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Abstract

As part of the Geological Survey of Canada’s continuing aim to identify the potential marine geohazards in Baffin Bay, this

study sought to generate a comprehensive understanding of the distribution, timing and potential triggers of submarine

landslides in Pangnirtung Fiord. The high-relief topography of Pangnirtung Fiord is comparable to fiords in Greenland and

Alaska, where recent studies have investigated landslide-generated tsunamis. Since the low-lying community of Pangnir-

tung is situated along the coast of Pangnirtung Fiord, it is ever more critical to understand the submarine-landslide hazard of

the area.

The study identified 180 near-surface submarine landslides in Pangnirtung Fiord using multibeam bathymetric and sub-

bottom profiler data, along with gravity cores collected in 2019. Morphometric analysis shows that most submarine land-

slides are relatively small (~0.13 km2), with elongated failure zones and wide deposits dispersed along the basin floor. Ra-

diometric dating reveals that eight of the eleven dated landslides are younger than 500 years. Landslide-surface roughness

was tested as a proxy for age, but the relationship was found to be weak, thus limiting the ability to accurately date all identi-

fied landslides. Four broad categories of submarine-landslide triggers were identified and it was shown that at least 53% (96

of 180) of landslides are associated with subaerial sources and, at most, 31% (56 of 180) are shallow-water, non-subaerially

influenced. This suggests that triggers of most submarine landslides within Pangnirtung Fiord include rapid flood-water in-

put, subaerial debris flows and sea-ice loading during low tide.

Introduction

Fiords are narrow, submerged, glacially carved valleys

flanked by steep, high-relief sidewalls, which are suscepti-

ble to subaerial and submarine geological hazards such as

landslides and rock avalanches (Syvitski et al., 1987).

Landslides may occur as slow or sudden, and potentially

catastrophic, downslope movement of rock and sediment

(Cruden and Varnes, 1996; Hampton et al., 1996). They

have the potential to damage land-based and seabed infra-

structure and threaten coastal communities through the

generation of displacement waves (i.e., tsunamis) in high-

latitude fiords (e.g., Brothers et al., 2016; Gauthier et al.,

2017; Higman et al., 2018). In fact, over the last century,

eight of the fourteen largest tsunamis recorded worldwide

were caused by landslides in fiords (Miller, 1960; Dahl-

Jensen et al., 2004; Oppikofer et al., 2009; Gauthier et al.,

2017; Higman et al., 2018; Waldmann et al., 2021). Al-

though no landslide-generated tsunami has been docu-

mented within the fiords of Baffin Island, the high-relief to-

pography and dynamic sedimentation present similarities

to the high-latitude fiords of Alaska, Greenland and Nor-

way, all of which have a history of tsunami generation.

Landslides can be caused by internal stresses; however, sea-

bed sediments need to be preconditioned for failure and an

external trigger is often needed to generate downslope

movement (Masson et al., 2006). Dynamic fiord sedimen-
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tation, which often includes high sedimentation rates and

coarse-grained layers, can create weak preconditioned sur-

faces. An increase in shear stress or the development of

overpressure in the pore fluid between sediment grains can

then provide the necessary triggering mechanism for slope

failure (Tappin, 2010; Urlaub et al., 2013; Clare et al.,

2016). Numerous processes can trigger submarine land-

slides, including earthquakes caused by tectonic-plate move-

ment (Kuenen, 1952) and isostatic adjustment (Brooks et

al., 2016), wave action (Bea et al., 1983; Prior et al., 1989),

sea-ice or iceberg groundings (Normandeau et al., 2021),

tides (Johns et al., 1985; Chillarige et al., 1997) and in-

creased river discharge that may promote rapid sediment

accumulation and oversteepening of river-delta fronts

(Prior and Bornhold, 1989; Bornhold et al., 1994; Girard-

clos et al., 2007; Clare et al., 2016). Submarine landslides

can also be triggered when a subaerial landslide or rock av-

alanche extends to the water, destabilizing the seabed in

shallow water. Subaerial landslides can be triggered by

multiple processes, including permafrost thawing, in-

creased precipitation and frost wedging (Gauthier et al.,

2017; Higman et al., 2018).

