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ABSTRACT

Investigations were conducted in 2005-2009 at the outer Mackenzie Delta to 

characterize near-surface permafrost and active-layer (AL) conditions for a range of 

geomorphic and topographic settings in alluvial and upland tundra, in order to determine 

relations between factors controlling the distribution o f near-surface ground ice and 

ground temperatures. Near-surface permafrost commonly has a high ground-ice content 

reflecting soil physical properties, moisture contents, and the processes and duration of 

ice formation. Ground temperatures and AL thickness are a function of surface 

temperatures.

Data were gathered through field work and by interpretation of remotely sensed 

images. Direct measurements were made in the uppermost metre o f permafrost to 

determine: the geomorphological controls on ice-lens accumulation; the ice wedges 

present in alluvial wetlands; and the origin o f low mounds in the alluvial wetlands. Direct 

measurements were also made of the ground thermal regime over 3 years (2006 -  2009) 

to characterize temperature variation and the thermal influence o f snow and AL 

conditions.

Segregated and ice-wedge ice dominated near-surface ground-ice contents, but 

injection ice was also widespread. Segregated ground-ice distribution was positively 

associated with soil moisture availability, and mean excess ice content was higher in 

wetlands (34%) than in uplands (24%). Ice sheets were observed at the bases of hill 

slopes. Syngenetic ice wedges, developed in alluvial wetlands, constituted 1.5% of the 

ground-ice, were active, and maintained a subtle surface morphology. Many polygons



contained one or more perennial frost blisters, and mound densities (up to >1700 km'2) 

increased downward along a slight topographic gradient.

Snow depth, governed by topography in uplands and vegetation in wetlands, was 

the primary influence on the ground thermal regime and permafrost distribution. The 

annual mean temperature at the top of permafrost (TTOP) was 2.4°C higher in the 

alluvial plain than in uplands because of greater snow depth and soil moisture. Similarly, 

freezeback duration was longer (on average 49 days) in the alluvial plain. Little 

interannual variation in AL thickness occurred during the study.
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digitized in white, thermokarst ponds in black, and a seismic line in dashed black.
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1. OVERVIEW AND OBJECTIVES

1.1. Introduction

The purpose of this thesis is to examine factors controlling near-surface 

permafrost and active-layer conditions in the outer Mackenzie Delta area, NT (Figure 

1.1). Variation of the controlling factors may influence the evolution of permafrost 

terrain, and an understanding of the relations between these factors is required in order to 

forecast the terrain response to disturbance. Relations between these factors were 

determined by extensive field observations in 2005-2009. This investigation will yield 

insight regarding the configuration of the controlling factors in this area, but since nearly 

half of Canada is underlain by permafrost (Heginbottom et al., 1995) and the controlling 

factors have immanent relations, the research may provide insight on processes that 

influence a considerable portion of the Arctic landscape.

The environment and permafrost in the Mackenzie Delta region has been the 

subject o f substantial scientific interest, with over 50 years of magisterial contributions 

from JR Mackay and several significant contributions from CR Bum, SR Dallimore, HM 

French, SV Kokelj, JB Murton, CM Pearce, WH Pollard, VN Rampton, MW Smith, and 

AE Taylor (e.g. Bum and Zhang, 2009; Dallimore, et al., 1996; French and Harry, 1990; 

Kokelj et al., 2009b; Mackay, 2000; Murton, 2009; Pearce, 1994; Pollard and French, 

1980; Rampton, 1988; Smith, 1975; Taylor et al., 1996). In large part, the scientific 

interest has been driven, and continues to be driven, by the prospect of hydrocarbon 

development and concern for the environment. The Western Canada Sedimentary Basin 

extends northward to the Beaufort-Delta region where it has been the subject of
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Figure 1.1. Location map of the Mackenzie Delta area (shaded) (from Bum and Kokelj, 
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map.
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considerable hydrocarbon exploration since the 1960s, with significant and anticipated 

discoveries of oil and gas (Dixon et al., 1994). In order to protect critical habitat for 

migratory shorebirds and waterfowl, much of the outer Mackenzie Delta area (623 km2) 

was set aside in 1960 as the Kendall Island Bird Sanctuary (KIBS) (Figure 1.1) (Bromely 

and Fehr, 2002). Recently, concern for this environment has been pushed to the fore 

front, as two natural gas fields beneath KIBS, with an estimated 1.133 x 1011 m3 in 

reserves, have been proposed for development (Mackenzie Gas Project, 2008).

Mackenzie Delta is geographically significant as it is the largest delta in North 

America (13 000 km ), and is the second largest Arctic delta (Walker, 1998). Water flows 

year-round from the Mackenzie River to the Beaufort Sea, and annually is the largest 

discharge of fresh water to the Arctic Ocean. Mackenzie Delta formed post-glacially, and 

has built out into the Beaufort Sea by deposition of sediments supplied by the Mackenzie 

and Peel rivers (Figure 1.1) (Mackay, 1963). The Mackenzie Delta region is in the 

continuous permafrost zone (Figure 1.2), but the meandering channels in the delta 

influence near-surface ground temperatures and give rise to a wide range of near-surface 

permafrost temperatures such that localized areas exist where permafrost is absent 

(Smith, 1976; Heginbottom et al., 1995). There is a steep climatic gradient in the delta 

region which is expressed by the transition from subarctic boreal forest of the southern 

delta to vast wetland tundra of the northern, or outer, Mackenzie Delta (Ritchie, 1984). 

The outer Mackenzie Delta area also includes several islands o f  various glacial origins 

(Rampton, 1988). As a result, there is considerable variety in topography, vegetation 

cover, snow depth, soil moisture, and soil material across the landscape, which give rise 

to a suite of biophysical environments in this setting (Mackay, 1963; Bum and Kokelj,
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Burgess (2002), following Heginbottom et al. (1995)). Nguyen et al. (2009) showed that 
this map is incorrect for Mackenzie Delta as it is underlain by continuous permafrost.
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2009). Thus, there may be a broad range of permafrost and active-layer conditions at the 

outer Mackenzie Delta under a common climate.

1.2. Permafrost and active-layer conditions at the outer Mackenzie Delta area

Near-surface permafrost is frequently ice rich, especially if  soil materials are 

frost-susceptible, fine-grained sediments (Mackay, 1972; Bum, 1988; Shur et a l,  2005; 

Kokelj and Bum, 2005). Permafrost allows unconsolidated materials in this ice-rich zone 

to be geotechnically stable, but if  late-summer thaw depths increase due to ground 

warming, which may be caused either by disturbance of the surface or by climate 

warming, thaw of near-surface ice-rich permafrost commonly results in subsidence and 

ground instability (e.g. Mackay, 1970, 1995). Ice-rich permafrost is thus environmentally 

and geotechnically sensitive (e.g. Williams, 1995). An understanding of the response of 

permafrost to disturbance dictates the design of infrastructure because of potential terrain 

instability (e.g. Dyke, 2000a; Smith and Burgess, 2004) and allows potential impacts on 

the environment to be anticipated (e.g. Kokelj et al., 2009a,b).

Most of the permafrost underlying the Mackenzie Delta region commonly 

contains significant near-surface ground-ice content (Mackay 1963; Pollard and French, 

1981; Cote et al., 2003; Kokelj and Bum, 2005). Given the recent and anticipated climate 

warming in the western Canadian Arctic (Bum et al., 2004; IPCC, 2007; Bum and 

Zhang, 2010), a key consideration for permafrost terrain at the outer Mackenzie Delta is 

the amount and distribution o f ice-rich ground. There is particular interest in ice-rich 

permafrost in this area because much o f the outer Mackenzie Delta is less than 1.5 m 

above mean sea level. The area is normally subject to flooding by the Mackenzie River or 

by storm surges, but the rate o f relative sea-level rise and the frequency of storm surges
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are both increasing (Manson and Solomon, 2007). This may increase the likelihood of 

flooding in the outer delta, and subsidence may exacerbate this trend. As a consequence, 

subsidence may modify terrain currently suitable for bird habitat or infrastructure 

development (Johnstone and Kokelj, 2008).

Of these various forms of ground ice, segregated ice and ice-wedge ice generally 

dominate the high near-surface ground-ice content o f the outer Mackenzie Delta area 

(Mackay 1963; Pollard and French, 1981; Kokelj and Bum, 2005). Ice wedges form a 

network of polygons that are easily visible at altitude, however the polygonal network 

beneath alluvial wetlands at the outer Mackenzie Delta appears to be limited largely to 

terrain within KIBS (Mackay, 1963). These ice wedges have not been geotechnically 

investigated, and may be unique as they grow beneath an aggrading deltaic surface 

(Mackay, 1963). In addition, low mounds recently observed in the same wetland area by 

Pirie et al. (2009) may be ice-cored frost mounds (Nelson et al., 1992). These mounds 

may also contribute to high near-surface ground-ice content in permafrost.

Terrain stability, ice-wedge growth, and the development o f frost mounds are 

driven by ground temperature dynamics, therefore a second key consideration of active- 

layer and near-surface permafrost conditions is the distribution o f  ground temperatures 

and how they may change over time. The thermal dynamics o f permafrost and the active 

layer are primarily a function of surface temperature (Oke, 1978). Surface temperature is 

influenced by surface conditions that modify the exchange of heat between the air and the 

ground (Luthin and Guymon 1974; Smith and Riseborough 1983). The thickness o f the 

insulating layer of snow is a primary control on near-surface ground temperature 

(Goodrich, 1982; Zhang, 2005). As the Mackenzie Delta area is blanketed by snow for
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nine months of the year (Mackay 1963, Mackay and MacKay, 1974), spatial and 

temporal differences in the snow pack may cause significant variation of permafrost and 

active-layer thermal conditions. Therefore, any investigation of near-surface ground 

temperatures in permafrost terrain should include the influence o f  snow.

In this context, this thesis will investigate the geomorphologic and thermal 

conditions of the active-layer and uppermost meter of permafrost, and their relations to 

topography, vegetation cover, snow depth, soil moisture, and soil materials at KIBS. The 

entire suite of biophysical environments at the outer Mackenzie Delta area is present 

within the boundaries of KIBS.

1.3. Research objectives

The primary objectives and original aspects o f the near-surface permafrost 

investigations at KIBS are:

Objective 1. To characterize variation of ice lenses in the ice-rich zone at the 

base of the active-layer according to the geomorphological and topographic settings. This 

is achieved by sampling permafrost in a variety of locations with drilling, in order to 

investigate the geomorphological controls on ground-ice development. The focus is on 

segregated ice, but injection ice may occur in some settings.

Research hypotheses -  Geomorphological and topographic settings control the 

accumulation o f  segregated and intrusive ice in near-surface permafrost:

la. Ice-rich permafrost is associated with fine-grained, frost-susceptible

soils;

lb. Within the study area, highest segregated ground-ice contents are 

found in alluvial plains;
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lc. Soil moisture availability is the primary determinant o f  near-surface 

ice lens accumulation.

Objective 2. To determine the relations between site conditions, active-layer 

thickness, and near-surface ground temperatures for the range o f upland and alluvial 

biophysical environments present in the study area, by monitoring near-surface ground 

temperatures, and snow and active-layer depths, over a four-year period.

Research hypotheses -  Geomorphological and topographic settings cause 

significant variation o f  biophysical conditions, including wind-driven snow 

accumulation, active-layer thickness, and soil moisture, and consequently control the 

thermal regime o f  the active layer and near-surface permafrost:

2a. Snow accumulation is controlled by topography in upland tundra, but 

vegetation in alluvial tundra;

2b. Snow depth is the primary influence on variation o f  annual mean 

ground temperature in space and time;

2c. Soil moisture is the secondary determinant o f  near-surface ground 

temperature variation;

2d. The highest annual mean ground temperatures and thickest active 

layers occur in the alluvial plains;

2e. Interannual variation o f  active-layer thickness is not significant above 

ice-rich permafrost.

Objective 3. To characterize the morphology of ice-wedges and ice-wedge 

polygons in the wetlands by intensive coring and microtopographic surveys, in order to



explain the limited distribution of visible ice-wedge polygons in the outer Mackenzie 

Delta area, and to estimate the contribution of wedge ice to potential subsidence.

Research hypotheses -  Syngenetic ice wedges (not epigenetic) are present 

beneath the aggrading alluvial surface:

3a. The width o f  near-surface wedge ice increases with depth;

3b. Syngenetic ice wedges are active under current climatic conditions;

3c. The distribution o f  ice wedge polygons is related to snow cover 

thickness;

3d. Surface aggradation prevents development o f  large troughs above ice 

wedges (as occurs with epigenetic ice wedges) in the alluvial plain.

Objective 4. To investigate low mounds observed within the wet centres of 

some of the ice-wedge polygons by drill-sampling, and to quantify their distribution by 

interpretation o f aerial photographs and satellite images, in order to determine their 

mechanism of origin and the controls on their distribution.

