, Southwind
Fiord (Figure 1a) stood out because of the number of submarine landslides and the presence of a long channel on the
fiord bottom (Figure 1b). Therefore, Southwind Fiord represented an opportunity to monitor seafloor processes in an
Arctic environment.
Sediment supply to Southwind Fiord is mainly from a river
located at the fiord head. This river is part of an ~265 km2
watershed that is composed of 50% glaciers (Normandeau
et al., 2019). A glacial tongue 9 km from the fiord head sup-
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plies the river with sediment, thus providing a short connection between sediment production from glacial erosion
and sediment supply to the fiord (Ghienne et al., 2021).
Glacial lakes are a minor component of the watershed, representing only 0.5% of the area. Therefore, there is little
sediment trapped in the watershed by lakes and most of the
sediments are transported by river to the fiord-head delta.

Southwind Fiord data and methodology
Field-data acquisition
Building on initial seafloor-mapping work done by Hughes
Clarke et al. (2015), a thorough study of marine geohazards
in Southwind Fiord began in 2018 (Figure 2a). This study
included
1) repeat seafloor mapping of the fiord bottom to capture
changes on the seafloor related to marine geohazards
(Figure 2b). Seafloor mapping was carried out in 2018
from the Canadian Coast Guard Ship (CCGS) Hudson
and in 2019 from the Government of Nunavut’s Research Vessel (RV) Nuliajuk. These multibeam data
were collected with a Reson 7160 (2018) and an EM2040 (2019), and were then gridded at 5 m and 2 m resolution, respectively, using the Teledyne CARIS HIPS
and SIPS™ software suite. Tide data were extracted
from the Webtide prediction model (Collins et al., 2011)
from Fisheries and Oceans Canada (DFO). The final
gridded surfaces were compared to the 2013 and 2014
seafloor maps collected by Hughes Clarke et al. (2015).
2) sub-bottom profiles collected from CCGS Hudson and
RV Nuliajuk using a 3.5 kHz sub-bottom profiler. These
data allowed the identification of sub-seafloor processes (Figure 2c) and were used for targeted sediment
coring.
3) three different types of seafloor samples: a) piston cores
(Figure 2d) collected from the CCGS Hudson in 2018
and targeting landslide scars and undisturbed sediment
for slope stability analysis; b) gravity and box cores collected from CCGS Hudson and CCGS Amundsen, and
targeting mass-transport deposits for assessment of
their age; and c) grab samples from Van Veen and IKU
grab samplers to understand channel sedimentary processes (Ghienne et al., 2021).
4) a downward-looking Acoustic Doppler Current Profiler
(ADCP) mooring (Figure 2e) to directly measure turbidity currents triggered on the delta front. The mooring
was placed at 120 m water depth, at the mouth of the
submarine channel. The water depth of the mooring is
deeper than the depth of the sill mid-fiord (90 m), which
prevents icebergs from coming into the fiord and damaging the mooring.
5) a conductivity, temperature and depth (CTD) rosette
with water collection to measure suspended sediment
concentrations in the fiord along a proximal to distal
transect.
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Figure 1: a) Location of Southwind Fiord on southeastern Baffin Island, Nunavut. b) Geomorphology of Southwind Fiord environment.

Although all these types of data were collected, only data
from repeat multibeam surveys and seafloor samples are
presented in this preliminary overview of the Southwind
Fiord experiment.

Laboratory analysis on sediment cores
Laboratory analyses were conducted on the sediment cores
collected. The cores were first X-rayed, split, photographed and described. They were then put through a
multisensor core logger (MSCL) for measurements of bulk
density, magnetic susceptibility and colour-reflectance. In
addition, discrete shear-strength measurements were taken
at 10 cm intervals along the core using a miniature vane
shear, following ASTM D4648/D4648M-16 (2016). Advanced geotechnical testing was also conducted on the sediment cores, but those results are not presented here.