Since 2018, the Geological Survey of Canada (GSC) has

sought to identify potential marine geohazards in Baffin Is-

land fiords, including submarine landslides. Seafloor-map-

ping initiatives reveal that submarine landslides occur

within 86% (Bennett et al., 2021) of the mapped fiords

(e.g., Broom et al., 2017; Brouard and Lajeunesse 2019;

Normandeau et al., 2019; Deering et al., 2019; Bennett et

al., 2021); however, their timing and causes are generally

poorly understood. To better constrain these critical aspects

of submarine landslides within a Baffin Island fiord,

multibeam echosounder and sub-bottom profiler data,

along with short (<115 cm) gravity cores, and unmanned

aerial vehicle (UAV) images were collected in Pangnirtung

Fiord in September 2019 aboard the Government of

Nunavut Research Vessel (RV) Nuliajuk (Figure 1). This

paper presents an assessment of submarine-landslide distri-

bution, morphology and timing in Pangnirtung Fiord, and

provides insights into possible trigger mechanisms.

A better understanding of submarine geohazards in Baffin

Island fiords can help increase public safety for low-lying Arc-

tic communities such as Pangnirtung (population 1481), lo-

cated along the southeast coast of Pangnirtung Fiord on Baf-

fin Island (Figure 1). All 467 dwellings within the hamlet lie

below 60 m asl (metres above sea level), and the airport,

fuel-storage tanks, health centre and schools are all below

30 m asl. An assessment of the submarine-landslide hazard

in this dynamic fiord environment may help inform the

community and protect this low-lying essential infrastruc-

ture. Similar assessments throughout the fiords of Baffin

Island will be imperative with future development and ex-

pansion of essential infrastructure in a rapidly changing

Arctic climate.

Regional setting

Pangnirtung Fiord is oriented northeast-southwest, with a

length of 43 km, a width of 1–3 km and a maximum water

depth of 165 m (Figure 1). In the southwest, the surround-

ing subaerial landscape features low-relief terrain of glacial

till overlying bedrock. The northeastern section of the fiord

is surrounded by high-relief terrain rising to 1500 m asl and

divided by glacial valleys and cirques. Erosion of the steep

fiord side walls that surround the coast has produced talus

slopes and debris cones that extend to the shallow intertidal

zone. The remaining cirque and alpine glaciers make up

~25% of Pangnirtung Fiord’s catchment area (Gilbert,

1978). The bedrock surrounding Pangnirtung Fiord com-

prises three rock types of the Paleoproterozoic Qikiqtarjuaq

dominantly felsic plutonic suite, dated at ca. 1.9–1.88 Ga

(Jackson and Sanborn-Barrie, 2014).

Sediment supply to the fiord is sourced from numerous

rivers and alluvial fans that drain the 1700 km2 partially

glaciated catchment area (Gilbert, 1978). Two main rivers,

the Weasel River at the head of the fiord and the Kolik River

across from the Hamlet of Pangnirtung, drain 67% of the

catchment area (Figure 1; Gilbert, 1978). Other smaller

rivers include Panniqtuup Kuunga (commonly referred to

as the Duval River in the literature), which flows through

the Hamlet of Pangnirtung, and the Puurusiq River, located

to the northeast of the fiord. Although flow-rate measure-

ments are sparse, the winter months see little to no flow, and

snowmelt and precipitation in the summer months lead to

high and sporadic discharge levels (e.g., average peak dis-

charge of Panniqtuup Kuunga (Duval River) in 1973–1983

was 17.6 m3/s; Water Survey of Canada, 1983).

Seismic activity surrounding Pangnirtung is concentrated

in the northern Labrador Sea, Davis Strait and Baffin Bay,

all of which are basins formed through seafloor spreading

associated with the rifting of Canada and Greenland in the

Late Cretaceous (Basham et al., 1977). Intraplate seismic

events in Baffin Bay are caused by postglacial rebound that

reactivates faults formed from the original Cretaceous rift-

ing (Stein et al., 1979).

Methods

Hydroacoustic analysis and morphometrics

High-resolution multibeam bathymetric data were col-

lected using a Kongsberg EM2040C. The data were then

gridded to 5 m horizontal resolution and exported to Esri�

ArcGIS Pro 2.5 to create shaded-relief maps intended for

seafloor morphological interpretation (Figure 1). Sub-bot-

tom profiles were acquired using a hull-mounted Knud-

sen 3260 3.5 kHz sub-bottom profiler (Figure 1). The sub-

bottom data were visualized and interpreted using the

SegyJp2Viewer developed at the Geological Survey of Can-

ada (Courtney, 2009). Submarine-landslide deposits were
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identified by integrating bathymetry and sub-bottom data; a

fully delineated submarine-landslide features a zone of

slope failure including a head scarp, a flow path or transi-

tion zone, and a deposit. The relevant morphometric pa-

rameters for this study (Table 1) were measured following

the standardized procedure outlined in Clare et al. (2019).

