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Abstract  

 

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

 

By Francois Malenfant 

This paper quantifies 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. Long-term changes in shoreline position were calculated using imagery analysis 

and Analysing Moving Boundaries Using R (AMBUR), and short-term volumetric erosion was 

calculated using UAV-SfM methods. The influence of shoreline exposure to predominant storm 

direction and influence of surficial geology were examined for Northwest and Southeast zones. 

The average annual linear regression rate (LRR) rate during the 1950-2018 observation period was 

-3.8 mĀa-1. The end point rate (EPR) was calculated for six observation periods: 1950-1972, 1972-

1985, 1985-2000, 2000-2018, 2013-2018. A mean EPR of -5.5 Ñ 0.7 mĀa-1 was calculated for the 

2000-2018 period, and a maximum retreat rate of 46.7 Ñ 2.1 mĀa-1 was recorded during the 2013-

2018 observation period.  
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Chapter 1: Introduction  

 

During the 1950-2000 period permafrost coastlines along the Circum-Arctic were eroding 

at a mean rate of -0.5 mĀa-1 (Lantuit et al. 2012). The highest rates of coastal erosion in the circum-

Arctic during the 1950 to 2000 period were observed in the Canadian Beaufort Sea (-1.1 mĀa-1) 

(Lantuit et al. 2012). Research in Canada has mostly focused on Arctic coastal sites where retreat 

rates have been previously documented, such as the Beaufort Sea coast (e.g., Lim et al., 2020; 

Solomon, 2005; Manson and Solomon, 2007; Forbes et al., 1995; Couture et al. 2018; Lantuit and 

Pollard, 2008; Irrgang et al. 2018; Tanski et al. 2019). 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 studies 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 of modern geomorphological 

processes on the landscape (Rampton, 1988). Our research focuses on Pelly Island (Figure 1.1), 

the largest of three islands located in the outer island zone of the Mackenzie Delta Estuary in the 

Canadian Arctic. Previous research found that the outer islands of the Mackenzie Delta had a mean 

rate of retreat of 1.5 mĀa-1 during the 1972 to 2000 period, and Pelly Island had the highest 

maximum retreat rate reported for the entire Beaufort-Mackenzie shoreline in the 1972-2000 

period (22.5 mĀa-1) (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 sub-area of the Tarium Niryutait Marine Protected Area 

(Integrated Ocean Management Plan for the Beaufort Sea 2003) (Figure 1.1).  
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Figure 1.1: Pelly Island surficial geology map modified from 1950 Geological Survey of Canada map 

1647A (Rampton 1987). Pelly Island is located 10 km from the Mackenzie Delta front and lies within the 

boundaries of the Tarium Niryutait Marine Protected Area (GEBCO 2m isobath). 
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1.1 Approaches to the study of Arctic Coastal Dynamics 

Prior to 1950, the Davisian Cycle of erosion was the primary framework applied to the 

study of coastal geomorphology and viewed landscapes as being primarily influenced by orderly 

stages of uplift, planation and sea level change (Davidson-Arnott 2010). It interpreted coastlines 

as a simple system which moved toward a more static equilibrium by straightening coastlines 

through the action of waves and currents, which worked to erode headlands and build bay- mouth 

barriers. This framework for landform studies has mostly been replaced by the paradigm of 

denudation chronology, which involves the detailed reconstruction of coastal landscape evolution 

using concepts of erosion based on landforms rather than stratigraphy. The combination of the 

paradigm of denudation chronology and the advent of new technology in remote sensing, coring, 

and sediment dating has allowed for the detailed description of glacial history and post-glacial 

evolution of coasts worldwide (Davidson-Arnott 2010). Arctic coasts have been studied for over 

two centuries, with the first academic studies framing the basic knowledge 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 erosion of ice-rich permafrost in 

the Arctic due to changing environmental factors such as declining sea ice, warming temperatures 

and increased forcing events (Lantuit et al. 2012, Khon et al. 2014, Johannssen et al. 2002, Manson 

et al. 2005). Arctic permafrost is receiving greater attention because its degradation both onshore 

and offshore can release greenhouse gases, which contribute to a warming climate (Rachold et al, 
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2005). Detailed investigations of the Earthôs climate show that we are currently experiencing a 

warming period due to increasing quantities of greenhouse gases (Overland et al., 2011). This trend 

is amplified in the Arctic because of a positive feedback system (Figure 1.2). Increasing 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. 

