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Abstract

Extensive erosion of lacustrine coastlines on Pelly Island (NWT, Canada)
By Francois Malenfant

This paper gantifies rates of shoreline change and investigates the influence of surficial
geology on shoreline dynamics between 1950 and 2018 on Pelly Island, located 10 km off the
Mackenzie Delta. Longerm changes in shoreline position were calculated using imagalysis
and Analysing Moving Boundaries Using (RMBUR), and shorterm volumetric erosion was
calculated using UAVSfM methods The influence of shoreline exposure to predominant storm
direction and influence of surficial geology were examined for Nett and Southeast zones.

The average annual linear regression rate (LRR) rate during the209B@bservation period was

-3 . 8 "L & and point rate (EPR) was calculated for six observation periods199301972

1985, 19852000, 20062018, 2012018. Amean EPR o6 . 5 N @vas Zalculdea for the
20062018 period, and a maxi muvasrecaded during ther2@81Be o f
2018 observation period.
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Chapter 1: Introduction

During the 1952000 periogpermafrost coastlines along the Circétrctic were eroding
at a mean rate 80.5m AlglLantuit et al. 2012). The highest rates of coastal erosion in the gircum
Arctic during the 1950 to 2000 periagere observed in the Canadian Beaufort Sdal(m A
(Lantuit et al. 2012)Research in Canada has mostly focused on Arctic coagshgiere retreat
rates have been previously documented, such as the Beaufort Sea coast (eegall2020;
Solomon, 2005; Manson and Solomon, 2007; Forbes, t9415; Couture et al. 2018; Lantuit and
Pollard, 2008; Irrgang et al. 2018; Tanski et28119). The Quaternary geology of the Beaufort
Sea region was initially investigated by the Geological Survey of Canada in the 1960s due to active
oil and gas exploration. Exploration throughout the region emphasized the importance of surficial
geology stdies to effectively manage transportation. This led to the compilation of observations
of stratigraphic sequences of Quaternary deposits and landforms; the distribution of permafrost
and ground ice in relation to Quaternary deposits; and the effects @rmgeomorphological
processes on the landscape (Rampton, 1988). Our research foctsly dsland (Figure 1),
the largest of three islands located in the outer island zone of the Mackenzie Delta Estuary in the
Canadian ArcticPrevious research fouridat the outer islands of the Mackenzie Delta had a mean
rate of r e t'dwirgtthe @972 td 2060 penidda and Pelly Island tia highest
maximum retreat rate reported for the entire Beaitartkenzie shoreline in the 192900
period (22.5m A% (Solomon 2005). Pelly Island has been identified as being ecologically and
biologically significant in the Beaufort Sea and is the only outer Island of the Mackenzie Delta to
lie within the boundaries of the Okeevik satea of the Tarium NiryutaNlarine Protected Area

(Integrated Ocean Management Plan for the Beaufort Sea 2003) (Fifure 1
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Lacustrine deposits - Parsons Lake formation
(Holocene)

Moraine deposits - Toker Point Member of the
Tuktoyaktuk Formation (Early Wisconsinan)
Holocene marine deposits - beaches, bars
and spits

Underlying unit: Undifferentiated Kittigazuit Formation,
Kidluit Formation, Hooper clay, and Kendall sediments.
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Floodplains and delta deposits - Mackenzie Delta
(Holocene)

Glaciofluvial outwash deposits - North Star Outwash,
Garry Island Member, Turnabout Member (Early Wisconsinan)

Areas of topography modified by thermokarskt
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s

Figure 11: Pelly Island surficial geology map maodified from 1950 Geological Survey of Canapa
1647A (Rampton 1987). Pelly Island is located 10 km fr@rMackenzie Delta front and lies within the
boundaries of the Tarium Niryutait Marine Protected Area (GEBCO 2m isobath).