Core analysis

Twenty-one sediment gravity cores (Figure 1), ranging in

length from 8 to 111 cm, were collected from the RV

Nuliajuk and processed at the Geological Survey of Can-

ada–Atlantic (GSC-A) facility located at the Bedford Insti-

tute of Oceanography (BIO) in Dartmouth, Nova Scotia.

Physical and sedimentological properties were measured

as an initial interpretation of the depositional processes and

to identify landslide deposits. Using a Geotek Multi-Sensor

Core Logger (MSCL), whole cores were analyzed for

1) magnetic susceptibility via a Barrington loop sensor

(MS2B); 2) bulk density based on the gamma-ray attenua-

tion of the sediment; 3) P-wave velocity based on the travel

time of a compressional wave between transducers; and

4) colour reflectance via a Konica Minolta colour spectro-

photometer to measure L* (lightness), a* (green to red) and

b* (blue to yellow) values.

The cores were then split into a working half and an archive

half, and then X-rayed and photographed. Grain-size mea-

surements were completed using a Beckman Coulter

LS230 Laser Diffraction Analyzer for grain sizes of 4–

2000 µm, and manually sieved and weighed for particles

above 1000 µm. Thin sections were also created to aid in char-

acterizing the lithofacies.
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Figure 1: a) Location of Pangnirtung Fiord on eastern Baffin Island, Nunavut. b) Multibeam bathymetry of Pangnirtung Fiord, with the loca-
tions of gravity-core samples and sub-bottom profiles. Inset is a detailed view of the locations of cores 037 and 047, within mapped land-
slides. c) Photograph of Pangnirtung, facing north. Base map from Maxar Technologies.



Geochronology

Radiocarbon dates were obtained from shell fragments col-

lected within 10 of the sediment cores (Sedore, M.Sc. in

progress [Distribution, timing and potential trigger mecha-

nisms of submarine landslides in Pangnirtung Fiord, east-

ern Baffin Island, Nunavut]) and analyzed at the A.E. Lalonde

Accelerator Mass Spectrometry (AMS) Laboratory at the

University of Ottawa (Table 2). The 14C ages were cor-

rected using a local marine reservoir correction (ÄR) of

–6 ±58 years, calculated as the average of the 10 nearest

shell measurements (Coulthard et al., 2010) and calibrated

using the Marine20 calibration curve in Calib 8.2 (Heaton

et al., 2020). Heaton et al. (2020) do not recommend this

model for high latitudes (higher than 40–50°N), but pres-

ently there is not a better model. The 210Pb and 137Cs

radioisotope activities for four sediment gravity cores were

used to calculate sedimentation rates within the fiord.

Subsamples were taken within the top 30 cm of the cores at

1–2 cm intervals (Pourchet and Pinglot, 1989; Bronk

Ramsey, 2008) and analyzed at the Laboratory for the Anal-

ysis of Natural and Synthetic Environmental Toxins

(LANSET) at the University of Ottawa. Sedimentation

rates were calculated using the ‘serac’ R package devel-

oped by Bruel and Sabatier (2020) and the Constant Flux

Constant Sedimentation (CFCS) model (Krishnaswamy et

al., 1971). This model assumes that the 210Pb activity in the
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Table 1: Descriptions of morphometric parameters used in this study of submarine landslides in Pangnirtung Fiord, eastern
Baffin Island.

Table 2: Radiocarbon dating information, including core number, lab number, sample
depth, radiocarbon age and uncertainty, and calibrated age and total uncertainty for cores
015, 017, 020, 030, 034, 037, 041, 043, 047 and 048 from Pangnirtung Fiord, eastern Baffin
Island.



newly deposited sediment has been constant throughout

time; however, bioturbation, which is a prevalent process

occurring throughout the hemipelagic sediments within the

fiord, will affect the measured 210Pb and 137Cs activities.

The CFCS model is the simplest model, with other models

requiring porosity measurements that were not recorded

during sampling.

