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Abstract

Most eastern Baffin Island communities are located in the near-shore areas of fiords in Baffin Bay, where submarine land-

slides represent a significant geohazard for offshore infrastructure and for coastal communities. Fiords have long been

known for the occurrence of a wide variety of mass-wasting processes and have been designated as one of the major subma-

rine landslide areas. Geotechnical characterization is an important component in developing a better understanding of the

engineering behaviour of the marine sediments and constraining seabed slope stability analysis. Southwind Fiord, eastern

Baffin Island, contains numerous slope failures identified from 2018 and 2019 multibeam bathymetry surveys and was cho-

sen for detailed seabed sampling in 2018 as a test site to understand the occurrence and triggers of such events. A compre-

hensive geotechnical testing program was undertaken on sediments from two piston cores collected offshore Southwind

Fiord: one from a reference seabed site, and one from a site within a slope failure. The geotechnical test data were used to

characterize the geotechnical properties of the seabed sediments, and to evaluate slope stability and seabed foundation con-

ditions within the fiord. The sediments within the two sites identify as low- to high-plasticity, normally consolidated clayey

silts. The compressibility of the sediments is moderate to high, ranging from 0.36 to 0.73. Based on the data presented in this

paper, the sediments have a low hydraulic conductivity (average of 6.0 x 10-9 m/s), typical for clayey silt, and the Mohr-Cou-

lomb failure criteria (effective cohesion and angle of friction) average 0.6 kPa and 31.3°. An infinite slope stability analysis

suggests the sediments are stable under gravitational loading up to a critical slope angle of 20�.

Introduction

Since 2009, the Geological Survey of Canada (GSC) has

undertaken a research project to study marine geohazards

in Baffin Bay, Nunavut. Slope instability resulting in slope

failure and landslides, particularly within fiords extending

into Baffin Bay, represents one of the major potential geo-

hazards in the region, such that their understanding and

some degree of predictability is important. Fiords are

known for a variety of mass-wasting processes and have

been designated a major submarine landslide area (Hamp-

ton et al., 1996). Slope stability evaluation involves delin-

eating the linkage between failure-triggering mechanisms,

the geotechnical properties of the seabed sediments, and

their geology and geomorphology.

Baffin Bay forms an elongated ocean basin, 1300 km in

length and 450 km wide, which connects northward to the

Arctic Ocean and southward to the Labrador Sea and North

Atlantic Ocean. Baffin Island’s offshore contains inner fi-

ords, which trap most of the sediment brought in by rivers

and have steep side walls. Southwind Fiord on Baffin Is-

land, Nunavut (Figure 1), was selected as a test site for a de-

tailed geohazards assessment because it contains a large

number of submarine slope failures, which have been iden-

tified from multibeam bathymetric surveys carried out in

2018 and 2019 (Normandeau et al., 2021).

A detailed seabed sampling program was initiated in

Southwind Fiord in 2018, with the objective of characteriz-
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ing the engineering behaviour of the sediments. This char-

acterization is used in this paper to evaluate the sediments’

response to environmental loading (including authigenic

activity). The geotechnical properties that were analyzed

include the following:

� Bulk density, water content and void ratio: these are ele-

mentary properties that characterize the in situ state of

the sediment.

� Grain size analysis and Atterberg limit tests: these were

used to determine the sediment’s classification, repre-

sentative of its engineering properties—including per-

meability, compressibility and strength.

� Consolidation: defined as the compression of sediments

following the application of loads and used to measure

the sediment’s compressibility, hydraulic conductivity

and maximum past geological stress.

� Shear strength: this includes the sediment properties

(friction angle and cohesion) that characterize its ability

to withstand external loading, including construction

loads as well as environmental loads from seismic activ-

ity, iceberg impacts and rock falls that extend into the

fiord.

This paper presents a geotechnical characterization of sea-

bed sediments from Southwind Fiord using results of labo-

ratory tests on samples of sediment from two piston cores

collected in 2018: one core from a representative seabed

site (core 20180420033, hereinafter referred to as core 33),

and one core taken at a past slope failure site within the

study area (core 20180420020, hereinafter referred to as

core 20; Figure 2).

Methods

Core sampling

Piston cores were collected in 2018 from the Canadian

Coast Guard Ship Hudson (Normandeau et al., 2021) using

the AGC long-coring system and processed at the Geologi-

cal Survey of Canada–Atlantic Division’s (GSC-A) marine

core processing and sedimentology laboratory. Bulk den-

sity measurements (determined from gamma-ray attenua-

tion) were performed at 1 cm intervals using Geotek Ltd.’s

whole-core Standard Multi-Sensor Core Logger (MSCL-

S).