1.1 Approachedgo the studyof Arctic Coastal Dynamics

Prior to 1950Qthe Davisian Cycle of erosion was the primary framework appiiede
study ofcoastalgeomorphology andiewed landscapes as being primarily influenced by orderly
stages of uplift, planation and sea level chafi@mvidsonrArnott 2010. It interpreted coastlines
as a simple system which moved toward a more statititegqum by straightening coastlines
through the action of waves and curremtsich worked to erode headlands and build-aguth
barries. This framework for landform studies has mostly been replaced by the paradigm of
denudation chronology, whighvolvesthe detailed reconstruction of coastal landscape evolution
using concepts of erosion based on landforms rather than stratigidghgombination of the
paradigm of denudation chronology and the advent of new technology in remote sensing, coring,
and ®diment dating has allowed for the detailed description of glacial history andlaoist
evolution of coasts worldwid@avidsonArnott 2010. Arctic coasts have been studied for over
two centuries, with the first academic studies framing the basiclkdge of Arctic coasts by
Adams (1807), Leffingwell (1919) and Hmiznikov (1937). Knowledge of Arctic coastal dynamics

was then broadened by authors such as Mackay (1963, 1986), Are (1988) and Rampton (1988).

1.2 Arctic coastal environment and systems

In the past two decades there has been an acceleration of erosionaf permafrost in
the Arctic due to changing environmental factors such as declining sea ice, warming temperatures
and increased forcing events (Lantuit et al. 26®n et al. 2014Johannssen et al. 2002, Manson
et al. 208). Arctic permafrost is receiving greater attention because its degraflativionshore

and offshore can release greenhouse gadesh contribute to a warming clima{®achold et al,



2005) Detailed investigatios oft he Ear t hdés avé arercarteetly expenencing &h a t
warmingperioddue to increasing quantities of greenhouse g&»esrfandet al, 2011). This trend

is amplified in the Arctic because afpositive feedback systenfFigure 1.2). Increasimy air
temperatures result in the decrease of land and sea ice cover, leading to a decrease in reflective

surfaces and an increase in absorption of solar radiation, which in turn increases air temperatures.

T Air temperature = | Land and = { Reflective surfaces = 1 Absorption =
1 Sea Ice of Solar Radiation

t  INCREASE
DECREASE

Figure 1.2: Thepositivefeedback system obsedvia the Arctic due to a warming climate.

The evidence for the impact of a warming climiatéhe Arctic environment over the past
four decades is found in the decreasing sea ice extent, increasing soil temperature, increasing air
temperature, and increagi precipitation pattern&Kfnopczak et. al., 20}4Polar regions are
considered to havastrong influence oglobal climate because of this negative feedback system
(Overlandet al, 201]). Changes in global and regional climate will impact the phypicalesses,

biodiversity and soci@conomic development in Arctic coastal zones (Rachold et al. 2005).

1.3 Environmental forcing and coastal processes in the Arctic

The coastal zone is the area where energy exchanges between land and ocean occur, and
in the Arctic (like in many other places in the world) it is the location with the most human activity

(Rachold et al. 2005However, theArctic coastal zonéiffers from temperate regiondue to the



presence of ice in marine and terrestrial environmestsi¢e,permafrost and ground ice) and the
short open water season43nonths).Therefore, an understanding of environmental forcing and
coastal processes specific to the Arctic is important for managing Arctic coastal hazards and human
impacts on the cota zone

Continental shelves and margins are the interface between land and the open ocean, an area
which is important for sequestering sediments, recycling and sequestering organic carbon,
biological productivity, and human activi(Berner 1982] avoieet al., 2010)The Arctic has the
largest proportion (30%) of continental shelf for all the world oceans and represents 20% of the
worlds continental shelf aréilacdonald et al1998). This thesis focuses on the Canadian portion
of the Beaufort Shelf, ab known as the Mackenzie Shelf, which is the largest shelf on the North
American side of the Arctic Ocean. The Mackenzie Shelf has been extensively studied and has
multiple sediment sources, dynamic transport processes, and an open communication with the
Arctic Ocean. It is estimated that about half of the terrestrial sediment supply is trapped in the
MackenzieDelta with about 40% deposited to the shelf and the remainder brought to the shelf
edge(Macdonald et al.1998).