The morphological and sedimentological characterizations

of the submarine landslides were used to determine the in-

tervals of interest. The ages of the submarine-landslide de-

posits were constrained through a combination of radiocar-

bon ages and the 210Pb/137Cs activity–derived sedimentation

rates. In cores with only radiocarbon dates available, the

sedimentation rates in the sediment cores were calculated

through manual age-depth modelling. For these calcula-

tions, the instantaneous landslide deposits were excluded.

Using these sedimentation rates (Sedore, M.Sc. in progress),

the absolute ages of the instantaneous landslide deposits

were calculated based on their depth in the cores and sub-

bottom profiles using linear interpolation.

Surface roughness

The standard deviation (SD) of the bathymetric position in-

dex (BPI) was used to calculate the surface roughness for

the delineated landslide deposits using ArcGIS Pro 2.5.

The BPI is a measurement of the relative position of a pixel

(2 m resolution) compared to the surrounding neighbour-

hood of pixels (Lundblad et al., 2006). The BPISD ex-

presses the surface roughness for each landslide deposit, as

a highly variable topographic surface will have a larger

standard deviation than a smoother topographic sur-

face. Under the assumption that older, buried landslides will

have a smoother surface than recently deposited landslides,

this measurement can be used as a proxy for the landslide’s

relative age when compared to other landslides. The sur-

face roughness of the landslide deposits is also influenced

by the type of landslide, the run-out distance, the slope and

the sediment type. A linear regression was used to test the

validity of this method for Pangnirtung Fiord submarine

landslides, comparing the BPISD value to the absolute ages

of landslides determined from radiometric dating. From

this, an age for each landslide was calculated based on the

BPISD and then compared to the absolute age of the land-

slide (Sedore, M.Sc. in progress).

Results and discussion

Distribution, morphology and sedimentology of
submarine landslides

The high-resolution bathymetric data reveal 180 partially

or fully delineated submarine landslides throughout Pang-

nirtung Fiord. Failure zones are identified in areas of high

seafloor gradients (>4º), demonstrating an association be-

tween slope failure and high-relief sections of the fiord,

such as the subaqueous fiord sidewalls and glacial sills

(Figure 2). Conversely, no distinct slope failures are ob-

served in areas with a low gradient (0–4º). Most landslide

deposits are mapped along the relatively flat basin floor

and, in some instances, crosscut other landslide deposits.

Not every landslide deposit can be linked to its head scarp

due to mapping limitations that prevent imaging the sea-

floor in shallow water. Due to this, the minimum water-

depth measurement is a truncated distribution that should

normally extend to 0 m but instead is restricted at about 10–

30 m to 0 m (Figure 2). Considering this mapping limita-

tion, at least 62% of mapped landslides have their head

scarps at a water depth of less than 40 m.

Morphometric parameters were measured for the subma-

rine landslides, and descriptive statistics can be summa-

rized to provide the morphometrics of a typical submarine

landslide in Pangnirtung Fiord (Figure 2). Most submarine-

landslide deposits have an area less than 0.13 km2 (lower

quartile (Q1) = 0.03 km2 and upper quartile (Q3) =

0.13 km2), while the minimum water depth of the landslides

varies from 3 to 132 m (mean = 38 m). The maximum scar

width (Q1 = 98 m, Q3 = 260 m) and total length of deposit

(Q1 = 310 m, Q3 = 637 m) can be used to calculate the elon-

gation parameter for each landslide deposit. The elongation

value of most deposits is above 1 (Q1 = 1.4, Q3 = 3.4), indi-

cating a long and narrow feature oriented toward the

downslope gradient. The slope gradient measured adjacent

to the slope failure zone (Q1 = 9.5º, Q3 = 5º) is meant to pro-

vide insight into the unfailed slope angle; however, slope

measurements within the failure zones show little deviation

from the slope-gradient parameter. The mean slope of <1º

at the toe of the landslides demonstrates the flow of the

landslides to the flat basin floor.