Turbidity currents
Turbidity currents are known to be damaging to subsea infrastructure. Most often, they are triggered at river mouths
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because of large volumes of incoming fluvial sediment. In
Southwind Fiord, a 2.5 km long submarine channel is present at the mouth of the fiord-head river (Figure 1b). This
channel consists of crescent-shaped bedforms that evolve
in wavelength from £25 m near the head of the channel to
>50 m farther downslope (Ghienne et al., 2021). The crescent-shaped appearance is due to the interaction of the
bedforms with the channel walls. The centre of the channel
represents higher rates of bedform migration compared to
the area interacting with the sidewalls, leading to the crescent shape. Where the channel becomes unconfined, the
morphology of the sediment waves becomes more sinuous
or linear and much wider, no longer being affected by channel sidewalls. The wavelength of the sediment waves becomes 25–50 m and the waves extend more than 2.3 km in
the basin. Near the channel mouth, and in the middle of the
sediment-wave field, there is some indication of channel
formation where small knickpoints are followed by incisions (Figure 1b).
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Figure 2: a) Samples collected in Southwind Fiord from three different cruises. Data-acquisition methods used in Southwind Fiord:
b) multibeam bathymetry, c) sub-bottom profiling; d) piston coring; and e) ADCP mooring at the end of the channel extending from the
mouth of the fiord-head river.

Repeat seafloor mapping conducted from 2013 to 2019 reveals significant changes on the seafloor, most of which
have occurred in the channel, along its entire length. These
changes are characterized by both sediment accumulation
and sediment erosion. Erosion occurs mostly on the steep
(lee) side of the bedforms, whereas accumulation occurs
mostly on the low-gradient (stoss) side of the bedforms
(Figure 3a–d).
The repetitive changes of erosion and deposition on the
crescentic bedforms in the channels correspond to the now
widely observed pattern in other channel/canyon systems
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(Smith et al., 2005; Mazières et al., 2014; Hughes Clarke,
2016; Normandeau et al., 2020a). This repetitive pattern is
often attributed to cyclic step processes where turbidity
currents erode the lee side of bedforms and deposit sediment on the stoss side. This repetitive pattern leads to the
upstream migration of bedforms. These types of processes
are known to damage instrumentation installed in their path
(Paull et al., 2010; Hughes Clarke et al., 2014) and thus
represent a hazard on the seafloor.
The exact timing of turbidity currents remains, to this day,
unknown. A downward-looking ADCP deployed at the
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Figure 3: Multibeam bathymetry images showing seafloor evolution in Southwind Fiord from 2013 (a) to 2018 (b) and 2019 (c). The difference in elevation of the seafloor between 2013 and 2019 (d) illustrates the dynamic nature of the channel and the occurrence of turbidity
currents.

mouth of a submarine channel in 2019 will shed light on the
exact timing and recurrence of turbidity currents, as well as
their internal structure. This mooring is expected to be recovered in 2021. Nonetheless, a preliminary analysis of satellite imagery and a comparison to similar fiords makes it
possible to estimate the timing of turbidity-current activity.
For example, satellite imagery from 2018 shows that the
fiord became ice free in early July, as temperatures consistently rose above 5–10ºC (Figure 4a, b). As soon as the sea
ice melted, sediment plumes were observed extending from
the fiord-head river on all imagery from July and August.
These plumes did not necessarily create turbidity currents,
but it is likely that these density currents occurred mostly
during these months. As temperatures began dropping, as
seen in early September 2018, sediment plumes were no
longer observed at the fiord head, indicating a rapid
reduction of sediment supply to the fiord.
The satellite imagery indicates that turbidity currents are
likely to be limited to 2 months or less during the summer,
although episodic events may occur later in the season.
Since glaciers are the main driver for river flow and sediment export, it is likely that glacial melt during summer
high temperatures increases river discharge; this, in turn,
favours the triggering of turbidity currents. Sediment
plumes at the delta front begin to form in early July, when
sea ice breaks up and warm temperatures increase glacial
melt. In 2018, sediment plumes could be observed until late
August. In early September, the absence of sediment
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plumes suggests that turbidity currents can no longer be
triggered by the supply of sediment on the delta. Therefore,
turbidity-current season appears to be limited to July and
August, although the recurrence of these events will only
be fully understood once the downward-looking ADCP is
recovered in 2021.