Whole-core subsamples of 15 to 25 cm length of undis-

turbed sediment were obtained from the piston cores for
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Figure 1: Location of Southwind Fiord (red star), eastern Baffin Is-
land, Nunavut. Orange dots indicate the main coastal communities
in the area. The bathymetric contour interval (blue lines) is 200 m.
Bathymetry is from the General Bathymetric Chart of the Oceans
(GEBCO; GEBCO Compilation Group, 2014). The digital elevation
model (DEM) is from 2012 (unpublished Canadian Hydrographic
Service data).

Figure 2: Location of piston cores taken in 2018 in Southwind
Fiord (eastern Baffin Island) and used for this study. Core
20180420033 is from a representative seabed site, core
20180420020 is from a slope failure site. The background image is
from Ocean Mapping Group (2014).



consolidation and triaxial testing. Prior to taking whole

rounds, the sample quality was evaluated using X-ray im-

ages, which identified areas of core disturbance, and pres-

ence of dropstones and biogenic shells.

Core sections not selected for consolidation and triaxial

testing were split, X-rayed, photographed under high reso-

lution and described visually. Undrained shear strength

measurements were obtained every 5 to 10 cm using an au-

tomated miniature vane shear (MV) apparatus, following

ASTM D4648 (ASTM D4648/D4648M, 2010). Re-

moulded undrained shear strength measurements were

taken at 20 to 30 cm intervals. Water content, unit weight

and void ratio were determined from constant-volume sam-

ples. Water content was corrected for a salt content of

35 parts per trillion (ppt). Constant-volume samples were

taken at the locations of the MV measurements and at other

locations of interest. Atterberg limits (ASTM D4318,

2010) and grain size were determined on representative

samples and used to classify the sediments according to the

Unified Soil Classification System (USCS; ASTM D2487,

2011). The grain-size distribution was determined using a

Beckman Coulter, Inc. LS230 multi-frequency laser at the

GSC-A marine core processing and sedimentology labora-

tory.

The geotechnical test results from the GSC-A marine core

processing and sedimentology laboratory were compiled

into geotechnical profiles with the various sediment prop-

erties presented as a function of depth. The profiles include

down-core plots of X-ray analyses, core photographs, grain

size, MSCL-S bulk density, natural water content, plastic

and liquid limits, and MV undrained shear strength.

Consolidation testing

Consolidation tests reproduce gravitational compaction in

a controlled environment to simulate a sediment’s response

to vertical loading. Consolidation results in the expulsion

of water from the sediment and a corresponding decrease in

volume. The compressibility (Cc) and rate of consolidation

are used in seabed foundation design and depend on the

sediment’s composition, grain-size distribution, perme-

ability (k) and stress state, described by the overconsolida-

tion ratio (OCR).

The compressibility (Cc), hydraulic conductivity, and OCR

of the sediments were measured on four samples in stan-

dard incremental loading consolidation tests with a load

increment ratio of 0.5, following ASTM D2435 (ASTM

D2435/D2435M, 2011). Two samples were from the refer-

ence seabed site and two from within the slope failure site.

The preconsolidation stress (P�c) was determined using

Casagrande’s method (Casagrande, 1936). The effective

overburden stress (ó�v) was calculated by integrating the

MSCL-S bulk density results with depth.

The consolidation system used was GDS Instrument’s

(GDS) back-pressured constant rate of strain cell (CRS)

system, consisting of a CRS consolidation cell for 6.35 cm

diameter samples, a 50 kilonewton (kN) load frame, a GDS

1 MPa standard pressure/volume controller, a 25 mm linear

displacement transducer, a 2 MPa pore pressure transducer,

2 kN submersible load cell, 16-bit data acquisition system,

computer and GDSLAB software.

Triaxial testing

The shear strength of a sediment is the maximum resistance

it displays against failure and is controlled by its effective

stress. The strength characteristics of seabed sediment are

paramount in evaluating seabed foundation conditions and

various triggering mechanisms for slope stability analysis.

The most common failure criteria applied to a sediment is

the Mohr-Coulomb failure criteria, defined as,

� � �f � � 	 � �c n tan

where �
 is the drained shear strength at failure, c� is the ef-

fective cohesion, ��n is the effective normal stress, and �� is

the effective internal angle of friction.