The various morphologies and surface expressions of

mapped submarine landslides in the geophysical datasets

represent distinct landslide processes, including debris av-

alanches and debris flows (Figure 3). Debris avalanches are

made up of unsorted sediment and rock that move rapidly

downslope and do not appear to have distinct lateral

bathymetric constraints (i.e., into an underwater channel;

Hungr et al., 2001). Within Pangnirtung Fiord, the debris

avalanches have a wide failure zone with distinct side

scarps. The associated deposits are blocky and rough, with

transverse compressional ridges. Debris flows are distin-

guished from debris avalanches by flowing through con-

fined channels developed along the submarine slope from

repeated failures. Generally, debris-flow deposits are lobe

shaped and have a smoother appearance. Multiple debris-

flow deposits can be identified at the base of these channels

or gullies. Side scarps are not as distinct and the failure

zones are narrower, creating an elongated landslide. Tur-

bidity currents are inferred from the distinct sediment

waves at the head of the fiord (Normandeau et al., 2019), as

well as from potential turbidites in both sediment cores and
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the sub-bottom profiles downslope of the fiord-head delta

(Figure 3).

Photographs, X-radiographs and physical properties of 14

gravity cores (Sedore, M.Sc. in progress) were used to de-

scribe the landslide deposits, as well as discern the domi-

nant lithological facies found in the fiord. The main

lithofacies of interest to this study is identified at the top of

cores 037 and 047 that were collected within the failure

zones of two landslides along the steeply sloped (~20º and

~7º, respectively) submarine fiord sidewalls (Figure 4).

These intervals, consisting of coarse-grained sand and a

minor proportion of gravel, are interpreted as landslide de-

posits. These deposits have a lower magnetic susceptibility,

and generally a higher but variable bulk density, than the

hemipelagic sedimentation found in most cores. The land-

slide deposits are assumed to be thicker downslope from

the coring position; however, these intervals capture rem-

nant sediments associated with the mapped landslides. In

core 037, the fining-upward sequence within the top 10 cm

was caused by slow sediment settling at the sediment-water

interface during the core extraction process; however, coarse-

grained sand, gravel and shell fragments are still interpret-

ed as a part of the landslide deposit. These upper intervals of

cores 037 and 047 have erosive contacts with the underlying

sediment that makes up the rest of the cores (Figure 4).

The underlying facies features wavy-parallel–laminated,

dark grey clayey silt with intervals of very fine grained sand

and granules identified in the X-radiograph images. These

intervals, distinguished by their colour from the rest of the

cored sediment, are interpreted as older postglacial sedi-

ments. To capture these older sediments in the short sedi-

ment cores, there must have been high erosion rates from

submarine landslides along the fiord sidewall that removed

thick sequences of postglacial hemipelagic sedimentary

cover. Additionally, landslide deposits are also identified

by fine- to coarse-grained sandy-silt laminations inter-

preted as turbidites associated with the respective land-

slide. The coarser grain size of these laminations distin-

guishes them from the surrounding dark grey or olive grey,

highly bioturbated clay and silt with minor occurrences of

very fine grained sand and granules. This surrounding

lithofacies is interpreted to represent the background hemi-
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Figure 2: Violin plots of the morphometric parameters for the submarine landslides
identified within Pangnirtung Fiord, eastern Baffin Island, including area, minimum
water depth, slope gradient, slope gradient at toe, total length, deposit length, scar
width, maximum deposit width, and elongation (parameters are defined in Table 1).



pelagic sedimentation within the fiord that also incorpor-

ates ice-rafted debris.

Timing of submarine landslides

Using sedimentation rates derived from 14C dating and
210Pb and 137Cs activities (Table 3), the ages of 11 landslides

were calculated: eight occurred within the last 500 years

with four of these found to be modern events (post-1950).

Two examples of these modern landslides are captured in

cores 037 and 047 (Figure 4). In core 047, an additional ra-

diocarbon date of 4060 ±230 cal. yr BP (Table 2) at 22 cm

depth from within a landslide deposit demonstrates the ero-

sive nature of these landslides to incorporate this older ma-

terial. The oldest landslide deposit is dated to approxi-

mately 4000 yr BP using the sedimentation rates determined

from an overlying sediment core and an overburden height

of 3 m estimated from sub-bottom data. The largest land-

slide, which the authors have tentatively named the Kolik

River landslide, has an overburden height of approximately

1 m, and is tentatively dated to 1500–2000 yr BP. Future an-

alysis of a sediment core collected in 2021 will precisely date

this event. The modern ages of most landslides indicate that

there has been recent landslide activity in the fiord, sug-

gesting that these processes are still active and being caused

by modern triggering mechanisms. There is a bias toward

modern landslides in this study because only short sedi-

ment cores were collected; therefore, many buried land-

slide deposits identified in the multibeam echosounder data

are excluded from this analysis. The exclusion of these bur-

ied landslide deposits and insufficient sub-bottom profile

resolution to differentiate multiple landslides prevent accu-

rate estimates of landslide recurrence in the fiord.