Research hypotheses -  Frost blisters have developed within the wet centres o f  

some low-centred ice-wedge polygons in the alluvial wetlands:

4a. The mounds have injection-ice cores;

4b. Active-layer freezeback takes longer in the wet polygon interiors than in the 

peripheral bounding ridges;

4c. The distribution o f  frost blisters is associated with a gradient in topography; 

4d. The moisture available within the active-layer o f  a polygon is sufficient fo r  

multiple mounds to exist within the same polygon;

4e. The frost blisters are perennial.
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1.4. Thesis structure

The dissertation is organized into a series o f four primary research manuscripts 

(Chapters 4 -  7), with each integrated chapter concerning a component o f the variation in 

near-surface permafrost conditions. Chapter 2 is a broad literature review in support of 

the four integrated manuscripts. This chapter is divided into two main sections. The first 

section presents a general introduction to permafrost and the active layer, and the second 

section provides information on the study area. Chapter 3 presents more detail on the 

essential methods used to investigate near-surface permafrost and active-layer conditions 

within each of the four integrated manuscripts. There is some repetition within the 

integrated chapters where methods are described. Chapters 4 through to 7 address 

Objectives 1 through to 4, respectively. Following these chapters, Chapter 8 summarizes 

the key research findings and discusses research implications and directions for future 

studies.
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2. BACKGROUND

2.1. Introduction

A study on the nature and variation o f near-surface permafrost and active layer 

conditions in the outer Mackenzie Delta area requires understanding of (1) permafrost 

and active-layer characteristics; (2) ground temperature variation; (3) near-surface ground 

ice and the processes responsible for ice accumulation; (4) the relations between near

surface ground ice, terrain morphology, ecology and hydrology; and (5) the study area. 

This chapter reviews the conceptual models of permafrost terrain, the temperature and 

ground ice phenomena observed in permafrost and the active layer and the terms used to 

describe them, the controlling factors o f ground-temperature variation and ground-ice 

development, the influence of near-surface ground ice on landscape form and function, 

and the location, history, and physical characteristics of the study site.

2.2. Permafrost and the active layer

2.2.1. Ground thermal regime o f permafrost at equilibrium

The thermal regime of the ground at equilibrium (Figure 2.1) in permafrost 

environments has two principal features. The first is the thermal gradient, which is the 

change in temperature with depth below the ground surface. Typically ground 

temperatures increase with depth. The base o f permafrost is the depth that ground 

temperatures reach 0°C (Judge, 1973). The second feature is the annual temperature 

envelope, which is the area on a graph of ground temperature that is bounded by the 

surface and lines of maximum and minimum ground temperatures at each depth. The 

apex of the envelope is the depth of zero annual amplitude (±0.1 °C), and the temperature 

at this depth is the annual mean ground temperature. The temperature envelope describes
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the range in near-surface temperatures that occur as a result of the seasonal variation in 

air temperature. Below this depth, temperature changes relate to long term climate trends 

(e.g. Bum and Zhang, 2009). Based upon the boundary conditions defined by the thermal 

regime (Figure 2.1), the ground in permafrost regions can be quantitatively classified as a 

two-layered system: permafrost is the ground that remains at or below 0°C for two or 

more years (ACGR, 1988), and it is overlain by an active layer o f  ground that thaws 

seasonally (Muller, 1947).

2.2.2. Active-layer thermal regime

The active layer begins to thaw from the top downward in late spring when 

ground surface temperatures rise above 0°C. Active-layer thickness is determined by the 

depth which the 0°C isotherm reaches at maximum thaw, sometime between the middle 

o f August and the middle of September in the northern hemisphere. Until the maximum 

depth is reached, the 0°C isotherm is just at the thaw depth, not the active-layer depth. In 

the fall, when surface temperatures drop below 0°C, the active layer begins to freeze back 

from the surface downward and also upward from the top of permafrost (Figure 2.2) 

(Mackay, 1983). Upward freezing is more likely when permafrost is cold, and is common 

in the western Canadian Arctic, but it is less important in discontinuous permafrost.

2.2.3. Ground thermal properties and the influence o f soil moisture 

Thermal properties of soil materials govern the transfer o f heat through the

ground. On an annual basis, heat flow (Qq) in the active layer and permafrost is 

dominated by ground thermal conductivity X (the ability o f a medium to conduct heat, 

W-m'1-°C‘1) and the thermal gradient (Williams and Smith, 1989):
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p -*]

where T (°C) is temperature, and z (m) is depth. The negative sign indicates the flux of 

heat is in the direction of lower temperature. Soil X is a product o f  the composite soil 

material properties (Bum, 2004a, Equation 3.3.3):

X = A':P - K T '  ■ XI ■ X,m w [2.2]

where Xm, Xw, Xa, and X„ are thermal conductivities o f the mineral materials, water, air, and 

ice, respectively, p  is soil porosity, and the volumetric fractions o f air and ice are, 

respectively, q and r. Thus, the mineral composition and water (ice) content have 

considerable influence on X (Table 2.1). For example, frozen soils conduct more heat 

since ice (2.2 x 10° W m 'l-°C‘1) is almost four times more conductive than water (5.6 x 

10'1 W m 'l oC‘l), and saturated soil has a higher conductivity than unsaturated ground.

Thermal conductivity determines the quantity of heat transfer through materials 

under a temperature gradient, but the temperature change that the material experiences as 

a result of heat transfer depends upon its volumetric heat capacity, C (J-m‘3-°C''), which 

is the sum of its constituent heat capacities (Bum, 2004a. Equation 3.3.5):

O  (1 -pw)Cm + (ps-qs-rs)Cw + qsCa + rsCj [2.3]

where Cm, Cw, Ca and C, are the heat capacities of the mineral, water, air and ice soil 

constituents, and p w, is the porosity, qs is the volumetric fraction of air, and rs is the 

volumetric fraction o f ice in the soil. As with X, C is sensitive to the mineral materials, 

bulk density (especially organic content), and water (ice) content. The volumetric heat

f\ l icapacity of water (4.2 x  10 J-m‘ °C' ) is four orders of magnitude higher than air (8.6 x



16

Table 2.1. Thermal properties of natural materials.

Volumetric
Thermal conductivity heat capacity Thermal diffusivity 

Material___________ 2, W m l oC '' C, J m 3 °C '1_______ k , m2 s''
Air 2.2 X 10'2 8.6 X 102 2.6 X 10‘5
Water 5.6 X 10’1 4.2 X 106 1.3 X 10’7
Ice 2.2 X 10° 1.9 X 106 1.2 X 10'6
Snow (fresh) 8.0 X 10'2 2.1 X 107 1.0 X 10'7
Snow (old) 4.2 X lO'1 8.4 X 107 4.0 X 10'7
Quartz 8.0 X 10° 2.1 X 106 3.8 X 10‘6
Mica 3.0 X 10° 2.4 X 106 1.2 X 10’6
Feldspar 2.0 X 10° 2.0 X 106 1.0 X 10‘6
Granite 2.0 X 10° 2.1 X 106 9.5 X 10’7
Limestone 2.9 X 10° 2.5 X 106 1.2 X 10’6
Shale 1.5 X 10° 1.6 X 106 9.4 X 10‘7
Sandy soil+ (dry) 3.0 X 1 0 1 1.3 X 106 2.4 X 10'7
Sandy soil+ (wet) 2.2 X 10° 3.0 X 106 7.4 X 10'7
Clay soil7 (dry) 2.5 X 10-1 1.4 X 106 1.8 X 10'7
Clay soil+ (wet) 1.6 X 10° 3.1 X 106 5.1 X 10'7
Peat soil++ (dry) 6.0 X 10‘2 5.8 X 105 1.0 X 10‘7
Peat soiln  (wet) 5.0 X 10-' 4.0 X 106 1.2 X 10'7
Peat soilt+ (wet, frozen) 1.1 X 10° 1.6 X 106 6.8 X 10"7

40% pore space.
++ 80% pore space.

O 1
Latent heat of fusion of water: 3.33 x 10 J-nT .
Latent heat of vaporization o f water: 2.45 x 109 J-m'3.
Sources: Oke (1987, Table 2.1) and Bum (2004a, Table 3.3.1).
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102 J-m’3-°C'1), and similarly the phase state o f the moisture is important because water 

has double the heat capacity of ice (1.9 x 106 J-m"3- ^ ' 1) (Table 2.1).

A significant amount of water can remain unfrozen at sub-zero temperatures and 

this varies with soil type and temperature (Williams, 1964). At temperatures below 0°C, 

soil capillarity, adsorption, solutes, and overburden pressure reduce free energy and 

depress the freezing point (Figure 2.3), and as a result there can be a significant unfrozen 

water content (0U) in medium and fine grained soils (Figure 2.4) where these factors are 

significant due to high specific surface area (Williams and Smith, 1989). Outcalt and 

Hinkel (1996) observed significant unfrozen water (0.56% initial value at 0°C) in silty 

loam mineral soil at -6°C, and Boike et al. (1998) noted unfrozen water in loamy sand 

soil at temperatures down to -12°C.

6U distributes latent heat from freezing, Lf (J-m3), over a range of temperatures 

when a soil freezes. Lf is significant as the energy released from freezing is nearly 80 

times the energy released from lowering the temperature o f water by 1°C (Table 2.1). The 

release o f Lf warms the soil, and the heat must be removed if  the soil is to cool further, 

therefore the heat capacity of the soil appears to be much greater than it would be if there 

were no phase change. The apparent volumetric heat capacity, Ca, is commonly 

estimated by (e.g. Williams and Smith, 1989):

CA = C + p wLf ^  [2.4]

where C is the soil volumetric heat capacity, p w is the soil porosity, L f, is the volumetric 

latent heat of fusion of water (3.33 x 108 J-m3), and, 0U (%), is the volumetric unfrozen 

water content.
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Thermal diffusivity, ^ (m 2̂ '1), is the ratio of thermal conductivity to heat capacity

(2/C), and is a measure of the ability o f a medium to propagate a  temperature change, i.e. 

how quickly temperatures may change within a medium. *: varies substantially with 

moisture content and temperature, increasing substantially during soil freezing because 2, 

is four times 2,„ and C, is approximately half o f C„ (Table 2.1).

2.2.4. Seasonal temperature variation

General features o f the ground thermal regime can be estimated according to heat 

conduction theory if the surface thermal regime is known. Assuming surface temperature 

fluctuates sinusoidally about the annual mean surface temperature (AMST) according to 

the annual cycle o f solar radiation, then the temperature at any depth is given by (Carslaw 

and Jaeger, 1959, p. 65):

where As is the amplitude of the surface temperature wave, and co is the angular velocity 

(2n/P, P is the period of the temperature wave (one year)). The surface temperature wave 

decreases in amplitude and lags in phase with depth, as a result o f  energy partitioning by 

K to the depth of ‘zero annual amplitude’ (Figure 2.1). The inverse relation of the 

amplitude of the wave and the phase lag to thermal diffusivity, k , indicates that soil 

material and moisture conditions are the principal factors that alter the thermal regime. 

Dry sands and gravels have a wide range o f ground temperatures, and the temperature 

wave penetrates deeply. Conversely, saturated medium to fine grained soils will have a 

narrower envelope, and the temperature wave will penetrate more slowly, the depth of 

zero annual amplitude will be more shallow, and there will be more phase lag between 

layers than in the equivalent thickness in coarse textured soil.

T(z, t) =  AMST + Ase [2 .6]
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The actual thermal regime of the active layer and near-surface permafrost (Figure 

2.5) strays from the model because of variation in surface temperature, 0U, and temporally 

distributed latent heat effects that cause a ‘zero curtain effect’ during fall freeze-back of 

the active layer and warming of near-surface permafrost prior to summer thaw 

(Romanovsky and Osterkamp, 2000).

2.2.5. Zero curtain

Approximately 80% and 90% of soil heat storage is involved in latent heat 

exchange during freezing and thawing (Rouse, 1984), and this creates the zero curtain 

effect frequently observed in temperature time series for medium to fine-grained active- 

layers (Figure 2.5). The zero-curtain is initiated by cold temperatures, and the freezing 

rates and duration are dependent on the thermal gradient, moisture content, and soil 

thermal properties. Freezing of the active layer occurs from the top down and the bottom 

up (Mackay, 1983), and as the two freezing fronts converge, thermal gradients reduce, 

and latent heat effects dominate (Outcalt et al., 1990; Hinkel et al., 1990; Hinkel and 

Outcalt, 1994). Heat loss is primarily by conduction, but in unsaturated soils non- 

conductive heat transfer may become important (Outcalt et al., 1990). Ground 

temperatures are held near the freezing point for several weeks after freeze back until 

enough latent heat is liberated that cooling can continue.