Factors that affect Mohr-Coulomb strength parameters in-

clude grain size, angularity of the particles, relative density

and stress history. The effect of stress history on the un-

drained shear strength of fine-grained sediments can be

characterized using Ladd and Foott’s (1974) ‘stress history

and normalized soil engineering properties’ (SHANSEP)

method. A comprehensive analysis of the sediments’ un-

drained shear strength using the SHANSEP method in-

cludes the determination of the ratio of undrained strength

(Su) to the vertical effective stress (��v) for several stress

state (OCR) values and is presented as

S
S OCRu

v

m

�
�

�
( )

where S is the Su/��v ratio for normally consolidated soils

and m is a soil constant. For simplicity, S will be used to

represent the Su/��v ratio for normally consolidated soils

(OCR = 1) for the remainder of the paper.

The Mohr-Coulomb stress parameters, c� and ��, and S val-

ues were determined from isotropically consolidated un-

drained (CIU) triaxial tests following ASTM D4767

(ASTM D4767, 2011). In this test method, the sediment

sample is fully consolidated under a load and is then sub-

jected to a compressive axial stress without allowing drain-

age. The S values were determined at consolidation loads of

2.5 to 4 times the preconsolidation stress (Ladd and Foott,

1974). The measured S values were used to obtain continu-

ous profiles of undrained shear strength for normally con-

solidated clays (OCR = 1).
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The triaxial system used was a GDS computer-controlled

hydraulic stress path triaxial testing system consisting of a

50 mm Bishop & Wesley–type triaxial cell, three GDS

2 MPa pressure/volume controllers, a 5 kN submersible

load cell, pore pressure transducer, linear displacement

transducer, a data acquisition system, a computer and

GDSLAB software.

Slope stability

The limit equilibrium methods are most commonly used to

assess the slope stability in a marine environment. The limit

equilibrium analysis evaluates a well-defined body on a

slope as if it is about to fail and determines the shear stress

induced under various trigger mechanisms. The shear

stresses are then compared to the soil’s shear strength to de-

termine the factor of safety (FS), with the slope considered

to be unstable if the FS is equal to or less than 1.

FS
Se ent Strength Available Shear Strength

Trigger
�

dim ( )

Mechanisms Stress Driving Force( )

The infinite slope method was used for the slope stability

analysis. It assumes the failure surface is parallel to the

slope, the slope is planar, of infinite length and is signifi-

cantly greater than the failure thickness. The minimum FS

and critical slope angle were calculated for the length of

each core. The triggering mechanism investigated was

gravitational loading. The gravitational force is considered

to be parallel to the slope and is equal to the effective weight

of the soil and the sediments’ shear strength.

Results

Soil classification

The seabed sediments from the two sites are similar in char-

acter and consist of inorganic clayey silts of low to high

plasticity (categories ML and MH, respectively, of the

USCS; Figure 3). The three samples near the bottom of core

33 are of low plasticity and plot within Zone B of Seed et al.

(2003), suggesting the potential for liquefaction. The sedi-

ments are considered to be inactive (the ‘activity’ of a clay

may be defined as the ratio of its plasticity index to its clay

fraction; Skempton, 1953), with an activity similar to the

value for illite. The water content is consistent in the upper

core depths and then shows a steady decrease with depth,

corresponding with an increase in the MSCL-S bulk den-

sity (Figures 4, 5). The water content is higher than the liq-

uid limit, suggesting underconsolidated sediments. Table 1

summarizes the physical properties of the sediments.

Consolidation characteristics

The compressibility (Cc), hydraulic conductivity (k) and

stress history of the sediments were determined from the re-

sults of four back-pressured consolidation tests (Figure 6).

The sediments exhibit very similar consolidation (e-log ef-

fective stress) curves. The compressibility (Cc) of the sedi-

ments is intermediate to high, ranging from 0.36 to 0.73

(Table 2). There is good correlation between the initial void

ratio (eo) and the compressibility values (Figure 7), indica-

tive of silts to clayey silts of low sensitivity (Holtz and

Kovacs, 1981). The recompression (Cr) values range from

0.10 to 0.18 and are approximately 25% of the compress-

ibility.