Strupler et al. (2019) found that, in a study of submarine

landslides in Lake Zurich, Switzerland, dating based on

BPISD can produce a first-order assessment of landslide

ages, distinguishing between recent landslides that oc-

curred within the last 150 years and sub-recent landslides.

In Pangnirtung Fiord, there is an insufficient number of ab-

solute landslide ages to validate the BPISD as a similar proxy

for first-order landslide age. Of the landslide deposits dated

in this study (Figure 5), recent landslides (cores 030, 037,

047 and 048 in Table 3) have a wider range of BPISD values

than older deposits (cores 034, 041 and 043 in Table 3). The

intervals tentatively interpreted as landslides in cores 015,

017 and 020 are not included in this BPISD analysis due to

low confidence in the correct interpretation of the landslide
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Figure 3: Example of a) debris avalanche; b) debris flow; c) sediment waves identified at the fiord-head delta; and d) turbidites and sedi-
ment waves identified in a sub-bottom profile acquired near the fiord-head delta. See Figure 1 for locations in Pangnirtung Fiord, eastern
Baffin Island. Base map from Maxar Technologies.
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interval, as they are located near the fiord-head

delta. The landslide interval identified in core 031

is also not included, as artifacts in the bathymetric

data prevent accurate surface-roughness analysis.

The wide range of BPISD values in recent land-

slides is reflected by large differences between the

absolute and calculated ages of the deposits. In

older deposits, their calculated age is a more accu-

rate representation of their absolute age. However,

this does not result in a sufficient differentiation of

BPISD values to enable the use of surface rough-

ness of the landslides as a proxy for landslide age.

The large range of landslide surface-roughness

values is most likely caused by the different types

of landslides identified in the fiord, along with vari-

ations in slope and landslide run-out (total length).

Additionally, possible variations in overburden

sedimentation rates, not captured in the dating re-

sults from this study, may cause less accurate age

predictions of submarine landslides. Despite this

conclusion, the surface-roughness analysis sug-

gests that landslide deposits near each other with

different relative surface-roughness values may be

asynchronous, allowing for a semiquantitative in-

terpretation of the sequence of events (Sedore, M.Sc.

in progress).

Trigger mechanisms of submarine
landslides

Based on the morphometric parameters, the spatial

distribution and the relationship with the subaerial

environment (Figure 6), the submarine landslides

in Pangnirtung Fiord were grouped into four cate-

gories that reflect their possible trigger mecha-

nisms. As an initial discerning factor, the ‘minimum

water depth’ measured parameter, referring to the

initiation depth of a submarine landslide, differen-

tiates the mapped landslides into deep-water and

shallow-water triggers. The shallow-water triggers

are then subdivided based on the submarine land-

slide’s relationship to the subaerial environment.

From this, four categories of trigger mechanisms

emerge: 1) deep water; 2) shallow water, subaerial

debris-flow influenced; 3) shallow water, fluvially

influenced; and 4) shallow water, non-subaerially

influenced (Figure 7).

Deep-water trigger mechanisms

Submarine landslides initiated in deep water (e.g., Fig-

ure 7a) constitute 15% of the mapped landslides and are not

likely to have a shallow-water or subaerial trigger (Fig-

ure 6). The failure zones are identified along the middle of

sills where the shallowest possible head scarp is far deeper

than wave or tidal influence and far enough away from the

fiord sidewalls and major sediment inputs that subaerial

and fluvial triggers likely have no influence. Many of these

landslides appear to be the result of slope failures in reces-

sional moraine sediments and have numerous scarps over a

wide failure area. The most probable triggers for these

deeper water landslides are most likely a combination of

seismicity induced by isostatic rebound during the retreat

of the glaciers in Pangnirtung Fiord and the oversteepening

of slopes. Oversteepening of slopes can act as a precondi-

tioning factor, leaving sediment susceptible to seismic trig-

gers (Clare et al., 2016).
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Table 3: Landslide interval ages calculated from
14

C dating and
210

Pb/
137

Cs ac-
tivities, Pangnirtung Fiord, eastern Baffin Island. Abbreviation: SAR, sediment
accumulation rate.