International Arctic Coastal pexts are compiling data from numeraaastamonitoring
sites across the Arctic, with the goal of estimatadiment and carbon fluxes a CircurmArctic
scale(Reimnitz et al. 1998; Rachold 2000; MacDonald et al. 1998, Brown et al. 2003; Jorgenson
et d. 2003).Theerosion of permafrost rich coagtsghest rates observed in Beaufand Laptev
Seas)s assumed to play a major role in the material budget of the Arctic Ocean (Ratlabld
2005). Studies have shown that coastal erosion is an impodamonent of sediment and total
organic carbon to Arctic Seas (Brown et al. 2003; Grigoriev and Rachold 2003; Jorgenson et al.

2003; Rachold et al. 2003)rctic permafrost is thought to store approximately half of global soil



organic carbon, and its dedation both onshore and offshore can release greenhouse gases
(Rachold et al, 2005)Degradation of xposed subaerial and subaqueous permafrasbéen

found to increase while in contact with relatively warmer and saline seawater (Rachold et al, 2005)
making permafrostdegradation in the coastal zone of significance. Degradation of permafrost can
transfer soil carbon to the ocean, where it is either buried in nearshore shelf sediments, exported
offshore or mineralized by bacteria then released to thesptmoe as a greenhouse gas furthering

the current warming climai@anski et al., 2019)

Changes in Arcticlimate can trigger many environmental respon8estic coastlines are
highly variable both temporally and spatia{lRachold et al. 2000; Solomd005; Lantuit &
Pollard 2008; Harper et al. 1985; Solomon and Covill 1995; Solomon et al. 1994fal
variability is mainly due to variations in lithology, geocryology (ground ice, sea ice and
permafrost), and geomorpholgghoreline planform (shoreknorientation and exposurall of
which are controls on the erodibility of coastal materials and the littoral sediment supply (Solomon
2005) Temporal variabilityis mainly controlled byenvironmental forcingwind, wavessea ice,
currents, and sea levehanges)thermal conditions and the presence ofiseaSolomon et al.
1994; Solomon 2005 he processes @horeline recessioand progradatio@are in response to

these variationé~igure 1.3).
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Figure 13: The environmental responses which lead toeterated coastal erosiorfModified from
Racholdet al.,2005)

Sea level changeand the processes associated with waves and currents act together to
modify the coast at temporal scales ranging from seconds to thousands and millions éfsyears.
relativesea level rises it allows access of larger waves to the shore, which isawéyeightaind
water surface elevationave been identified as one of the primary controls for coastal erosion
(Wobus et al 2011, Konopczaket al., 2014). Wave energyis dissi@ated through many
mechanisms such as seafloor frictional drag and wave breaking (Lintern et al. V2&@l&8rnergy
dissipation is anmportant component in nearshore coastal dynarsilese it canre-suspend
sedimenin the nearshore regipallowing it to be subsequentiyansported by current&intern

et al. 2013)

Arctic coastabrocesseare strongly controlled by the presence and abserseaife, as

it can act as a barrier protecting the coastline femvironmental forcinghydrodynamic forcing
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and the thawing power of the warmer sea wa{&®achold et al. 2009ylanson et al2005.
However, oastal erosion ratda the Arcticarecomparable and even exceed temperate regions
regardless of these restrictions (Ractetldl.2000; Lantuit el al. 203). The reduction in minimum

sea ice extent due to a warming climate and the associated extension of the open water season
thought to affect the rate at which4ideh unconsolidated coasts retreat (Lantuit et al. 2013, Wobus

et al. 2011)Thepresencef longer open water seasons and increasing fetch from the coast to sea
ice is predicteda increasevind inducedwaves(Lintern et al, 2013)Due to the threat of longer

open water seasons and greater fetphcificallyin the fall there has been a gteteal of attention
devoted to the impacts of storms on shallow coastal zones like that of the southern Beaufort Sea
and otherArctic shelves (Lintern et al., 2013}oastal regions tend to be heavily influenced by

the impact of high magnitude weather e¢giiRacholcet al 2004) During the open water season
storm winds can induce larger magnitude waves and surface currents (Hill and Nadeau, 1989).
Stormsin the Arcticare thought to bene ofthe largestiriversof coastal erosion (Overeem et al.
2011) dthoughtheir influence is reduced by the presence of sea ice and terrestrial ice (permafrost

and ground ice) (Atkinson 2005).