 

Figure 1.2: The positive feedback system observed in the Arctic due to a warming climate. 

The evidence for the impact of a warming climate in the Arctic environment over the past 

four decades is found in the decreasing sea ice extent, increasing soil temperature, increasing air 

temperature, and increasing precipitation patterns (Konopczak et. al., 2014). Polar regions are 

considered to have a strong influence on global climate because of this negative feedback system 

(Overland et al., 2011). Changes in global and regional climate will impact the physical processes, 

biodiversity and socio-economic 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. 2005). However, the Arctic coastal zone differs from temperate regions due to the 
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presence of ice in marine and terrestrial environments (sea ice, permafrost and ground ice) and the 

short open water season (3-4 months). 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 coastal 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 activity (Berner 1982; Lavoie et 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 area (Macdonald et al., 1998). This thesis focuses on the Canadian portion 

of the Beaufort Shelf, also 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 

Mackenzie Delta with about 40% deposited to the shelf and the remainder brought to the shelf 

edge (Macdonald et al., 1998).  

International Arctic Coastal projects are compiling data from numerous coastal monitoring 

sites across the Arctic, with the goal of estimating sediment and carbon fluxes on a Circum-Arctic 

scale (Reimnitz et al. 1998; Rachold 2000; MacDonald et al. 1998, Brown et al. 2003; Jorgenson 

et al. 2003). The erosion of permafrost rich coasts (highest rates observed in Beaufort and Laptev 

Seas) is assumed to play a major role in the material budget of the Arctic Ocean (Rachold et al., 

2005). Studies have shown that coastal erosion is an important component 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). Arctic permafrost is thought to store approximately half of global soil 
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organic carbon, and its degradation both onshore and offshore can release greenhouse gases 

(Rachold et al, 2005). Degradation of exposed subaerial and subaqueous permafrost has been 

found to increase while in contact with relatively warmer and saline seawater (Rachold et al, 2005), 

making permafrost degradation 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 the atmosphere as a greenhouse gas furthering 

the current warming climate (Tanski et al., 2019).  

Changes in Arctic climate can trigger many environmental responses. Arctic coastlines are 

highly variable both temporally and spatially (Rachold et al. 2000; Solomon 2005; Lantuit & 

Pollard 2008; Harper et al. 1985; Solomon and Covill 1995; Solomon et al. 1994). Spatial 

variability is mainly due to variations in lithology, geocryology (ground ice, sea ice and 

permafrost), and geomorphology, shoreline planform (shoreline orientation and exposure) all of 

which are controls on the erodibility of coastal materials and the littoral sediment supply (Solomon 

2005). Temporal variability is mainly controlled by environmental forcing (wind, waves, sea ice, 

currents, and sea level changes), thermal conditions and the presence of sea-ice (Solomon et al. 

1994; Solomon 2005). The processes of shoreline recession and progradation are in response to 

these variations (Figure 1.3).  
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Figure 1.3: The environmental responses which lead to accelerated coastal erosion. (Modified from 

Rachold et al., 2005) 

Sea level changes and the processes associated with waves and currents act together to 

modify the coast at temporal scales ranging from seconds to thousands and millions of years. As 

relative sea level rises it allows access of larger waves to the shore, which is why wave height and 

water surface elevation have been identified as one of the primary controls for coastal erosion 

(Wobus et al., 2011, Konopczak et al., 2014). Wave energy is dissipated through many 

mechanisms such as seafloor frictional drag and wave breaking (Lintern et al., 2013). Wave energy 

dissipation is an important component in nearshore coastal dynamics since it can re-suspend 

sediment in the nearshore region, allowing it to be subsequently transported by currents (Lintern 

et al. 2013).  

Arctic coastal processes are strongly controlled by the presence and absence of sea ice, as 

it can act as a barrier protecting the coastline from environmental forcing (hydrodynamic forcing 
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and the thawing power of the warmer sea water) (Rachold et al. 2005, Manson et al. 2005). 