Figure 5: Standard deviation of the bathymetric position index (BPISD) plot-
ted against the ages of the landslide deposits in Pangnirtung Fiord, eastern
Baffin Island. Landslides are identified based on their respective core num-
ber (see Table 3). The trendline represents the calculated ages of the land-
slides (R

2
= 0.364).



Shallow-water, subaerial debris-flow trigger
mechanisms

Subaerial debris flows have been suggested as a potential

trigger mechanism of shallow submarine landslides

(Bellwald et al., 2016; Deering et al., 2019). Sudden rapid

colluvial and alluvial outwash into the shallow water would

increase the pore pressure and potentially increase shear

stress in the shallow-water sediments. Deering et al. (2019)

suggested that subaerial slope failures are a contributing

triggering mechanism for most submarine landslides iden-

tified in Frobisher Bay, Baffin Island. In Pangnirtung Fiord,

the shallow minimum water depth of most landslide failure

zones also suggests a possible subaerial influence. Conclu-

sive evidence of a connection between the subaerial envi-

ronment and submarine landslides in the fiord is shown in

satellite imagery from 2019 overlain by the multibeam

bathymetry (Figure 7b). A subaerial debris fan clearly ex-

tends to the intertidal zone and three submarine landslides

are visible downslope; however, no head scarp is mapped in

the bathymetry, only side scarps and a transition zone.

Three likely head scarps are distinguished in the satellite

imagery downslope from the debris fan by their concave

shape created at the cusp of the intertidal zone. The proxim-

ity of the submarine-landslide head scarps to the subaerial

debris fan demonstrates a clear connection between sub-

aerial debris flows and submarine-landslide occurrence.

Based on 210Pb geochronological data, the middle land-

slide, with the highest surface-roughness value, occurred in

the early 20th century.

Building on these initial findings, subaerial susceptibility mod-

elling of Pangnirtung Fiord (Normandeau et al., 2022) can

be used to understand which of the other submarine land-

slides were potentially triggered by subaerial debris flows.

Normandeau et al. (2022) employed subaerial-landslide

susceptibility modelling at the scale of the fiord to identify

potential source and propagation areas for subaerial debris-

flow hazards following the steps of Horton et al. (2013).

The Figure 8 inset shows the results of subaerial suscepti-

bility debris-flow modelling for the subaerial debris-flow

example shown in Figure 7b. The area classified as a poten-

tial zone for ‘large torrents’, shaded black, is upslope of the

submarine landslides with a clear subaerial connection.

This example demonstrates that this subaerial debris-flow

susceptibility modelling can be used to determine the num-

ber of submarine landslides potentially triggered by

subaerial processes. Examining the entire fiord, Figure 8

presents the relative probability of the modelled subaerial

landslides entering the fiord, as well as the location of the

submarine-landslide deposits identified in the bathymetry.

Those landslides located directly downslope of the mod-

elled subaerial debris flows make up 53% of submarine

landslides (Figure 6). Overall, this classification of subma-

rine landslides presents a definitive relationship between

submarine landslides and the subaerial environment, and il-

lustrates the impact subaerial debris flows have as a major

triggering mechanism of submarine landslides in

Pangnirtung Fiord.

Shallow-water, fluvial trigger mechanisms

Landslides located downslope of fluvial sources account

for 1% of the mapped landslides in the fiord; however, they

represent 13% of the total area of all submarine landslides

in Pangnirtung Fiord (Figure 6). The largest landslide

(2.1 km2), the Kolik River landslide, was identified down-

slope from the Kolik River (Figure 7c). Failure scarps are

mapped within the bathymetric coverage, but the head scarp

is likely in shallower waters, outside the mapping area. Apo-

tential head scarp or portion of a head scarp is identified in

satellite imagery (Figure 7c). The associated landslide de-

posit features large blocks that create an undulating surface

texture. Delta collapse was the likely cause of the Kolik

River landslide, similar to that of a submarine landslide in

Lake Brienz, Switzerland (Girardclos et al., 2007). Elevated

discharge rates in the Kolik River or an earthquake may be

responsible for the delta collapse. There are ongoing efforts

to determine the tsunamigenic potential of this landslide.
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Figure 6: Proportion of interpreted triggering mechanisms of submarine landslides in Pangnirtung Fiord, east-
ern Baffin Island based on a) number of landslides, and b) total area of landslides in each trigger classifica-
tion.