Iceberg scouring
At least 500 iceberg pits and scours were detected on the
seafloor of Southwind Fiord. Iceberg pits can be distinguished on the seafloor by their centre depression and
berms on each side, which are higher than the surrounding
seafloor. Most of these pits are located in water depths of
<40 m, but some extend down to a maximum water depth of
about 90 m. The mean pit depth is 30 m, but that does not include the unmapped shallow water of the fiord, meaning
that the real mean depth is shallower than 30 m. The mean
areal extent of the observed pits is 290 m2, which corresponds to iceberg keels measuring approximately 17 m
across.
Repeat bathymetry between 2014 and 2019 shows that at
least three icebergs created pits on the seabed of Southwind
Fiord during the 5-year period. These new pits are identified by erosion at the centre of the pit and accumulation on
its sides (berm; Figure 5). In two cases in the fiord, satellite
imagery identified precisely which iceberg created the pits
(Figure 5a, b): they grounded in early August and early
September of 2018 (Figure 5a, b). The iceberg that created
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Figure 4: a) and b) Daily temperature in Pangnirtung and Qikiqtarjuaq in 2018. c) to f) Satellite images illustrating the sediment supply from
the delta at the head of Southwind Fiord during the warm summer months.
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Figure 5: Iceberg pits and scour in Southwind Fiord created between 2014 and 2019: a) new iceberg pits created in August 2018 when an
iceberg grounded at this location; b) and c) undisturbed seafloor in 2014; d) iceberg pits and scour in 2019; e) difference in elevation between 2014 and 2019, showing the erosion of the pit and the formation of a berm by a grounded iceberg. Abbreviation: Diff. elev., difference
in elevation.

the third iceberg pit could not be found on satellite imagery
(Figure 5c–e).

Mass-transport deposits

This new landslide, as well as two new scarp reactivations,
are described by Normandeau et al. (work in progress). The
main new landslide was triggered at a depth of 28 m and has
a scar depth of about 3 m (Figure 6b). The landslide appears
to have been triggered by a grounded and potentially capsized iceberg impacting the headscarp location (details in
Normandeau et al., work in progress).

A total of 57 landslide scarps were mapped on the slopes of
Southwind Fiord (Figure 1b). Many scarps coalesce, which
probably leads to an underestimation of the number of landslide events. For example, reactivation of previously failed
sediment might not be captured by this descriptive exercise. Most landslides occur within 7 km of the fiord head,
are 140 ±117 m (1ó) wide and have a mean run-out distance
of 370 ±188 m (1ó). About half of them have a visible deposit at their base (Figure 1b), while others, mostly those
close to the fiord head, have no visible deposit. The absence
of deposits indicates that these failures are older and that
the deposits were likely buried or washed away by turbidity
currents originating from the fiord head.

FS =

Repeat bathymetric surveys between 2014 and 2019 indicate that a landslide was triggered in 2018 (Figure 6a–c).

where Su is the undrained shear strength (kPa), b is the slope
angle (°), ã' is the effective unit weight (kN/m3) of the sedi-
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Sediment cores collected on the fiord sidewall are composed primarily of homogeneous to finely laminated mud.
Bulk density and shear strength are relatively low, between
1.6 and 1.8 g/cm3 and between 6 and 12 kPa, respectively.
These two physical properties are used to calculate the factor of safety of the slope. The static factor of safety (FS) for
total stress conditions was calculated under undrained conditions using the infinite slope analysis equation:
Su
g' hsinbcosb
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Figure 6: Landslide triggered in 2018 by an iceberg grounding in Southwind Fiord: a) 2013 multibeam data illustrating a relatively smooth
slope; b) 2019 multibeam data showing the presence of a new landslide; c) difference in elevation between 2013 and 2019, showing the
erosion and deposition associated with the new landslide.

mentary column and h is the height of the effective overburden (depth below seafloor in metres). The FS values presented in Figure 7 were calculated using a slope angle of
13°, which is the slope of the pre-failure surface from the
2018 landslide described previously (Figure 6). The FS
reaches 1.7–1.8 at 3 m below the seafloor in cores 33 and 35
(see Figure 2a for locations). The additional load required
for failure is between 10 kN/m2 (core 33) and 17 kN/m2
(core 35), which is reached at a depth similar to the landslide failure planes observed in the fiord. Iceberg grounding and capsizing can easily produce the additional load

needed and thus is likely a major trigger for landslides in
this fiord (Normandeau et al., work in progress, 2021).
The critical slope angle, which is the slope angle under
which sediment would naturally fail, is about 24° at a depth
of ~3 m below the seabed, based on physical properties of
cores 33 and 35 (Figure 8a). A slope-angle map of Southwind Fiord (Figure 8b) shows that angles >24° occur relatively frequently along the upper part of the fiord sidewalls.
Although factors of safety will vary between locations, this
slope-angle map indicates that the fiord sidewalls are easily

Figure 7: Physical properties of a) core 33, distal to the fiord-head delta in Southwind Fiord; b) core 35, proximal to the fiord-head delta. See
text for details and Figure 2 for location of cores. Abbreviations: Diff. elev., difference in elevation; FS, factor of safety for a slope of 13°; rsat,
bulk density; Su, shear strength.
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Figure 8: a) Factor of safety (FS) for cores 33 and 35 as a function of seabed-slope angle; red line indicates FS = 1, where sediments are
statically unstable at about 24°; dots are minimum FS measured on cores 33 and 35 for a slope angle of 13°; b) Slope-angle map of
Southwind Fiord.

susceptible to failure, and explains the large number of
landslides present on the fiord sidewalls.