The overconsolidation ratio (OCR) calculated from the

four tests, using Casagrande’s (1936) method, indicate the

sediments are normally consolidated, with the exception of

the sediments in the upper depths of the slope failure site

(core 20). The high OCR value of 2.8 is considered to be in

a zone of apparent overconsolidation (Gourvenec and

White, 2010). The sediments have a low hydraulic conduc-

tivity (k) at the estimated in situ stress. The k values range

from 1.0 x 10-8 to 8.4 x 10-9 m/s (Table 2), typical for clayey

silt.

Strength

Results of the triaxial tests are presented in Table 3. The ef-

fective friction angles (��) range from 27.6� to 33.8�. The

failure envelopes show low cohesion (c�) intercepts, rang-

ing from 0.0 to 2.4 kPa. Skempton’s (1954) pore pressure

parameter at failure (Af) is consistent for the five samples

tested, ranging from 0.40 to 0.48. The c� and Af values are
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Figure 3: Plasticity chart showing the Atterberg limits for cores
20180420020 and 20180420033 from Southwind Fiord, eastern
Baffin Island (modified after Seed et al., 2003). The A-line sepa-
rates clay-like (C) sediments from silty (M) sediments. The U-line
indicates the upper plasticity index and liquid limit values for all
sediments. The chart is further subdivided on the basis of low (L)
and high (H) liquid limits. Seed et al. (2003) used the sediments'
water content (Wc), plasticity index and liquid limit (LL) to identify
sediments that are potentially susceptible to cyclic liquefaction
(Zone A), sediments requiring further testing to evaluate lique-
fiable potential (Zone B) and sediments not susceptible to lique-
faction (Zone C; areas of the chart not designated as Zone Aor B).
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Figure 4: Geotechnical profile for core 20180420020, from the slope failure site at Southwind Fiord, eastern
Baffin Island. Abbreviations: Mini vane, miniature vane shear-strength measurements; SHANSEP, stress
history and normalized soil engineering properties (Ladd and Foott, 1974).

Figure 5: Geotechnical profile for core 20180420033, from the representative seabed site at Southwind
Fiord, eastern Baffin Island. Abbreviations: Mini vane, miniature vane shear-strength measurements;
SHANSEP, stress history and normalized soil engineering properties (Ladd and Foott, 1974).



indicative of normally consolidated sediments (Holtz and

Kovacs, 1981). The SHANSEP normally consolidated un-

drained strength ratios (S) vary from 0.29 to 0.39. The CIU

triaxial tests yield similar failure envelopes for all samples

tested (Figure 8).

The miniature laboratory vane (MV) shear-strength data

are shown in Figures 4 and 5. The MV data present little in-

crease with depth for core 20, and a slight increase for

core 33. Normalizing the undrained shear strength using

the effective overburden indicates the shear strengths from

the two cores are similar with depth (Figure 9). The sensi-

tivity, defined as the ratio of undisturbed to remoulded

strengths, was similar for both cores, ranging from 1.4 to

10.27 with an average of 4.52, and is indicative of low- to

medium-sensitivity sediments.

Slope stability

Gravity is a mechanism for general downslope movement

causing slopes to fail or sediments to consolidate under

their own weight. A factor of safety (FS) was calculated for

undrained conditions and total stress conditions using the

slope angle (�) obtained from the multibeam bathymetry

data, effective overburden stress (��v) calculated from the

MSCL-S bulk density and down-core depth, and the un-

drained shear strength of the sediments using both the MV

data (Su) and the SHANSEP values (S). The FS was calcu-

lated using Morgenstern’s (1967) basic infinite slope

analysis equation:

FS
S

h

u�
�

2

2sin � �
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Table 1: Summary of the physical properties of the sediments from the piston cores sampled. Core 20180420020
is from the slope failure site, core 20180420033 is from the representative seabed site at Southwind Fiord, eastern
Baffin Island. The bracketed numbers show the range of values, unbracketed numbers are the average values. Ab-
breviations: MH, high-plasticity clayey silt; ML, low-plasticity clayey silt; USCS, Unified Soil Classification System.

Table 2: Summary of consolidation test results on four samples from cores 20180420020 (from the slope failure site) and 20180420033 (from
the representative seabed site), from Southwind Fiord, eastern Baffin Island. Abbreviations: Max, maximum; MH, high-plasticity clayey silt;
ML, low-plasticity clayey silt; OCR, overconsolidation ratio; USCS, Unified Soil Classification System.