Insulating snow cover may significantly extend the zero curtain by minimizing 

heat conduction (Goodrich, 1982; Hinkel et al., 1996), saturated soils have a long zero 

curtain due to significant latent heat effects and low thermal gradient, and thick active 

layers take longer to freeze back than thin ones (Romanovsky and Osterkamp, 1995).
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2.2.6. Influence of boundary conditions near the surface on the ground thermal 

regime

The thermal regime of the ground is primarily a function o f  surface temperature 

Ts, which is a consequence of the surface energy balance (J s '1 mf2) (Oke, 1987):

Q, = Q h + Q l c +Q o [2.5]

where Q* is the net exchange of radiation between the air and the ground surface, and 

where sensible heat, Qh, and latent heat o f evapo-transpiration, Qle, are transferred to the 

air by turbulent air motion, or heat may be conducted into the ground, Qg■ Ground 

surface temperature is related to air temperature through the energy balance, so climate 

exerts a general control on permafrost distribution and active-layer thickness (French, 

2007). However, the exact partitioning o f the surface energy balance is a function of the 

thermal properties o f surface conditions that modify the exchange of heat between the air 

and the ground (Figure 2.6) (Luthin and Guymon, 1974; Smith and Riseborough, 1983), 

so site-specific surface and subsurface conditions locally control the distribution of 

permafrost (Smith, 1975; Williams and Bum, 1996), and active-layer thickness (Mackay, 

1982; Nelson et al., 1999; Tamocai et al., 2004). Boundary conditions may change 

rapidly, such as by fire or human activity, or gradually, such as from vegetation 

succession, or accumulation or erosion of material at the surface (e.g. Mackay, 1970, 

1995).

Snow and vegetation have principal roles in ground - air temperature relations 

(Smith, 1975, Goodrich, 1982; Evans et al., 1989; Sturm et al., 2001; Liston et al., 2002; 

Stieglitz et al., 2003), but surface organic-layer thickness, soil moisture content, soil 

materials, topographic setting (relief and aspect), vegetation type, and snow depth can
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are highly spatially variable, and are thought o f as a buffer layer between the atmospheric 
and ground temperatures.
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also be important (Luthin and Guymon, 1974; Zhang, 2005.)- On an interannual basis, 

variation of snow cover conditions (timing, duration, density and structure, and thickness) 

are critical influences on the ground thermal regime (Zhang, 2005), and the thickness of 

the insulating snow layer is especially important (Goodrich, 1982). For example, south of 

treeline in the Mackenzie Delta, deep snow accumulation prevents refreezing on river 

point bars allowing subsequent thaw depths to increase such that permafrost degrades 

completely (Figure 2.7) (Gill, 1973; Smith, 1975).

2.2.6.1. Snow depth variation

In relative terms, snow cover is one o f the most highly variable surface boundary 

conditions from year to year. Snow depth is a function of snow fall and wind-driven 

redistribution (Figure 2.8) (Liston and Sturm, 1998). Processes that affect snow 

redistribution include vegetative snow capture, topographically-induced wind-speed 

changes, snow accumulation and erosion, sublimation of moving and stationary snow, 

and transportation of snow by saltation and suspension. These processes are controlled by 

variable snow cover shear strength and wind-induced surface shear stress (Oddbjom et 

al., 2004). Topography determines the large scale zones o f erosion and deposition 

according to the wind-flow field (Liston and Sturm, 1998). Snow tends to be deposited 

where topographic breaks in slope or valleys cause wind-flow separation and therefore 

reduced wind speeds. Snow is also deposited in vegetation that reduces wind speeds as a 

function of height and density (Liston and Sturm, 1998). When topographic features 

produce wind-flow convergence, wind speeds increase and erosion occurs. Therefore, 

deep snow forms when wind speeds are reduced in association with abrupt changes in
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relief and taller vegetation, whereas flat areas or ridges with little vegetation are typically 

wind scoured with thin snow.

The principal influence o f snow is to insulate the ground from low winter air 

temperatures. The A of snow (8.0 x 10'2 W m‘l °C '1) is more than 27 times lower than A 

of ice (Table 2.1). Therefore, on an interannual basis, variation o f  snow cover conditions 

(timing, duration, density and structure, and thickness) are critical influences on the 

ground thermal regime (Goodrich, 1982; Zhang, 2005).

2.2.6.2. Indices o f  boundary conditions

The boundary conditions that influence the relations between air and permafrost 

temperatures are commonly summarized for the surface by the surface offset (AT$, °C), 

while the influence of the active layer has been represented by the thermal offset (ATg,  

°C) (Lachenbruch et al., 1988; Romanovsky and Osterkamp, 1995) (Figure 2.9).

ATs is the difference between annual mean air temperature (AMAT) and AMST. 

ATs is largely influenced by snow cover as a result o f its insulating effect, though 

vegetation has some influence (Smith and Riseborough, 2002). The snow cover limits 

heat loss from the ground during the coldest part of the year, preventing ground cooling, 

while the influence of vegetation are primarily by shading the ground surface in summer, 

and by affecting the accumulation of snow cover (e.g. Luthin and Guymon, 1974; Zhang, 

2005). Where snow cover predominates on an annual basis, AMST is usually greater than 

AMAT (Smith and Riseborough, 2002). The ratio between freezing and thawing 

conditions at the ground surface and in the air may be described by transfer functions 

called n-factors, which are the ratio between the seasonal freezing and thawing indices
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of the ground surface (FDDS, TDDS) and air (FDDa, TDDa). Surface temperature for the 

season may be approximated by multiplying the seasonal n-factor by the seasonal air 

temperature.

AT a is the difference between the annual mean temperature at the top of 

permafrost (TTOP) and annual mean surface temperature (AMST) (Goodrich, 1982;

Bum and Smith, 1988; Bum, 2004a). As the active layer thaws from the top down, the 

thermal properties change from frozen to thawed states. This implies that towards the 

base of the active layer the thermal properties vary little seasonally. In general the soil 

temperature gradient is steeper in summer than in winter due to the change in thermal 

properties, and the result is that the annual mean soil temperature decreases with depth to 

the base of the active layer. ATq is a function of the ratio o f soil thermal properties 

(Romanovsky and Osterkamp, 1995, Equation 12):

where X, and Xf are the thawed and frozen thermal conductivities of active-layer 

materials, and TDDS. ATq increases with active layer depth, and is greatest within wet, 

organic soils (Bum, 2004a). A thermal offset implies that TTOP may be lower than 

AMST.

2.2.7. Active layer variation

The thickness of the active layer reflects surface temperatures, and may vary from 

year to year according to changes in the ambient air temperature, vegetation, drainage, 

soil or rock type and water content, snow cover, and degree and orientation of slope 

(ACGR, 1988). The active layer responds to lower surface temperatures by thinning, 

while thickening in response to higher surface temperatures is retarded by the high
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volumetric latent heat content of the ice-rich zone frequently located at the top of 

permafrost (Mackay, 1995a). Consequently, interannual variation of active-layer 

thicknesses is usually less that 10% (Bum, 2004a). However, step changes, such as by 

fire (Mackay 1995a; Bum 1998) or development activity (Mackay 1970; Nicholas and 

Hinkel 1996) can increase annual mean ground temperatures and, subsequently, active- 

layer thickness relatively quickly, and thaw of the near-surface ground ice may lead to 

thermokarst subsidence (Mackay, 1995a). In contrast, progressive surface temperature 

change, such as by vegetation succession (Mackay, 1995a), or accumulation of organic 

material (Nicholas and Hinkel, 1996) can gradually decrease the active-layer thickness as 

permafrost aggrades. In the very long term, surface temperatures change with climate, 

which is demonstrated by a maximum thaw unconformity from active-layer development 

during the Holocene hypsithermal in the Yukon and western Arctic, Canada (Bum, 1997; 

Kokelj et al., 2002).

2.2.8. Near-surface ground ice

At temperatures below 0°C, nearly all o f the water in the soil is frozen as ground 

ice. Though ground-ice content o f near-surface permafrost can be related to ground 

temperature (e.g. Kokelj and Bum, 2005), geomorphic setting, which reflects soil 

physical properties, moisture contents, and process and duration of ice formation, is 

likely the most important determinant o f the spatial variability (Mackay, 1972).

Ground ice comes in many forms among which the following are common 

(Mackay, 1972; French, 2007): coatings on soil particles or crystals filling in the voids 

between them (pore ice); thin, lenticular lenses and veins that increase the bulk volume of 

the ground (segregated ice, injection ice, or reticulated ice); large bodies o f nearly pure



32

ice which may substantially deform the ground (ice wedges, massive ice, pingo ice); or 

preserved basal glacial ice (buried ice). The ground-ice content o f  permafrost is 

frequently in excess of the saturated capacity o f thawed soil, which is termed ‘excess ice’ 

(French, 2007). Of the several types o f ground ice that exist (Mackay, 1972), segregated 

ice and ice-wedge ice contribute the most to the volume of ice in near-surface permafrost 

(Pollard and French, 1980). Injection ice may also widely contribute to high near-surface 

excess-ice content (Mackay, 1972).

2.2.8.1. The formation o f  segregated and intrusive ice

Segregated ice and intrusive ice develop due to thermal and/or pressure potentials 

that transfer subsurface water into permafrost (Mackay, 1972). As the freezing front 

advances during ground freezing, pore ice forms in situ, but in fine-grained materials a 

significant amount of water remains unfrozen in thin connected films well below 0°C due 

to microscopic level particle properties as shown by freezing characteristic curves (Figure 

2.4). Moisture in these ‘frost susceptible’ soils is drawn into freezing ground where it 

freezes sub-parallel to the surface as segregated ice lenses that continue to grow as long 

as there is available moisture (Williams and Smith, 1989). Ice lenses range from hair-like 

to tens of meters in thickness (Mackay, 1971, 1972). Near-surface segregated ice may 

develop due to a seasonal moisture imbalance in the active layer and top of permafrost as 

a result of thermally induced winter-upward and summer-downward moisture migration 

(Figure 2.2b) (Cheng, 1983; Mackay, 1983; Bum, 1988). Repeated segregation of ice at 

the base of the active layer creates the ice-rich zone (Mackay, 1972; Cheng, 1983; 

Mackay, 1983; Bum, 1988). In other cases the ice rich zone is due to a slowly rising
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permafrost table that traps ice lenses at the base of the active layer (aggradational ice) 

(Mackay 1972; Mackay and Bum, 2002a; Kokelj and Bum, 2005; Shur et al., 2005).

The amount of ice in frost susceptible soil is controlled by the available moisture 

and the rate of permafrost aggradation, which are determined by climate, topography 

(drainage), rate of sediment deposition, vegetation succession, flood duration, or 

accumulation of organic material (Mackay, 1972, 1995a; Nicholas and Hinkel, 1996; 

Kokelj and Bum, 2005; O’Neill and Bum, 2012). High segregated ice contents are 

associated with low permafrost temperatures occurring with large seasonal fluctuations 

(Kokelj and Bum 2005), moist soil before freeze-back (Mackay, 1983; O’Neill and Bum, 

2012), and a relatively stable permafrost table (Kokelj and Bum, 2003). Near-surface 

permafrost is likely to be ice-poor if the soils are coarse textured or dry (O’Neill and 

Bum, 2012), permafrost temperatures are warm with small seasonal fluctuations, or the 

permafrost table is rising rapidly (Kokelj and Bum, 2003).

If the material matrix is confining or coarse textured, intrusive ice may form in 

sheets or lenses as water under pressure moves ahead of the freezing front and is intruded 

between relatively unconfined soil layers where it subsequently freezes as nearly pure ice 

(French, 1971; Mackay, 1972, 1985; Pollard and French, 1984). Frost mounds with 

intrusive ice cores may be found at the base o f hill slopes fed by groundwater under high 

gravimetric potential (Figure 2.10) (van Everdingen, 1978), or where ice expansion in 

association with closed-system freezing expels water from the pores into a confined area 

(French, 1971; Mackay, 1972; Pollard and French, 1984).
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2.2.8.2. The formation o f  wedge ice

Wedge ice is the most common type of massive ground ice (Pewe, 1963; Bum, 

1990; Mackay, 1990), and is a diagnostic feature of cold permafrost terrain. Ice wedges 

are found throughout continuous permafrost, and in some localities within discontinuous 

permafrost (e.g. Bum, 1990). They form when thermal contraction cracks that penetrate 

vertically several meters downward into the ground are infiltrated by snowmelt which 

freezes in place (Lachenbruch, 1963; Mackay, 1972). The resulting ice vein inhibits crack 

closure and, with time, successive cracking creates a foliated wedge-shaped mass o f ice 

(Lachenbruch, 1963; Mackay, 1990).

Ice wedges deform when they grow and they deform the soil around them (Figure 

2.11) (French, 2007). Ice wedge cracking causes shear deformation of the wedge (Figure 

2.1 la) (Mackay, 1990), and deformation of the ground upward and away from the wedge 

creating a trough above with a ridge on either side (Figure 2.1 Id) (Kokelj and Bum, 

2004). As the ground warms up in summer, both permafrost and the active layer expand, 

and as the active layer expands it may move into the trough (Figure 2.1 Id) (Mackay, 

2000). Expansion of the ground forces the ice wedge upwards into the active layer via 

diapiric uplift (Figure 2.1 lb), but the top of the ice wedge is truncated by active layer 

thaw, so the top of the ice wedge is planar (Mackay, 1990).