Unique to high latitude coastal regions is the presengeohd icewhich is known as all
types of ice contained in freezirmmd frozen ground (Lantuit et al. 2011; Solomon 2005
subaerial and subaqueous presence of ground ib@ught to be a major control aediment
budgetsand nearshore morphological response (Mackay 1986; Wolfe et al. 1998; Dallimore et al.
1996; Makay 1972)Ground ice catead to thermal abrasion (TA), which is a process combining
the kinetic action ofvavesand the thawing of ground ice (Are 1988). The process of melting
ground ice enhances the vulnerability of the coastal zone to erosion.|@oasian is particularly

enhancedy the thawing of massive ice (up to 80% ice) in coastal cliffs or the formation of
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thermokarst features (Wolfe et al. 2001; Jorgenson & Brown 2005; Lantuit & Pollard 2005; Jones
et al. 2008; Lantuit & Pollard 2008)yhawing-induced cliff top retreattfiermedenudatioh and

marine abrasiontlfermoeabrasio) are the two mainerosional processesn Arctic coasts
(Grigoriev& Rachold2003). Thermedenudation (TD) is when insolation and heat flux on coastal
exposures thaws paafrost, leading to headwall erosion and the subsequent transport of material.
Thermaabrasion(TA) is the combined action of mechanical and thermal energy of sea water at
water level causing erosiomhermaabrasion(TA) is only active during the open wat season

while thermadenudationTD) can proceed throughout the summEre intensities of these two
coastal erosion processes (TA and TD) are controlled in part by the increasing of the open water
season and the summer air temperatures (Grig&ieRachold 2003). In June as the air
temperature rises and the snow melts, mud flows accumulate at the base of coastal bluffs while the
adjacent sea is still covered in gea (preventing TA). In late August TD rates slow since the
coast refreezes, while TA catill occur until sea ice develops. Therefore, there is a phase shift
between TA and TD. Based on results from Gunther €2@l3 on Muostakh Island (Eastern
Siberian shelf), the synchronicity of both TA and TD processes is more important than the

extension of eitheactive season.

1.4 Geomorphologicalfeatures

Block failures(Figure 1.4) are animportant component of coastal retreat in permafrost
cliffs with semicohesive finggrained sediments (Walker 1988; Williams & Smith 1989).
Permafrostoastsare commonly characterizég the presence a¢e-wedge polygongFigurel1.5)

(French 2007)Ice wedges are an important part of block failure erosional features since these
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failures tend to occur along longitudinal axis of ice wedges which are oriemtdietlpa the coast
(Figure 1.5) (Hoque & Pollard, 2016)ce wedges are formedhen tempeatures fall below15

°C as sediments and soil becobrétle andcrack. These cracks are then filled witieltwater
come spring, and the meltwater is subsequeefipzen inthese cracksreatingan ice wedge.
With each subsequent yeee wedgesan grow due to the cracks expanding incrementally as
meltwater freezes and expands, deepening and widening the size of the ice wedge and leading to
more meltwater and morgrowth in subsequent years. A second important component in the
formation of block &ilures is the formation of erosionaiches at the base of cliff§Hoque &
Pollard, 2016). Through the procedgshermaabrasionan erosional niche can be created, asd
this nicheextendsanto bluffs therearedecreasin@gmounts of materialnderlyingandsupporing
coastal bluffs, leading to the bluff failing and collapsi{rigque & Pollard 2016 Themechanics

of block failuresare rather complex and stploorly undrstooddue to a lack of data on niche
geometry and the complexity of forces acting withiszen sediment due to the Beigeneous

nature of ground ice (Hoque & Pollard 2016)
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Flgure 1. 4Block failures occurrmg on PeIIy Island NWT (August 2018 G%ﬁbn)

Figure 1.5:Ice wedge polygons on The Yukon Coastal Plain (July, 2018 NRCan/GSC expedition)
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