Shallow-water, non-subaerial trigger mechanisms

Thirty-one percent of landslides (Figure 6) are initiated in

shallow water but do not have an obvious relationship to a

subaerial trigger (Figure 7d). Like the previous classifica-

tion, the head scarps are identified in shallow water or the

assumed head scarps are too shallow to map; however,

these landslides do not occur downslope of an area mod-

elled to be susceptible to subaerial landslides. In addition,

these landslides are also generally elongated, suggesting a

point-source trigger. Likely point-source triggers for these

slides include sea-ice and iceberg groundings, wave action

and tides. Earthquakes are a possible trigger mechanism,

although they would likely cause a wider area of sediment

to fail, thus presenting lower elongation values, which is

not supported by the morphometric measurements (Fig-

ure 2). These mechanisms may also trigger the previously

described submarine landslides with perceived connections

to fluvial output and subaerial debris flows. These subaerial

debris flows and rivers transport sediment to the marine en-

vironment, preconditioning the slopes for failure, with these

shallow-water, non-subaerially influenced mechanisms ulti-

mately triggering a landslide.

Economic considerations

Both submarine and subaerial landslides are known natural

hazards in fiords that can affect coastal communities. Land-

slide-generated displacement waves of sufficient height

can inundate coastal areas and damage low-lying infra-

structure. The existence of high-relief fiord sidewalls and

mapped subaerial and submarine landslides in Pangnirtung

Fiord provide the necessary elements seen in previous Arc-

tic displacement-wave locations (e.g., Brothers et al., 2016;
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Figure 7: Examples of detailed landslide mapping in Pangnirtung Fiord, eastern Baffin Island: a) landslide triggered by deep water; b) sub-
marine landslide influenced by shallow-water debris flow; c) shallow-water, fluvially influenced submarine landslide at the mouth of the
Kolik River; d) shallow-water, non-subaerially influenced submarine landslide. See Figure 1 for locations. Base map from Maxar Technolo-
gies.



Gauthier et al., 2017; Higman et al., 2018). Without consid-

eration of seafloor-sediment dynamics, submarine land-

slides can also damage seafloor infrastructure. Proposed

seafloor fibre-optic Internet cables may connect the com-

munity of Pangnirtung to high-speed Internet, which will

help with economic growth. However, submarine land-

slides remain a possible threat to damage seafloor cables,

which would involve costly and lengthy repairs. Mapping

the seafloor and understanding the landslide hazards that

may affect this infrastructure is a crucial step when

planning routes and depths at which cables are buried.

Conclusions

Landslides are proven geological hazards in high-latitude

fiords, potentially causing tsunamis and damaging essen-
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Figure 8: Relative probability of modelled subaerial debris flows (Normandeau et al., 2022) extending to the coast, superimposed on map-
ping of submarine landslides in Pangnirtung Fiord, eastern Baffin Island. Inset: shallow-water submarine landslides influenced by subaerial
debris flows shown in Figure 7b, overlain by results of subaerial debris-flow susceptibility modelling. Digital elevation model created from
DigitalGlobe imagery and funded under National Science Foundation awards 1043681, 1559691 and 1542736.



tial infrastructure. This study sought to provide an evalua-

tion of the distribution, timing, and trigger mechanisms of

submarine landslides and associated geohazards for

Pangnirtung Fiord. Results of radiometric dating, com-

bined with an analysis of the surface roughness of the land-

slide deposits, indicate that most landslides occurred within

the last 500 years and at least five have occurred since 1900.

This attempt to discern the cause of these submarine land-

slides produced four categories of triggers. The most abun-

dant trigger mechanism is interpreted as subaerial debris

flows entering the sea, causing a rapid influx of sediment

and water, and triggering submarine landslides. An exami-

nation of subaerial debris flows shows that there is a clear

relationship between the distribution of submarine land-

slides and the surrounding subaerial environment. This re-

lationship demonstrates the need to integrate an evaluation

of the subaerial environment when addressing geohazards

in the high-relief fiords of Baffin Island. Although most

submarine landslides do not appear to have the capacity to

initiate a tsunami, ongoing work is focusing on determining

the tsunamigenic potential of the largest submarine

landslide, the Kolik River landslide (Figure 7c).
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