The volume of ice in a wedge is determined mainly by its growth sequence and 

growth direction (Mackay, 1963, 1990, 1993, 2000). Epigenetic wedges develop in stable 

areas, forming after the surface was formed, and grow in width but not in depth, 

exhibiting the common v-shape (Figure 2.12). Syngenetic wedges grow progressively 

upwards where permafrost is aggrading and are relatively narrow at the top but may be
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Figure 2.11. Deformation patterns o f ice-wedges (A to C) and o f  the soil (d) associated 
with ice-wedge growth (after Mackay, 1990, and Kokelj and Bum, 2004, as modified in 
French, 2007, Figure 7.13).
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deep (Figure 2.12). Anti-syngenetic wedges grow on commonly on hillslopes and are 

very wide at the top (Figure 2.12) (Mackay, 1990).

Thermal contraction cracking is related to a rapid drop in air temperature 

(Lachenbruch, 1963), but snow significantly modifies the relation (Mackay, 1992). The 

best correlation between air temperature and thermal contraction cracking occurs when 

snow is thin, and deep snow can prevent cracking (Mackay, 1992). Ice-wedge 

development causes changes in microtopography accompanied by changes in vegetation 

and snow that affect the frequency o f cracking. If the result is increased local snow depth, 

and the ice wedge stops cracking, a new ice wedge may develop in order to relieve the 

soil tension, so that newer secondary, or tertiary ice wedges may develop (Figure 2.12) 

(Mackay, 2000).

2.2.8.3. Ice wedge polygonal network evolution

Wedge ice is typically interconnected in a network expressed at the ground 

surface as a polygonal pattern (Figure 2.13) that is apparent in lowland terrain, but the 

pattern may be obscured on tundra hill slopes due to downslope soil movement (Mackay, 

1963). The polygons usually have 4-5 sides, or uncommonly, 6-sides, the intersection of 

ice wedges are normally orthogonal, and the pattern may be random or it may be oriented 

if initiated in the vicinity of water bodies (Figure 2.14) (French, 2007). In unconsolidated 

sediments, polygon diameters range from 5 to 40 m (French, 2007).

Ice wedge networks may evolve over time with respect to peat accumulation 

relative to the tops o f the ice wedges, and as a function o f the growth sequence of ice 

wedges (Figure 2.15) (Mackay, 2000). Low centred polygons are common in lowlands 

and are indicative of active ice-wedge growth. If conditions are sufficient for higher order
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Figure 2.13. Ice-wedge polygonal networks: (a) Primary network in alluvial tundra; (b) 
Higher order polygonal networks in upland tundra. Photographs were taken from 
approximately the same altitude.



40

90̂ , 90

Orthogonal H exagonal

Hexagonal

Random
orthogonal

Oriented
orthogonal

Figure 2.14. Polygonal networks in permafrost terrain (from French, 2007, Figure 6.3).
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42

ice wedges to grow, they subdivide the primary ice-wedge network into secondary or 

tertiary polygons (Figure 2.15) (Mackay, 2000).

2.2.9. Near-surface ground ice, thermokarst degradation, and terrain stability

Accumulation of near-surface permafrost may modify the evolution of terrain 

surfaces as soils are uplifted by ice (French, 2007). The growth o f  near-surface ground 

ice may be problematic for infrastructure as there may be significant strains created by 

heave or thermal contraction cracking (Williams, 1982). On the other hand, degradation 

of near-surface ground ice as a consequence of active-layer deepening may occur over 

one or more years, and may result in hill slope failure (Lewkowicz, 2007), or thermokarst 

subsidence of the ground surface (Figure 2.16) (Mackay, 1970), which can be hazardous 

to nearby infrastructure (Nelson et al., 2001). In the case o f subsidence, subsequent water 

ponding may occur, leading to further degradation (e.g. Mackay, 1970; Bum and Smith, 

1990

In summary, the distribution and variation of near-surface ground temperatures 

define the sensitivity of the permafrost to thermal degradation, while the amount of 

ground ice present controls the geotechnical consequences to the terrain from permafrost 

degradation (Mackay, 1970; Haeberli and Bum, 2002).

In light of increasing annual mean air temperatures in the region (Bum et al., 

2004; Lantz and Kokelj, 2008), and proposed development projects such as the 

Mackenzie Valley Pipeline or the construction of the Inuvik - Tuktoyaktuk Highway, a 

better understanding of permafrost conditions at KIBS may assist engineering and land 

use management in the surrounding region. The following section provides important 

background information on the study area.
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2.3. Study Area (KIBS)

2.3.1. Physiography

The outer Mackenzie Delta area is located within the Southern Arctic Ecozone 

(Jones, 2002), where the Mackenzie River flows into the Beaufort Sea (Figure 1.1). 

Environmental conditions at KIBS are associated with two physiographic subdivisions 

that are a result o f two distinct depositional histories (Figure 2.17) (Mackay, 1963; 

Rampton, 1988): Tununuk Low Hills in the southwest contains rolling upland terrain 

usually less than 50 m above mean sea level, and the flat Big Lake Delta Plain is 

characterized by numerous water bodies and may flood in spring or with storm surges.

The geomorphology of Tununuk Low Hills is due to modification of permafrost 

in Pleistocene marine and fluvial deposits by glacial ice thrusting during the Wisconsinan 

ice advance (Figure 2.18), permafrost aggradation in the near surface after glacial retreat, 

and thermokarst activity in the Early Holocene (Rampton, 1988). The result is a mosaic 

of thermokarst lake beds, gravely sandy hills, ridges and terraces, ice-thrust hills and 

ridges, and till plains (Rampton, 1987). Following the Wisconsinan glacial maximum, the 

Big Lake Delta Plain was an exposed platform through to the middle Holocene, but it was 

subsequently inundated by sea level rise or thermokarst-lake development, and then re

exposed between 0.5-1.5 ka ago due to fluvial-deltaic infilling and/or possible lake 

drainage (Taylor et al., 1996). The surficial material consists o f  fine-grained river 

deposits (Rampton, 1987). These units contrast with the present Holocene Mackenzie 

Delta, which has been building seaward over the last 14 000 years to its current position 

by fluvial deposition of sediments in the submarine Mackenzie Trough (Figure 2.18) 

(Rampton, 1988).



Figure 2.17. Physiographic subdivisions o f the Yukon Coastal Plain, Richardson 
Mountains, Mackenzie Delta, Tuktoyaktuk Coastlands and the Anderson River Plain 
(from Rampton, 1988, Figure 1).
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2.3.2. Geology, glaciation and sedimentation

The shale, sandstone and carbonate bedrock underlying the delta has a 10 to 14 

km deep base, and it is mostly covered with Wisconsinan till (Dixon et al., 1992). The 

delta began building as a result of glacial diversion of drainage from the Mackenzie 

Basin, as paleodrainage used to be eastwards into the Atlantic Ocean (Murton, 2009). The 

outer delta area was overridden during late Wisconsinan glaciation by Laurentide ice, 

which reached its maximum extent at about 30 ka BP, but during the Sitidgi Stade 

following the glacial maximum, much of the outer Mackenzie Delta and Richards Island 

were ice free (Figure 2.18) (Murton, 2009).

Overland sedimentation at Mackenzie Delta, with sediment supplied by the 

Mackenzie and Peel rivers, is dominated by the spring freshet (Gill, 1972), which 

deposits fine sand and silt (Kokelj and Bum, 2005), while lakes receive finer sediments 

(Bum, 1989). Nearly 66% of the sediment is deposited offshore, but about 43 Mt are 

added annually to the delta (Carson, et al., 1999). Alluvial sediments are nearly 80 m 

thick near Inuvik (Johnston and Brown, 1965). Most o f the delta aggradation and 

progradation is due to sediment accumulation in migrating channels, which are 

ubiquitous on the delta plain, and offshore. However, relative sea-level has risen since the 

Holocene (Hill et al., 1985), resulting in about 100 km of coastal retreat accompanied by 

erosion o f ice-rich ground and extensive flooding of low-lying areas (Dallimore et al., 

1996; Bum, 1997).



48

2.3.3. Climate

Winters are long and cold (-27.2°C January mean temperature) and summers are 

short and cool (10.9°C July mean temperature) (Figure 2.19). Summer temperatures are 

influenced by the Beaufort Sea which creates a strong north-south climate gradient when
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onshore winds blowing from the ice pack (Figure 2.20) depress air temperatures near the 

coast (Bum, 1997). Mean annual air temperatures in the Mackenzie Delta have increased 

about 3°C during in the 20th century (Mackay, 1975a; Skinner and Maxwell, 1994; Bum 

and Zhang, 2009). The western Arctic o f North America has been warming more rapidly 

than most regions on earth during the last 40 years (Serreze et al., 2000), and the recent 

increase in mean annual air temperature occurs ubiquitously across northwest Canada 

(Bum and Kokelj, 2009).

The rain-shadow of the Cordillera creates relatively dry conditions (Dyke, 2000a), 

though spring break up and storm surges cause extensive inundation of the alluvial plain 

(Mackay, 1963). Normal annual precipitation at Tuktoyaktuk A, the closest weather 

station, is about 75 mm (Environment Canada, 2012). Snowfall is similarly sparse 

(Figure 2.19), but for more than eight months o f the year the ground is snow covered. 

Significant snowfall occurs in September, increases to its maximum in October, and then 

tapers through the rest of the winter (Figure 2.19). The snow is wind packed, with 

densities ranging between 350 and 400 kg-m"3 (Mackay and MacKay, 1974), and it is 

usually less than 30 cm deep, though snow banks associated with topography and 

vegetation form up to 3 m deep (Mackay and Mackay, 1974; Lantz et al., 2009). High 

winds are dominantly north-westerly or easterly (Dyke, 2000a). Spring flooding 

eliminates snow from the wetlands, and abundant solar radiation and warm air 

temperatures melt most o f the snow at uplands by June, but snow may persist there for 

some weeks afterwards in deep drifts.



51

***•>'

* L t

P r o d u c t  ID. 0 6 ^ 0 1 1  0 1 0 0  0 2 0 8 2 8  L7 
Acquisi t ion  d a t e  t ime  2 0 0 2  0 8 .28  20 2 8 ’17 

D a t u m  NAD83 i C S R S i  
Pro jec t ion UTM - 08

*

Figure 2.20.True colour composite Landsat 7 satellite image o f the outer Mackenzie 
Delta area (Image data available at http://www.geogratis.ca.).

http://www.geogratis.ca


52

2.3.4. Hydrology

Snow melt drives the principal hydrological event o f the year, the spring freshet. 

Maximum water levels are reached in late May or early June, and progress downstream 

as melt water from the Mackenzie basin approaches the Beaufort Sea (Bum and Kokelj, 

2009). Water levels in the Mackenzie river gradually decrease throughout the summer, 

and into the fall, but a significant base flow is maintained throughout the winter with 

water supplied by Great Slave and Great Bear lakes.

The outer delta is subject to infrequent inundation by windblown storm surges in 

late summer, which may inundate most o f the alluvial wetlands. In 1999, as a result of a 

change in wind direction, a storm surge followed prolonged offshore winds, and the 

subsequent flooding introduced saline water to the soils that affected vegetation over 132 

km (Kokelj et al., 2012), which is an unprecedented magnitude of ecological impact in 

this area (Pisaric et al., 2011). The outer delta may be subject to more frequent inundation 

by storm surges as the rate of relative sea-level rise in the region has accelerated from 

between 2.5 and 1.1 mm-a'1 over the last 2000 years (Hill et al., 1985; Campeau et al., 

2000), to an average 3.5 mm-a'1 since 1961 (Manson and Solomon, 2007). The frequency 

and duration of flooding are primary controls on the development and distribution of 

vegetation on the alluvial plain, including vegetation succession on aggrading point bars 

that are widespread due to migrating channels, and forest communities in the southern 

delta associated with flooding regimes (Smith, 1975; Pearce et al., 1988; Kokelj and 

Bum, 2003).
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2.3.5. Vegetation

Vegetation distribution at the outer Mackenzie Delta is strongly divided by the 

ecological contrast between the well-drained upland terrain and the surrounding alluvial 

wetlands. Vegetation distribution in the uplands is associated with gradients in 

topography and soil moisture (Mackay, 1963; Bliss, 2000). Upland tundras characterized 

by lichen and graminoid-moss (2-4 cm height) or by dwarf shrub heath (5-20 cm height) 

are generally well drained with a thin organic layer. On more poorly drained areas there 

is sedge tussock tundra (5-20 cm height) with a thicker organic layer. Mosses and sedges 

(Carix spp.) with thick peat deposits are associated with tundra peatlands. On moist 

slopes and valleys, or further from the coast where the climate is not as harsh, the terrain 

is characteristically low shrub tundra (40-60 cm height) consisting of willow (Salix spp.), 

alder (Alnus crispa), and ground birch (Betula nana). Lynds (2001) has classified the low 

shrub tundra as willow heath, and the remaining sedge dominated tundra as sedge heath 

(Figure 2.21). On the delta plain, vegetation distribution is associated with flooding and 

sedimentation (Gill, 1972; Smith, 1975; Pearce et al., 1988). Alluvial wetland tundra is 

dominated by 20-50 cm tall sedges underlain by thick organic deposits (Mackay, 1963; 

Kokelj and Bum, 2005). Successional 10-20 cm tall horsetail (Equisetum spp.) and 40- 

300 cm tall willow shrubs grow on outer Delta point bars where the organic layer is very 

thin. Collectively these were mapped by Lynds (2001) as tall shrubs, while the sedge 

dominated alluvial tundra was classified as wetlands (Figure 2.21).