Marine geohazards in Arctic fiords:
preliminary implications
Iceberg scours and turbidity currents were known recurring
hazards in the fiords of eastern Baffin Island (Bennett et al.,
2014; Normandeau et al., 2019). However, the recurrence
of these processes remains elusive, especially for turbidity
currents, as monitoring data do not yet exist. The Southwind
Fiord experiment will attempt to bridge that gap once the
ADCP mooring is recovered.
The most important implication of the experiment so far is
the discovery of a new landslide triggered by a grounding
iceberg in 2018. Large submarine landslides in fiords are
commonly attributed to earthquake shaking or delta progradation (Stacey et al., 2019). However, the current detailed study of Southwind Fiord indicates that landslides in
Arctic fiords with active glaciers and icebergs appear more
likely to have been triggered by other processes, such as
iceberg groundings. To date, no submarine landslides in
Baffin Island fiords were correlated to known earthquakes.
For example, the 1933 magnitude 7.3 earthquake offshore
Pond Inlet did not lead to any apparent deposit to date
(Broom et al., 2017). In addition, on the eastern Baffin Island coastline, a small subset of dated subaerial landslides
occurring over glaciers show that these landslides are located in a seismically active area but could not—yet—be
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directly related to specific earthquakes (Gosse et al., 2020).
It is therefore suggested that icebergs may be a more likely
trigger of submarine landslides in Baffin Island fiords because of their prevalence throughout the eastern Arctic.
Most submarine landslides in Baffin Bay fiords are located
on steep sidewalls and originate from shallow water, which
could be affected by iceberg grounding. Other nearshore
processes, such as multiyear and shore-fast sea ice moving
with the tide and subaerial debris flows extending into the
marine environment, may be responsible for other observed landslide deposits. For example, submarine landslides in Frobisher Bay could be due to sea ice grounding in
shallow water (e.g., Deering et al., 2020), which likely compares to the mechanism of iceberg grounding observed in
Southwind Fiord.
These data from Southwind Fiord represent a crucial step
forward in understanding what triggers submarine landslides in Arctic environments. Further studies will need to
quantify the role played by icebergs, sea ice, subaerial debris flows and earthquakes in generating these hazards. Although a landslide triggered by iceberg grounding has been
observed in Southwind Fiord, it is not possible, at this
stage, to assess the prevalence of this trigger compared with
others mentioned previously.

Economic considerations
Submarine landslides have known consequences for coastal populations through the generation of tsunamis. One
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such tsunami triggered by a submarine landslide occurred
in an Alaskan fiord in 1964 (Brothers et al., 2016). In Baffin
Bay, there is no record to date of such events caused by submarine landslides. However, the large number of landslides
mapped over the years suggests that some of them may
have had consequences for the shoreline, but this theory remains to be assessed.
Other consequences of such marine geohazards as submarine landslides, turbidity currents and iceberg scouring are
the damage they can cause to seafloor infrastructure. Underwater fibre-optic internet cables have been deemed important to connect northern communities; therefore, a
proper understanding of the occurrence and recurrence of
seafloor hazards is critical. Damage to seafloor cables can
cost millions of dollars in repairs. As Baffin Bay is remote,
it can also take time to repair cables underwater, leaving
communities without reliable communication for some
time. Therefore, before subsea cables are to be laid on the
seafloor, the information provided by seafloor mapping
and the occurrence and recurrence of seafloor geohazards
can be used to properly plan cable-layout routes.

Conclusions
The Geological Survey of Canada has a history of providing regional maps and understanding of seafloor geohazards. In order to document the processes responsible for
marine geohazards, an experiment in Southwind Fiord was
initiated to monitor and record active geohazards. Although the experiment is ongoing, preliminary results show
that turbidity currents, iceberg groundings and submarine
landslides have occurred in the last two years in Southwind
Fiord, illustrating the dynamic nature of Arctic fiords. A
critical observation of this experiment is that iceberg
grounding can, under the right circumstances, trigger submarine landslides. Therefore, the extent to which icebergs
affect the seafloor extends well beyond their keel depth if
they trigger landslides. A proper understanding of the distribution of these hazards will be important to mitigate their
effects should there be infrastructure laid on the seafloor.
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