Figure 6: Results of consolidation tests on four samples from cores 20180420020 (core 20) and 20180420033
(core 33) at depths of a) 81 cm (core 20) and 272 cm (core 33), and b) 217 cm (core 20) and 414 cm (core 33),

from Southwind Fiord, eastern Baffin Island. ‘P�c’ is the preconsolidation stress.
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Figure 7: Initial void ratio versus compression index for the
four consolidation tests on sediment samples from cores
20180420020 and 20180420033, from Southwind Fiord,
eastern Baffin Island.

Figure 8: Stress path and failure envelopes for seabed sediments sampled in cores 20180420020 (core 20) and
20180420033 (core 33) from Southwind Fiord, eastern Baffin Island. a) Results for samples from core 20 at
depths of 83–91 cm and 220–232 cm. b) Results for samples from core 33 at depths of 122–130 cm, 277–289 cm
and 420–428 cm.

Table 3: Summary of triaxial test results on five samples of seabed sediment from cores 20180420020 (from the slope failure
site) and 20180420033 (from the representative seabed site), from Southwind Fiord, eastern Baffin Island. Abbreviations: Af,
Skempton’s (1954) pore pressure parameter at failure; MH, high-plasticity clayey silt; ML, low-plasticity clayey silt; S, normal-
ized undrained shear strength ratio; USCS, Unified Soil Classification System.



The FS calculated at all MV measurement depths varied

down core, while the FS calculated using S values was con-

sistent with depth. It should be noted that the FS calculated

using the MV data is high in the upper 3 m of sediments in

both cores sampled due to the high Su and low ��v values.

Therefore, sites with limited core recovery will present as

very stable. The slope angles used were 4.6� and 13.9� for

cores 20 and 33, respectively. The minimum FS determined

using the MV data was 4.6 for core 20 and 2.1 for core 33.

Using the SHANSEP minimum (0.29) and maximum

(0.39) values, the minimum and maximum FS for core 20

were 2.3 and 3.1, and for core 33 were 1.2 and 1.7. The FS

calculated for various slope angles is presented in Fig-

ure 10. The slope stability analysis indicates that the sedi-

ments are stable under gravitational loading for slope

angles up to 20�, indicating an additional triggering mecha-

nism is required to fail the sediments.

Economic considerations

The sustainability of communities located on the shores of

fiords on Baffin Island requires an understanding of the en-

gineering behaviour of the sediments offshore of the fiords.

Seabed geotechnical properties are used in this paper to de-

velop a geotechnical characterization of the engineering

behaviour of the seabed sediments in Southwind Fiord,

Baffin Island, in order to assess seabed foundation condi-

tions and constrain slope stability analysis. This character-

ization is paramount in making decisions about existing

and future seabed infrastructure development. Submarine

landslides can destroy existing seafloor infrastructure and

have the potential to generate tsunamis, thus impacting

near-shore communities, as happened in Karrat Fjord,

Greenland, in 2017. Therefore, understanding the physical

properties of the seafloor is essential to making informed

decisions about infrastructure development, such as subsea

communication cables, and public safety of Nunavut com-

munities located near the coast of Baffin Bay.

Conclusions

A comprehensive geotechnical testing program was con-

ducted on two cores collected in Baffin Bay offshore

Southwind Fiord, Baffin Island. The two cores targeted ref-

erence seabed sediments and sediments from the site of a

slope failure. The geotechnical data presented in this paper

include density from multi-sensor core logging, water con-

tent, Atterberg limits, consolidation and triaxial test results.

The geotechnical characterization includes

� the sediments are uniform between the reference and

slope failure sites, consisting of inorganic clayey silts

and silts of low to high plasticity;

� the compressibility, permeability and effective friction

angles are typical of marine clayey silt;
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Figure 9: The effective overburden (��v)
and shear strength (Su) versus depth for
t h e s e a b e d s e d i m e n ts i n c o r e s
20180420020 and 20180420033 from
Southwind Fiord, eastern Baffin Island.

Figure 10: Factor of safety calculated for various slope angles for
cores 20180420020 and 20180420033 from Southwind Fiord,
eastern Baffin Island. Abbreviation: S, normalized undrained
shear-strength ratio, based on Ladd and Foott’s (1974) ‘stress his-
tory and normalized soil engineering properties’ method.



� the sediments are normally consolidated, characteristic

of young sediments with minimum geological history;

and

� the upper 3.5 m of the sediments are stable under gravi-

tational loading, with a critical slope angle of approxi-

mately 20�.
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