2.3.6. Permafrost and active-layer conditions

Permafrost is continuous at KIBS, underlying more than 90% of the area (Figure 

1.2) (Heginbottom et al., 1995; Nguyen et al., 2009). As a result o f the glacial history and
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channel migration, permafrost thicknesses at KIBS range from about 600 m to only a few 

meters thickness near channels (Judge et al., 1987; Dyke, 2000b). Active-layer 

thicknesses at KIBS and in the surrounding uplands range between 30 cm and 124 cm at 

hummocky upland sites (Nixon, 2000; Mackay and Bum, 2002a, Fig. 8; Tamocai et al., 

2004), to between 112 cm and 150 cm in low grass and sedge wetlands (Nixon 2000; 

Tamocai et al., 2004). Permafrost does not exist immediately below water bodies that do 

not freeze to the bottom (Mackay, 1963), and may not be located beneath tall willows 

(Dyke, 2000b).

2.3.6.1. Ground temperature variation

Annual mean ground temperatures (AMGT) at the outer Mackenzie Delta area, 

2007-08, measured in boreholes at a depth of about 6 m, were -4.2°C in sedge wetland 

tundra, and -6.6°C in low-shrub upland tundra (Bum and Kokelj, 2009). Near-surface 

mean annual ground temperatures (MAGT) are about -8 °C at unvegetated bars, -6 °C on 

the tundra, -5 °C where sedge wetlands develop, and -2 °C where willows grow (Mackay 

and MacKay, 1974; Dyke, 2000b; Burgess and Smith, 2000; Mackay and Bum, 2002a,b). 

Permafrost temperatures in the delta are influenced by proximity to water bodies which 

are the greatest single thermal disturbance to permafrost temperatures (Smith, 1976). 

However, near-surface ground temperatures are strongly influenced locally by vegetation 

and topographic setting through their control o f snow depth and soil moisture (Mackay 

and MacKay, 1974; Smith, 1975; Mackay and Bum, 2002a,b; Kokelj et al., 2007a).

Gill (1972) and Smith (1975) investigated snow-permafrost relations south of 

treeline in the Mackenzie Delta and found that permafrost had been degraded and 

unfrozen zones had developed as a result o f deep snow trapped in channel-bank
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vegetation (Figure 2.7). However, snow cover conditions north and south of tree line 

differ in two main aspects. First, snow fall is greater in the forested delta than on the 

tundra (Bum and Kokelj, 2009). Second, snow redistribution by wind is limited to areas 

adjacent to lakes and rivers in the forested delta (Gill, 1972; Smith, 1975), but snow 

blows over the entire landscape on the tundra, where local snow accumulation is 

primarily controlled by vegetation and topography (Mackay and MacKay, 1974; Lantz et 

al., 2009). This suggests that ground thermal conditions of forested delta are significantly 

different from the tundra environments o f the outer delta, but there are no snow data 

available from the outer delta for comparison.

2.3.6.2. Temporal trends in ground temperatures

Climate warming in the region since 1970 is reflected by an increase in mean 

annual near-surface ground temperatures by 1 to 2°C in uplands (Bum and Kokelj, 2009). 

Mean annual near-surface ground temperatures have increased by < 1 °C in the delta 

forests, partly due to regulation by water bodies, and also greater snow depth than at 

tundra sites (Kanigan et al., 2009). There are no recent ground temperature data from the 

outer delta to compare with conditions there in 1970.

2.3.6.3. Active layer variation

Active layer thickness variation in the region has largely been associated with soil 

organic-matter content and moisture content (Bum and Kokelj, 2009). However, there is 

evidence linking summer thaw depths to antecedent snow-cover thickness (Mackay and 

Mackay, 1974; Mackay, 1995a). This link has also been made in several other field 

studies (Sokratov and Barry, 2002; Stieglitz et al., 2003; Frauenfeld et al., 2004), and has 

been simulated (Bum and Zhang, 2010), but it remains a point o f  discussion.
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2.3.6.4. Segregated ice

Much of the uppermost permafrost in the Mackenzie Delta region is ice rich 

(Mackay, 1966), with typically greater than 15% visible segregated ice content in the top 

15-20 m (Heginbottom, 2000). Except for point-bar willow or alder communities, 

permafrost in the alluvial plain is ice rich due to aggradational ice growth as a result of 

gradual aggradation of the permafrost table in a saturated environment that is associated 

with alluvial sediment accumulation and vegetation succession (Kokelj and Bum, 2005). 

Upland permafrost is also commonly ice rich due to thinning of the active layer following 

the early Holocene warm interval (Bum, 1997). However, the precise variation of the 

near-surface segregated ice associated with the various biophysical environments of the 

outer Mackenzie Delta area is unknown.

2.3.6.5. Ice wedges and ice-wedgepolygons

Wedge ice is common in the outer Mackenzie Delta area in upland tundra 

(Mackay, 1963; Mackay, 1995b), in wetlands of the Big Lake Delta Plain (Mackay,

1963), and in the delta south of treeline (Kokelj and Bum, 2004). The morphology of ice 

wedges has been well studied in the uplands where wedge ice accounts for the high ice 

content in the uppermost 5 m of permafrost (Rampton and Mackay, 1971; Pollard and 

French, 1980). Conversely, the morphology and activity o f the ice wedges in alluvial 

wetlands is unknown. Regardless, the historical growth o f these ice wedges in the low- 

lying alluvial wetland tundra o f the outer Mackenzie Delta has led to the evolution of 

patterned ground, consisting of low-centred ice-wedge polygons, 25 m in average 

diameter) (Kerfoot, 1972; Traynor and Dallimore, 1992).
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2.3.6.6. Injection ice

A feature of near-surface permafrost at the outer Mackenzie Delta area, which 

may be unique to this setting, are low mounds observed within some of the low-centred 

ice-wedge polygons (Pirie et al., 2009). The origin o f these mounds is unknown, but they 

are morphologically similar to injection ice mounds on Banks Island, NT (French, 1971). 

Finally, the rolling topography of the Tununuk Low Hills has numerous hillslopes but 

there has been no observation of injection ice sheets at any slope bases.

2.4. Summary

Near-surface permafrost and active-layer conditions may vary substantially in 

space and over time as a consequence of local characteristics such as topography, soil 

materials, soil moisture, vegetation, snow cover, and geomorphic history, as these are 

dominant controls on the ground thermal regime and ground-ice contents. The 

microclimatic, geomorphic, and ecological variability that characterizes the outer 

Mackenzie Delta may give rise to a suite of biophysical environments and a diversity of 

permafrost conditions that are represented within KIBS. As a result, KIBS is a unique 

setting to investigate near-surface permafrost conditions. In addition to providing key 

details on the factors controlling permafrost conditions, the results of an investigation at 

KIBS are germane to management and protection of the sanctuary, and also to 

development, maintenance, and management o f gas-extraction or highway infrastructure 

that has been proposed for this region.
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3. METHODS 

3.1. Introduction

Characterization of permafrost conditions requires consideration of the forms of 

near-surface ground ice, and the range of permafrost temperatures in a region, as these 

indicate the sensitivity of permafrost to disturbance (Smith and Burgess, 1998; Bum et 

al., 2009). The research carried out and reported in this thesis utilized several different 

methods to investigate the variation of near-surface permafrost and active-layer 

conditions, and their relations with controlling factors such as soil moisture, soil material, 

snow depth, topography, and vegetation cover within the suite o f  biophysical settings 

present at KIBS. These methods are described in the integrated chapters, but the key 

techniques critical to the development of each manuscript are presented here in detail.

3.2. Study design

The purpose of the study design was to examine the range of biophysical 

conditions that define local and regional near-surface permafrost and active-layer 

conditions, and describe how the relations between these conditions may vary over space 

and time. KIBS is an ideal location to study near-surface permafrost and active-layer 

conditions. First, there is a long history o f research in the upland tundra o f the area to 

build upon, so observations o f permafrost and active-layer conditions there can be 

compared with past studies (e.g. Mackay, 1963; Mackay and MacKay, 1974; Pollard and 

French, 1980; Kokelj and Bum, 2005). In contrast, there has been relatively little 

investigation in wetland tundra. Second, the intermingling of upland and alluvial terrain 

within KIBS may pinpoint contrasting controls acting on permafrost and active-layer 

variation. Key insights may be obtained on the influence o f topography, vegetation, snow
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cover, sediment deposition, soil materials and moisture content, on permafrost and active- 

layer conditions. Third, data from this study will be of direct use to the management and 

environmental protection of KIBS.

3.2.1. Ice lenses

The research hypotheses strongly influenced site selection and research methods. 

The determination of the geomorphological and topographic controls on the accumulation 

of ice lenses in near-surface permafrost requires sampling of permafrost in a variety of 

biophysical settings. A range of fine- to coarse-grained soils occurs in the outer 

Mackenzie Delta, allowing hypothesis la  to be tested. Hypotheses lb  and lc  were tested 

by comparing permafrost samples from well drained uplands with those from poorly 

drained alluvial wetlands, and also by comparing samples at uplands collected along 

topographic gradients within the same soil type. A straightforward method for obtaining 

numerous samples is by drilling.

3.2.2. Near-surface ground temperatures

Unlike ice-lens sampling, where numerous drill sites can be occupied, only a 

relatively limited number of temperature monitoring sites can be established to determine 

the control o f biophysical environments on ground temperature. Therefore, the approach 

was to determine the relations between biophysical environment, particularly snow 

accumulation, and active-layer thickness for a variety o f geomorphic and topographic 

settings, and then determine the influence of these relations on near-surface ground 

temperatures at representative sites. Snow accumulation, active-layer thickness, and 

ground temperatures were recorded for several years to assess the influence of near

surface conditions on interannual ground temperature variation. To test hypothesis 2a,
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late-winter snow depths were measured over 4 years (2005 — 2008) along transects 

oriented perpendicular to gradients o f topography and vegetation, oriented in a variety of 

aspects. The gradients were partitioned into ecotopes, which are a  function of both biotic 

and abiotic factors (Bastian et al., 2003), in order to allow comparison between 

ecologically distinct, homogeneous landscape units. Active-layer data collected along the 

same transects from 2005 to 2008 was used to test hypothesis 2e. In order to test 

hypotheses 2b, 2c, and 2d, annual mean near-surface ground temperatures determined at 

representative sites within each ecotope were compared with measurements of snow 

depth, active-layer depth, and active-layer gravimetric moisture content. The influence of 

snow on surface temperature over time (hypotheses 2b and 2c) was also examined by 

comparing variation of seasonal indices of surface temperature with air temperature, for 

ecotopes partitioned by upland versus alluvial setting.

3.2.3. Ice wedges

In order to determine the type o f ice wedges in wetland tundra and characterize 

the range of ice-wedge dimensions, several alluvial settings were chosen to sample the 

wedges with a drill, as ice-wedge width cannot be determined easily with ground 

penetrating radar (Bode et al., 2008). Hypothesis 3a was tested by drilling a series of 

holes across the primary axis o f the ice wedges to measure the depth to the top of the 

wedge ice. Hypothesis 3b was tested by measuring ground temperature data recorded in 

polygonal wetlands and assessing the ground thermal contraction cracking potential, and 

also by drilling early in the thawing season to sample ice veins in the still frozen active 

layer that are connected to the top o f the ice wedge. Visual analysis of a satellite image in 

combination with the physical relations established between snow depth, near-surface
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ground temperatures, and ecotope, was used to test if the distribution of ice-wedge 

polygons was related to snow cover thickness (hypothesis 3c). Hypothesis 3d was tested 

by measuring surface microtopography above the ice wedges and comparing this with 

trough dimensions above epigenetic ice wedges and incipient ice wedges.