However, coastal erosion rates in the Arctic are comparable and even exceed temperate regions 

regardless of these restrictions (Rachold et al. 2000; Lantuit el al. 2013). The reduction in minimum 

sea ice extent due to a warming climate and the associated extension of the open water season is 

thought to affect the rate at which ice-rich unconsolidated coasts retreat (Lantuit et al. 2013, Wobus 

et al. 2011). The presence of longer open water seasons and increasing fetch from the coast to sea 

ice is predicted to increase wind induced waves (Lintern et al, 2013). Due to the threat of longer 

open water seasons and greater fetch, specifically in the fall, there has been a great deal of attention 

devoted to the impacts of storms on shallow coastal zones like that of the southern Beaufort Sea 

and other Arctic shelves (Lintern et al., 2013). Coastal regions tend to be heavily influenced by 

the impact of high magnitude weather events (Rachold et al. 2004). During the open water season 

storm winds can induce larger magnitude waves and surface currents (Hill and Nadeau, 1989). 

Storms in the Arctic are thought to be one of the largest drivers of coastal erosion (Overeem et al. 

2011), although their 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 presence of ground ice, which is known as all 

types of ice contained in freezing and frozen ground (Lantuit et al. 2011; Solomon 2005). The 

subaerial and subaqueous presence of ground ice is thought to be a major control on sediment 

budgets and nearshore morphological response (Mackay 1986; Wolfe et al. 1998; Dallimore et al. 

1996; Mackay 1972). Ground ice can lead to thermal abrasion (TA), which is a process combining 

the kinetic action of waves and the thawing of ground ice (Are 1988). The process of melting 

ground ice enhances the vulnerability of the coastal zone to erosion. Coastal erosion is particularly 

enhanced by 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). Thawing-induced cliff top retreat (thermo-denudation) and 

marine abrasion (thermo-abrasion) are the two main erosional processes on Arctic coasts 

(Grigoriev & Rachold 2003). Thermo-denudation (TD) is when insolation and heat flux on coastal 

exposures thaws permafrost, leading to headwall erosion and the subsequent transport of material. 

Thermo-abrasion (TA) is the combined action of mechanical and thermal energy of sea water at 

water level causing erosion. Thermo-abrasion (TA) is only active during the open water season, 

while thermo-denudation (TD) can proceed throughout the summer. The 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 (Grigoriev & Rachold 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 sea-ice (preventing TA). In late August TD rates slow since the 

coast refreezes, while TA can still occur until sea ice develops. Therefore, there is a phase shift 

between TA and TD. Based on results from Gunther et al. (2013) on Muostakh Island (Eastern 

Siberian shelf), the synchronicity of both TA and TD processes is more important than the 

extension of either active season.  

 

1.4 Geomorphological features 

Block failures (Figure 1.4) are an important component of coastal retreat in permafrost 

cliffs with semi-cohesive fine-grained sediments (Walker 1988; Williams & Smith 1989). 

Permafrost coasts are commonly characterized by the presence of ice-wedge polygons (Figure 1.5) 

(French 2007). Ice wedges are an important part of block failure erosional features since these 



14 
 

failures tend to occur along longitudinal axis of ice wedges which are oriented parallel to the coast 

(Figure 1.5) (Hoque & Pollard, 2016). Ice wedges are formed when temperatures fall below -15 

0C as sediments and soil become brittle and crack. These cracks are then filled with meltwater 

come spring, and the meltwater is subsequently refrozen in these cracks creating an ice wedge. 

With each subsequent year ice wedges can 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 more growth in subsequent years. A second important component in the 

formation of block failures is the formation of erosional niches at the base of cliffs (Hoque & 

Pollard, 2016). Through the process of thermo-abrasion, an erosional niche can be created, and as 

this niche extends into bluffs there are decreasing amounts of material underlying and supporting 

coastal bluffs, leading to the bluff failing and collapsing (Hoque & Pollard 2016). The mechanics 

of block failures are rather complex and still poorly understood due to a lack of data on niche 

geometry and the complexity of forces acting within frozen sediment due to the heterogeneous 

nature of ground ice (Hoque & Pollard 2016). 
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Figure 1.4: Block failures occurring on Pelly Island, NWT (August 2018 GSC expedition) 

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






























































