3.2.4. Frost blisters

Finally, testing hypothesis 4a for the low mounds required that several be 

sampled throughout the polygonal wetlands with a drill so that core could be examined 

for evidence of injection ice. Many mounds were surveyed so the range of dimensions 

could be defined. Hypothesis 4b was tested by comparing near-surface ground 

temperature data from the polygon interiors, which are wet, with data from the polygon 

ridges which are relatively dry. The control on frost blister distribution (hypothesis 4c) 

was assessed by determining a topographic gradient in alluvial wetlands, and then, with 

remotely sensed imagery, determining if any spatial distribution patterns existed in 

relation to the topographic gradient. Hypothesis 4d was tested by locating a polygon with 

multiple frost blisters in its interior, and then comparing the volume of injection ice in a 

typical mound with the potential volume of active-layer water within a typical ice-wedge 

polygon available to be injected. A time series o f remotely sensed imagery was used to 

determine if individual frost mounds existed for two or more years (hypothesis 4e).

3.3. Logistics

Field work took place during summer and winter each year in 2005 -  2009. The 

field research was normally conducted between mid-March and mid-April and again 

from early June through to late August. Site locations were logistically constrained by
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boat accessibility as this was the primary means o f transportation during the summers, 

while winter access was by snow machine.

3.4. Site selection

3.4.1. Transects

With the logistic limitation of boat access in mind, a desk study of aerial photos, 

satellite images, and maps of topography and surficial geology located 11 transects 

throughout KIBS, which were thought to capture the range of near-surface segregated ice 

and ground temperature conditions in the outer Mackenzie Delta area. These transects 

were oriented perpendicular to gradients o f vegetation or topography in order to 

investigate the local-scale variation encountered along the biophysical gradients. 

Comparisons between uniform sections along each transect were used to examine 

regional-scale variation. Transects were established in both upland and wetland tundra in 

order to investigate the difference between saturated wetlands and relatively well-drained 

upland soils. In order to insure adequate representation of all surficial geology in the 

region, investigation of the distribution of near-surface segregated ice was supplemented 

with randomly located samples.

Ice wedges and ice-wedge polygons have been examined in detail at upland 

tundra sites in the outer Mackenzie Delta area (e.g. Mackay, 1974, 1980, 2000; Pollard 

and French, 1980; Mackay and Bum, 2002b). A few ice wedges were investigated at 

uplands within KIBS and their morphologies were no different than those already 

described in the literature, so the investigation focused on ice wedges and ice-wedge 

polygons in alluvial settings. Sites were selected where ice-wedge polygons were evident
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on satellite images and aerial photographs, with some sites near locations of ground ice 

and ground temperature data collection.

Low mounds were observed within some low-centred polygons during some of 

the ice wedge investigations in summer 2007. Satellite images and aerial photographs 

were used again to locate potential study sites for investigation o f  the low mounds. A site 

was chosen within identified Whimbrel (Numenius phaeopus) breeding habitat (Pirie et 

al., 2009), to investigate the near-surface ground thermal conditions o f polygonal terrain 

that may lead to the development o f the low mounds.

3.5. Critical methods

3.5.1. Drilling near-surface segregated ice and sample extraction

A CRREL drill (Figure 3.1a) was used to obtain cores o f near-surface permafrost 

(Figure 3.1b). The objective was to sample the top meter o f permafrost. Some cores were 

longer than this, but those that were shorter due to blockage or infilling were rejected 

from analysis. Each drill site was photographed for reference and general site 

characteristics such as vegetation, and organic-layer thickness, and topographic setting 

were noted. Two core barrels were used, which retrieved samples that were either 5.1 or 

7.6 cm in diameter. A measuring tape was used to determine the core segment length 

after it had been extruded from the sample barrel. Cumulative segment lengths were 

compared to the depth to the bottom o f the borehole, which was measured after each 

segment was removed.

Core segments were divided into 10 cm intervals with a hammer and chisel. The 

general characteristics o f each interval such as soil type, colour, visible organic matter, 

and ice-lens size were recorded. The samples were then double bagged with leak-resistant
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Figure 3.1. (a) Field use of CRREL drill; (b) Measurement of a  permafrost core to be 

divided by hammer and chisel and placed in to sample bags. The core extractor (wooden 

dowel) is at the left.
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plastic bags for transport to the lab in Inuvik for analysis o f excess ice (7c) and 

gravimetric moisture (Mg) contents.

3.5.2. Near-surface ground temperature measurement instrumentation

The objective was to sample temperatures at the ground surface, in the active 

layer, and near the top of permafrost. Temperature monitoring equipment was pre

assembled to record ground temperatures at 150, 100, 50, 25, and 5-cm depths, and at 

three ground surface locations (2 cm) (Figure 3.2). The equipment consisted o f two, 4- 

channel Onset Computer Corporation (Bourne, Massachusetts) HOBO data loggers to 

which were attached 8 thermistor cables. Five thermistors were attached at the specified 

depths to, but insulated from, a support rod o f either wood or metal that was inserted 

down the borehole. The three other thermistor cables were left loose so that they could be 

spread out around the vicinity o f the installation borehole. Weatherproof housings were 

used to protect the data loggers, and sections o f cables near the surface were protected 

with animal resistant housing. The arrangement ensured temperatures would be recorded 

near the top of permafrost regardless o f the active layer thickness, and the use of the 

average of the three surface temperature measurements was thought to provide a better 

estimate of highly variable surface conditions than one thermistor might have provided.

In addition, locating the surface temperature measurement points away from the 

installation borehole was thought to minimize the effects on those readings of surface 

disturbance while drilling.

The temperature monitoring sites were instrumented in late August to minimize 

any difference between the late-summer thaw depth and the top of permafrost. The 

ground surface was covered with a tarpaulin to protect it during installation of the
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instrumentation. A borehole was drilled into the top o f an earth hummock (Kokelj et al., 

2007b) with a soil auger to a depth of 1.5 m below the ground surface, and the cuttings 

were reserved. Ground temperature monitoring equipment was inserted into the borehole, 

which was then backfilled with the reserved cuttings. Three incisions radiating outward 

from the borehole were made in the ground surface with a fixed-blade knife, to allow 

burial of the thermistor cables near the surface, and the thermistor-probes were installed 

in adjacent undisturbed hummock tops at 2-cm depth to obtain an average surface 

temperature. Temperatures were recorded every 2 hours by the pair of data loggers, and 

the data were retrieved from them after the anniversary date.

3.5.3. Ice wedge drilling regime

The objective was to sample the top meter of permafrost above the ice wedges in 

order to determine the ice-wedge morphology and observe the sedimentary structure of 

the adjacent soil. The dimensions of the trough and/or fissure above the wedge were 

measured with a steel tape. The longer horizontal dimensions o f  the surface 

microtopography above the ice wedge were delineated with survey lath (Figure 3.3a).

The survey laths were inserted to the depth of refusal and this dimension was also 

recorded. The relative differences in heights between the inserted stakes were recorded to 

enable reconstruction of the late-summer thaw-depth and surface-elevation profiles. The 

ice wedges were sampled with the CRREL drill (Figure 3.3b) in a series o f boreholes, 

with 15-cm center-to-centre spacing, along a line perpendicular to the ice-wedge primary 

axis (indicated by the direction of the ice-wedge ridges). The 7.6 cm core barrel was used 

exclusively in order to maintain the integrity o f the core sample. The first borehole hole 

was drilled in the centre of the trough above the ice wedge, or the borehole was centred



Figure 3.3. Investigation of ice wedges, (a) Survey lath indicating relative thaw depths, 
(b) CRREL drill and related equipment used to sample wedge ice. (c) Permafrost sample 
showing intersection with wedge ice (75 to 85 cm).
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on the fissure in the ground surface if one was visible. Additional boreholes in the array 

were spaced outwards on either side o f the primary borehole. The vertical change in 

surface elevation was estimated from borehole to borehole using the inserted survey laths 

as control. The end points on either side o f the primary borehole were reached when no 

ice-wedge ice was encountered in a hole bored approximately 200-cm deeper than the top 

of permafrost.

Each core sample was extracted in the normal fashion, but the ice-wedge cores 

were not brought back to the lab. Instead, each section o f core was photographed (Figure 

3.3c), and details on wedge-ice morphology and soil conditions such as stratigraphy, 

colour, and visible segregated ice content were noted to enable construction of borehole 

logs. Wedge-ice dimensions were determined in the lab by assembling the borehole logs 

to scale, with borehole depths adjusted to the surface elevation.

3.5.4. Frost mound image analysis and interpretation

The objective of analysis and interpretation o f aerial photographs and satellite 

images was to test hypotheses on the controls on frost mound distribution, to determine 

the density of frost mounds over time, to define the longevity o f  individual mounds, and 

to assess frost mound degradation patterns. The time-series analyses were conducted on a 

set of historic aerial photographs (1950, 1972, 1976, 1985, and 1992) from Natural 

Resources Canada’s National Air Photo Library at scales ranging from 1:15 000 to 1:60 

000 and scanned at 12.5 pm, an IKONOS satellite image (1-m resolution) taken in 2002, 

and a 1:30 000 scale orthophoto mosaic tile produced by the Mackenzie Valley Air Photo 

project with photographs taken in 2004.
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Each digital image was imported to PCI Geomatica 9.0 OrthoEngine™ software, 

and the images were co-registered to the IKONOS satellite image which had been 

rectified with ground control points (Ashenhurst, 2004). Co-registered images were 

visually surveyed to assess the general distribution of frost mounds. Subsets o f the 

images were exported for further analysis within Arc View GIS™ software (version 3.1). 

Frost mounds were identified by their distinctive shape and tone on the images. An 

Arc View shapefile was created for each subset image, and a point was added for each 

identified mound. The point files for each year were then overlaid on each other, and 

mound longevity was determined from points that overlapped each other in successive 

years. If points from 2 images overlapped each other but there was no point plotted for 

the intervening image, the intervening image was inspected to verify presence or absence 

of a mound. If a mound had been missed, the count for the intervening image was 

corrected, but if there was no mound visible in the intervening image, the mound counted 

in the most recent image was considered to be a new one. Non-overlapping points were 

considered to be new mounds.

Where overlapping points demarcated a long-lived frost mound, any signs of 

degradation were noted in the related images. These indicators were then used to identify 

degrading mounds throughout the image set.

The most recent image was used to test a hypothesis on spatial relations identified 

for frost mounds as a result of field investigation. The image was subdivided into three 

replicate transects oriented orthogonal to the perceived controlling environmental 

gradient, and frost mounds were counted within a set number o f  100x 100 m squares 

aligned randomly along each transect. Statistical analysis o f variation were then used to
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determine if there was significant variation among the replicates or among the sample 

squares.

3.6. Limitations of the study design and sites selected

Though the field seasons spanned 5 years, there were limitations imposed by the 

study design and the sites selected.

There were different numbers o f samples o f each surficial unit as a result of a few 

problems associated with drilling. The CRREL drill would jam if clast sizes greater than 

about medium gravel ( 8 -1 6  mm) were encountered, and in some instances where there 

was a deep, sandy active layer the borehole would collapse making operation of the drill 

impossible. In these cases the boreholes were abandoned. Most o f the time a new 

borehole was drilled nearby, or in a different season, in order to collect a high number of 

cores, but this was not always possible. However, an attempt was made to insure that 

each surficial unit was sampled sufficiently to encompass the range of conditions present.

The numerous ground temperature monitoring sites were chosen to be as 

representative o f the different biophysical settings as possible; the distribution of sites 

was meant to delimit the end members of the range of ground temperatures, with several 

points in between.

The ice wedge investigation examined a limited number o f sites, and this was 

largely due to logistical constraints. It is therefore possible that the complete range o f ice 

wedge morphologies may not have been observed. However, a wide range of 

morphologies were investigated, and one very small ice wedge was investigated that had 

no expression at the ground surface other than a long fissure. Smaller ice wedges likely
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contribute little to near-surface ground ice content and so are not important in the context 

o f this investigation.

There were several additional limitations of the ice-wedge investigation. First, 

there are few data on sedimentation rates in the wetlands. Optical dating was not used to 

determine aggradation rates as it was thought that the present rate could be ascertained 

directly with sediment traps. A set of 12 sediment traps was installed to investigate 

sediment deposition in alluvial wetlands by the Mackenzie River spring flood in 2009, 

but the results were inconclusive due to matrix interference (i.e. little if any sediment was 

deposited compared to insects and plant matter). Second, as the investigation focused on 

the near-surface, the bases of the ice wedges were not determined by drilling. Finally, a 

detailed study of soil deformation by ice wedges in alluvial terrain was beyond the scope 

of the thesis.

As with the ice wedges, the number of frost mounds investigated by drilling was 

limited. However, a broad range of sizes and morphologies were examined, and these 

were thought to be representative of range of frost mounds observed in the field and in 

aerial photographs and satellite images.

3.7. Limitations of methods and measurement uncertainty

3.7. 1. Segregated ice drilling

There were a few uncertainties associated with drilling and segregated ice 

sampling. The cumulative length of complete core segments matched well with measured 

borehole depths to within ±5 cm over the total length of the borehole. Possible reasons 

for this difference are loss of sections o f core that may have cracked off and fallen back 

down the hole, or trampling of the reference surface throughout drilling of the borehole.
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Ice-rich permafrost cores were particularly susceptible to shattering when the 5.1 cm core 

barrel was used, making accurate segment length determination impossible in those 

instances. When there were discrepancies, or when the sample was shattered, the segment 

lengths were determined from the borehole depth. Borehole depths measured with the 

steel tape were probably within ±1 cm. Care was taken to locate and measure down to the 

knob of permafrost core that usually remained projecting upward from the bottom of the 

borehole, and to not put pressure on the tape that might cause bending. Care was taken to 

maintain a vertical borehole, and an obviously skewed borehole was abandoned for a new 

one.

3.7.2. Temperature measurement

There were some problems in the collection o f ground temperature data. At some 

sites thermistor cables (and at one site even the data loggers) were destroyed by wildlife, 

and at other sites the data loggers were inundated by water and short circuited. Both 

scenarios limited or prevented the collection o f data, and it was not always possible to 

repair or replace the equipment. The inconsistency of the available active-layer data due 

to damage or data loss severely limited the utility o f the active-layer thermal data, so the 

analysis in the thesis focuses mainly on surface and permafrost temperatures.

In addition to instrument damage, frost heave of the ground temperature 

monitoring equipment during freezeback of the borehole occurred at some wetland sites 

despite taking measure to minimize frost jacking. However these sites did stabilize after 

the initial freezing. The heave was not considered to be problematic as the design of the 

instrumentation meant that surface temperatures were unaffected. In addition, 

temperatures at the top of permafrost were recorded at set depths, rather than at the
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precise top of permafrost per se, so temperatures measured within near-surface 

permafrost (nominally 150-cm depth) were considered to represent the top of permafrost, 

and were compared between sites. At sites where the 150-cm data were unavailable, the 

100-cm data were used. At any site, the difference between annual mean temperatures at 

the 100 and 150-cm depths in near-surface permafrost was typically <0.1 °C, which is less 

than the ±0.2°C precision of most o f the data loggers used (Table 3.1). A similar 

difference existed between sites instrumented with either a wooden or metal support 

(Table 3.1). These differences were less than the interannual variation (Table 3.1).

The precision and accuracy of the ground temperature measurements are outlined 

in the data chapters.

3.7.3. Ice-wedge drilling

Ice-wedge dimensions were determined by drilling, and as with the segregated ice 

sampling there was some difficulty measuring borehole depths. The most significant 

limitations of the wedge-ice drilling regime were maintenance o f  the 15-cm spacing and a 

vertical borehole. When the core barrel began cutting through the wet, organic active 

layer, it would often skid around until contact was made with the top of permafrost.

When the core barrel caught, the hole initiated was sometimes skewed from vertical. The 

change in spacing was recorded to enable the proper adjustments to be made in the 

borehole analysis. Initial skewing was either straightened out, or the hole was abandoned 

and another initiated beside it, the same distance from the center o f the ice wedge major 

axis. Adjustment for surface elevation at the each drilling location was estimated to be 

within ±2 cm as the local microtopographic differences were small. Finally, the 

maximum ice-wedge widths are based upon the maximum separation o f observed wedge
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Table 3.1. Annual mean near-surface permafrost temperatures at a flat upland tundra site 
with paired instrumentation, one with a metal support rod and the other with a wooden 
support rod.

100 cm 150 cm

Time span Metal Wood Metal Wood

2006-2009 -5.9 -6.0 -5.9 -5.9

2006-2007 -5.5 -5.5 -5.4 -5.4

2007-2008 -5.9 -6.0 -5.9 -5.9

2008-2009 -6.3 -6.5 -6.3 -6.3
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ice, so it is possible that some ice wedges are wider, but as the borehole diameter is just 

about half of the borehole spacing, the underestimate is 15 cm at most.

3.7.5. Determination of frost mound longevity

In order to compare the distribution of frost mounds over time, the images were 

co-registered so that their spatial positions matched. The precision of the co-registration 

of the images was high since there is almost no topographic relief in the wetlands to 

distort the images, and the camera calibration reports were available, enabling the use of 

mathematical camera models calculated in OrthoEngine™ to correct for optical 

distortion. As a result, residual RMS errors of the math model solution for image position 

in terms of ground units were no greater than 1.4 m, and most were less than 0.5 m.

In order to count frost mounds and plot them as points for analysis in the GIS, the 

mounds had to be identified in each image in the time series. There were two main 

limitations for this procedure. The first and most significant was the ability to identify a 

frost mound in an image. Image quality was not consistent and image resolutions were 

not uniform, therefore not all frost mounds may have been counted, and conversely, some 

features may have been included that were not frost mounds. However, the images were 

in a time series, which allowed comparison of the current image being analyzed with the 

images that preceded and followed it: if a sign of frost mound degradation was seen in the 

current image, the location was checked in the preceding image to see if  a frost mound 

had possibly been identified there or missed, or, conversely, if a frost mound was 

identified in the current image, the location was checked in the following image to see if 

there was a sign of frost mound degradation that would lend support to the existence of 

the frost mound in the current image being analyzed. These comparisons were limited by
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the second main constraint, which was the inconsistent temporal increment between 

images that ranged from 2 to 22 years. Closer image increments in the future may 

improve the estimate of longevity and ability to assess frost mound dynamics, but there is 

nothing that can be done to improve the analysis here. As a result o f these limitations, 

exact comparisons could not be made between the images, but the broad general trends 

were clear.



79

4. NEAR-SURFACE GROUND ICE DISTRIBUTION, KENDALL ISLAND 

BIRD SANCTUARY, WESTERN ARCTIC COAST, CANADA

4.1. Introduction

The Kendall Island Bird Sanctuary (KIBS) in the outer Mackenzie Delta (Figure
■y

4.1) was established in 1960 to protect 623 km of critical habitat for migratory 

waterfowl and other birds (Bromely and Fehr, 2002). The area consists of low-lying 

alluvial wetlands and rolling upland terrain that is a western extension of the tundra on 

Richards Island (Mackay, 1963). The area has been the focus o f considerable oil and gas 

exploration, with several significant discovery licences issued, and two fields, at Taglu 

and Niglintgak, proposed for development (Mackenzie Gas Project, 2008). Development 

o f the natural gas at Niglintgak and Taglu would require construction of production and 

transport facilities in the low-lying alluvial terrain and across some uplands.

Extensive alluvial wetlands cover nearly 78% o f KIBS and most are less than 1.5 

m above mean sea level. As a result, the area may be flooded in spring by the Mackenzie 

River, or by storm surges in summer and autumn. The precise flood levels and areas 

inundated are not known because KIBS is remote and undeveloped. Climate change is 

occurring relatively rapidly in northwest Canada (Bum et al., 2004; IPCC, 2007), and 

two factors increase the susceptibility o f the outer Mackenzie Delta to inundation. The 

first is the accelerating rate of relative sea level rise in the region, which over the last 

2000 years has averaged between 2.5 and 1.1 m m a '1 (Hill et al., 1985; Campeau et al., 

2000), but since 1961, within the period of record from a tide gauge at Tuktoyaktuk, has 

been on average 3.5 mm a’1 (Manson and Solomon, 2007). The second is the ice-rich
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nature of near-surface permafrost (Figure 4.2) (Kokelj and Bum, 2005), degradation of 

which will increase the rate of relative sea level rise. Subsidence, as a consequence of 

near-surface thawing, may occur as a result of active-layer deepening due to climate or 

terrain disturbance, and subsequent ponding may lead to further degradation. Such 

subsidence may modify ground currently suitable for bird habitat or infrastructure 

development (Johnstone and Kokelj, 2008).

Ground-ice contents and active-layer thicknesses were determined for 71 sites 

across varying geomorphic settings in KIBS. Field investigations were aimed at 

collecting data from a relatively large number o f sites, in order to characterize the 

inherent variability of ground-ice conditions. Core samples were recovered from the top 

metre of permafrost rather than to greater depths, in order to maximize the number of 

sample sites in the time available. The primary objectives o f this chapter were: 1) to 

characterize near-surface ground ice conditions by terrain type; 2) to investigate the 

geomorphological controls on ground-ice development; and 3) to estimate, for alluvial 

wetlands, the combined effect of potential subsidence from ground-ice degradation and 

sea-level rise.

4.2. Near-surface segregated ground ice

A widespread feature o f permafrost terrain is an ice-rich zone at the base o f the 

active layer consisting o f segregated ice lenses (Figure 4.2) (Mackay, 1972; Bum, 1988; 

Shur et al., 2005; Kokelj and Bum, 2005). Ground-ice content in excess of the saturated 

moisture content of thawed soil is called ‘excess ice’ (French, 2007), and in the outer 

Mackenzie Delta area, near-surface excess ice is largely segregated and wedge ice
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Figure 4.2. The interface between the base o f the active layer and the top o f permafrost 
(approximately at 7 cm on the scale) in alluvial sediment from the outer Mackenzie 
Delta. Segregated ice lenses appear darker than the ice-bonded sediment. Reprinted with 
permission of John Wiley and Sons.
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(Mackay, 1963; Pollard and French, 1980; Kokelj and Bum, 2005). Segregated ice 

develops due to thermally induced pressure potentials that transfer moisture into freezing 

ground (Mackay, 1972). Ice lenses may continue to grow as long as a thermal gradient is 

maintained and moisture is available. Aggradational ice develops when a rising 

permafrost table traps segregated ice lenses at the base of the active layer (Mackay, 1972; 

Mackay and Bum, 2002a; Shur et a l , 2005), and through the seasonal moisture 

imbalance in the active layer and top of permafrost between thermally induced winter- 

upward and summer-downward moisture migration (Cheng, 1983; Mackay, 1983; Bum, 

1988). Over time, these processes may lead to gradual ice enrichment of near-surface 

permafrost (Cheng, 1983; Kokelj and Bum, 2003; Shur et a l,  2005). Variation in near

surface ground-ice content is associated with soil physical properties, available moisture, 

and the process and duration of ice formation (Mackay, 1972).

4.3. Kendall Island Bird Sanctuary

The Kendall Island Bird Sanctuary, bounded by Mackenzie Bay to the north, 

Harry Channel to the east, and Middle Channel o f Mackenzie River to the south and west 

(Figure 1.1), contains two physiographic subdivisions (Figure 4.3) (Mackay, 1963; 

Rampton, 1988): (1) Tununuk Low Hills at the southwest are remnants of Richards 

Island, and are characterized by a rolling upland terrain, usually less than 50 m above 

mean sea level, interspersed with broad, poorly-drained depressions, and covering 

approximately 22% of the area; and (2) Big Lake Delta Plain, a  low-lying flat alluvial 

wetland with numerous intersecting channels and lakes that is subject to flooding by 

spring runoff or storm surges. Tununuk Low Hills uplands are a  mosaic of thermokarst
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Figure 4.3. Upland terrain (a) and surrounding flood-susceptible lowland alluvial 
wetlands (b) located across the channel from the southern tip o f  Taglu Island, 20 June 
2006. The residual patches of a seasonal snow are on a south-facing slope. Reprinted with 
permission of John Wiley and Sons
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lake beds (TK), gravelly sandy hills, ridges and terraces (G), ice-thrust hills and ridges 

(I), and till plains (TP) (Rampton, 1987) (Figure 4.4). The uplands contain surficial units 

that are the result of glacial modification of Pleistocene marine and fluvial deposits 

during the Wisconsinan advance, near-surface permafrost aggradation during post-glacial 

retreat, thermokarst activity during the early Holocene, and subsequent development of 

aggradational ice (Rampton, 1988; Bum, 1997). Sediment textures range from clay to 

sandy gravel (Rampton, 1988). In contrast, the lowland Big Lake Delta Plain is 

characterized by fine-grained alluvial deposits (F) (Figure 4.4), with modem sediment 

deposition during flooding in the spring, and near-surface ground-ice development under 

saturated conditions (Rampton, 1988; Kokelj and Bum, 2005).

The climate of the Mackenzie Delta area is characterized by long, cold winters 

and short, cool summers. Mean annual air temperature has increased by about 3°C during 

in the 20th century (Skinner and Maxwell, 1994), and general circulation models for 

northern Canada project a 4°C increase in mean annual air temperatures, and a 4 to 10°C 

increase in mean winter temperatures with a doubling of atmospheric CO2 concentration 

(Boer et al., 1992; Bum et al., 2004).

Vegetation distribution in KIBS is associated with gradients in topography, soil 

moisture, and nutrient conditions (Mackay, 1963; Bliss, 2000; Johnstone and Kokelj,

2008). Upland terrain units G, I, and TP, characterized by lichen or dwarf shrub heath 

tundra, are generally well drained, with a 1-2 cm thick organic layer. On moist slopes and 

in valleys, tussock tundra or low shrub tundra can be found with a thicker organic layer. 

Graminoid-moss tundra can be found in localized depressions within G, I, and TP, or 

large depressions corresponding to TK. Mosses and sedges with 1-1.5 m thick peat
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deposits are associated with small raised-centre polygonal peatlands (PT), which are 

scattered within each upland terrain unit (TK, G, I, TP). Alluvial wetlands in fine-grained 

river deposits (Fw) are dominated by tall sedges underlain by mineral soil with 

gravimetric organic-matter content typically greater than 10% (Mackay, 1963; Kokelj 

and Bum, 2005). At the outer delta, a succession of horsetail and willow shrubs grow on 

point bars (Fp) where the surface is characterized by fine sand and silt deposits with low 

organic-matter content (Gill, 1973; Kokelj and Bum, 2005).

Local-scale active-layer thicknesses are affected by ground temperature, the 

nature of the ground and standing vegetation covers, and the thermal properties of the soil 

materials, which are influenced largely by the thickness o f the soil organic layer 

(Williams and Smith, 1989). Field measurements of active-layer thickness at KIBS range 

between 30 cm and 124 cm at hummocky upland sites, and between 38 cm and 130 cm in 

low grass and sedge wetlands. Active-layer thicknesses in ice-rich permafrost usually 

vary less than 10% inter-annually due to latent heat effects (Bum, 2004a; Shur et al., 

2005). If seasonal thaw depths increase due to ground warming, thawing may result in 

subsidence (Mackay, 1970, 1995a) and ecological change due to modification of soil 

moisture and nutrient conditions (Kokelj and Bum, 2003; Johnstone and Kokelj, 2008).

4.4. Permafrost

The Kendall Island Bird Sanctuary is within the continuous permafrost zone 

(Heginbottom et al., 1995). Ground temperatures and permafrost thicknesses in the 

Mackenzie Delta area are influenced locally by vegetation, topographic setting, snow 

depth, and proximity to shifting channels (Mackay and MacKay, 1974; Smith, 1975; 

Mackay and Bum, 2002a,b). Mean annual ground temperatures and the thickness of
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permafrost respectively range from -8 to -5°C to close to 0°C, and from 400 to 600 m to 

only a few metres on the point bars of migrating channels (Judge et a l,  1987; Burgess 

and Smith, 2000; Dyke, 2000b; Nguyen et al., 2009).

Much of the uppermost permafrost occurs in unconsolidated sediments with 

typically greater than 20% visible ice content in the top 10-20 m (Figure 4.5) (Mackay, 

1966). Aggradational ice in wetlands has developed only in the last 1500 to 500 years 

(Taylor et a l,  1996), in a saturated alluvial plain that is aggrading at an unknown rate due 

to flooding, sediment deposition, and organic accumulation. Throughout the uplands, 

near-surface ground ice has developed at the top of permafrost as the active layer has 

thinned following the early Holocene warm interval (Bum, 1997). In uplands, slow 

solifluction and colluviation at the base of the slope has led to the development of up to 

3-m thick intermixed peaty-organic-material soils with high contents o f aggradational ice 

(Mackay, 1958, 1970). The organic contents o f these deposits are likely bracketed by the 

organic-rich soils at PT and the organic-poor soils at Fp.

4.5. Field and laboratory methods

A drilling program to sample near-surface ground ice was conducted within KIBS 

in 2006 and 2007. Samples were collected at 71 locations within TK, G, I, TP, Fw, and Fp 

surficial units to determine local-scale variation in the ice contents of permafrost in 

relation to gradients of slope, drainage, and active-layer thickness and ecological patterns. 

Most o f the samples were collected at sites located randomly within each surficial unit in 

order to determine inter- and intra-unit variation (Figure 4.4). A t each location, the active 

layer and top metre of permafrost were extracted with a 5-cm diameter CRREL drill. The 

core was sectioned into 10-cm intervals and the samples were double bagged for
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Figure 4.5. Retrogressive thaw slump in ice-rich marine sediments (Rampton 1988), ice- 
thrust hills and ridges (I), Kendall Island, 4 July 2005. The active layer in this area, 
apparent in this image due to organic carbon accumulation at its base, is approximately 
0.6 m thick. The orange backpack is approximately 0.4 m tall. Reprinted with permission 
of John Wiley and Sons.
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transport to the lab. Topographic setting was noted at each location, and position was 

recorded by GPS. Surface organic-layer thickness was determined directly from the 

borehole, and active-layer thickness at each site was approximated by revisiting the 

location at the end of August 2007 and probing the late-summer thaw depth (Mackay, 

1977).

Soil excess ice and gravimetric-moisture contents o f the upper 1 m of permafrost 

were determined from each 10-cm section of core in the lab. Each sample was thawed, 

re-moulded, and allowed to settle to yield a saturated sediment layer with supernatant 

water on top, and excess-ice content was estimated according to (Kokelj and Bum, 2005): 

Ic =  [ (w v x 1 .0 9 )/(S „  +  (Wv x 1.09) )] x 100  , [4.1]

where Ic is the excess-ice content (%), Wy is the supernatant volume, and S v is the 

saturated soil volume. The sample was then oven dried at 105°C to determine 

gravimetric-moisture content (Mg). Ic is likely an underestimate because it does not 

account for the approximately 10% volume of air bubbles commonly found in larger 

ground ice bodies (Mackay, 1966; French, 2007), nor for consolidation of thawed soil to 

field bulk density. Determination of Ic can be problematic in clays because they settle 

slowly.

A subset o f cores from upland {n ~  16) and lowland (n = 4) locations was 

randomly selected to examine variation in ground ice contents with soil texture and soil 

organic-matter content. Soil particle size distribution (2 mm > sand > 53 pm > coarse silt 

> 20 pm > medium silt > 5 pm > fine silt > 2 pm > clay) was determined by sieving and 

the pipette method and gravimetric organic-matter content was estimated by loss-on-
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ignition (LOI) (Sheldrick, 1984), for those 10-cm sections in the cores that aggregated 

centrally on 5, 35, 65, and 95- cm depths below the permafrost table.

A Kruskal-Wallis test with adjustment for block means (Sokal and Rohlf, 1995) 

was used to determine if there is a difference in excess-ice variation among depths and 

among sites within each surficial unit. If the results indicated significant variation among 

depths across sites, the scale at which there was consistency was determined by 

recalculating the variance of ground-ice content as depths were aggregated via increasing 

the bin size by 10-cm increments. If the results o f the Kruskal-Wallis test indicated 

significant variation between sampling sites, a randomized resampling approach was used 

to estimate the change in variance associated with increasing the number o f sites in the 

analysis (Sokal and Rohlf, 1995). This approach enabled the structure of the variance to 

be determined; specifically how many sites were needed to account for a given 

proportion of the total variance. This process involved four steps: first, the sampling sites 

in each unit were arranged in a random order; second, the increasing variance of the 

ground ice contents was determined as sample sites were added one by one; third, these 

calculations were repeated 1000 times for random orders o f sample sites; and fourth, the 

mean variance for the 1000 iterations was calculated for each number o f sites. This 

process was repeated four times for each surficial unit, to obtain curves showing an 

increase in variance with an increase in number o f sample sites considered. Population 

statistics for each number of sample sites were used to determine the number required to 

reduce the standard error of the mean such that the 95% confidence interval covering the 

mean was spread over less than a 15% absolute difference from the mean.
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4.6. Results and discussion

4.6.1. Near-surface ground ice characteristics and surficial unit

Excess ice in near-surface permafrost occurs in every unit of the outer Mackenzie 

Delta (F, TK, G, I, TP) (Figure 4.6 and Table 4.1).

Permafrost underlying alluvial wetlands (Fw) was ice rich, with gravimetric- 

moisture contents ranging from 39 to 338% in the 19 sites drilled in this unit. The 

average gravimetric-moisture content declined with depth (Figure 4.6a), from 125% at 

the base o f the active layer to less than 100% at 1 -m depth in permafrost. The Kruskal- 

Wallis test shows that excess ice in Fw varies significantly with site but not with depth 

(Table 4.2). Though excess-ice content in Fw ranged from 2 to 70% (Figure 4.6a), the 

near-surface ice content o f Fw was, on average, the highest of any surficial unit (34%), 

and up to 54% for a given sample in the upper 50 cm. The standard error of the estimate 

of the mean and the coefficient o f variation of Fw (Table 4.1) are low for both the upper 

100-cm and upper 50-cm cases, indicating that the data are a good representation of the 

population.

Ground-ice content at upland locations was similarly enriched with ice (Figures 

4.6b-e, and 4.6g). The standard errors and coefficients o f variation in uplands were 

generally greater than in Fw with the greatest values occurring in G (Table 4.1), but the 

values still indicate a high level o f agreement between the population and sample means. 

At TK sites, which are in general poorly drained basins in the uplands, the gravimetric- 

moisture contents o f permafrost ranged from 42 to 348%, with no significant difference 

with depth (Figure 4.6b). Mean gravimetric-moisture contents in the other upland 

surficial units generally decreased with depth, although mean gravimetric moisture
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Figure 4.6. Gravimetric moisture and excess ice contents in near-surface permafrost for 
different surficial units and some geomorphic features, outer Mackenzie Delta area: (a) 
fine-grained alluvial wetlands (Fw); (b) thermokarst lake beds (TK); (c) gravelly and 
sandy hills, ridges, and terraces (G); (d) ice-thrust hills and ridges (I); (e) till plain (TP); 
(f) point bars (Fp); and (g) peat from polygonal peatland (PT). The mean value at each 
depth is indicated by the line with no interpolation between points, n indicates the 
number of sites sampled in each unit. Note the change in scale for PT. Reprinted with 
permission of John Wiley and Sons.
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Table 4.1. Summary statistics for excess-ice content (%) o f the upper 50 and 100 cm of 
permafrost, sampled in the outer Mackenzie Delta.

Surficial unit Mean Median Min. Max. SD SE CV
Fw, fine-grained alluvial wetlands, n = 19

Upper 50 cm 36.6 36.8 20.0 53.5 9.7 1.0 0.27
Upper 100 cm 34.1 32.8 18.6 46.3 7.4 0.8 0.22

TK, thermokarst lake beds, n = 8
Upper 50 cm 26.0 23.3 16.6 38.2 8.0 1.3 0.31
Upper 100 cm 25.7 26.0 13.4 37.9 8.6 1.4 0.33

G, gravelly and sandy hills, ridges and terraces, n = 16
Upper 50 cm 24.8 19.5 1.3 60.0 17.8 2.0 0.72
Upper 100 cm 20.2 19.2 0.8 39.5 12.3 1.4 0.61

I, ice-thrust hills and ridges, n = 9
Upper 50 cm 23.2 24.1 7.8 36.3 8.9 1.3 0.38
Upper 100 cm 22.6 23.8 7.2 37.8 8.5 1.3 0.37

TP, till plain, n = 10
Upper 50 cm 32.7 34.1 20.9 47.6 8.4 1.2 0.26
Upper 100 cm 28.6 28.7 10.5 46.6 11.4 1.6 0.40

n = number of cores used. Samples from hillslopes are not included. 
SD is the standard deviation from the mean.
SE is the standard error o f the estimate of the mean.
CV is the coefficient of variation.
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content at I and TP sites was greater than at G (Figures 4.6c-e). The mean excess-ice 

content in the upper 100 cm of permafrost within upland terrain units was highest in the 

poorly drained TP and least in G (Table 4.1). Excess-ice variation in the upper 50 cm 

within G was the greatest of the surficial units, ranging from nearly 0 to over 60% (Table

4.1). The Kruskal-Wallis test shows that excess-ice contents in G, ranging from 0 to 74% 

(Figure 4.6c), in TK, ranging from 0 to 67% (Figure 4.6b), and in I, ranging from 0 to 

82% (Figure 4.6d), vary significantly between sites but not between depths (Table 4.2). 

The results indicate that proximity to the top o f permafrost, in the upper 1 m, is not a 

determining factor for ground ice volume in Fw, TK, G, and I, suggesting that between- 

site variation in soil physical properties or surface conditions is more important. In 

contrast, for TP, there is significant variation with depth and site, and the largest variance 

is associated with between-site differences (Table 4.2). The results suggest that excess 

ground-ice content in TP can be regarded as heterogeneous. PT occurs in each of the 

upland units, but is not included in the statistical analysis since data were collected from 

only one site. As indicated on Figure 4.6g, the peat has a high moisture content, but there 

was no excess ice in the core.

The heterogeneity of samples with depth within TP was determined by combining 

adjacent samples and evaluating the change in variance with increasing thickness. 

Samples combined into 20-cm intervals were significantly different (F-statistic o f 2.20 

against a critical value o f 2.07 with a 95% confidence level on 8 degrees of freedom), but 

when the samples were aggregated into 30-cm intervals the differences between them 

were not significant (F-statistic o f 2.03 against a critical value o f  2.16 with a 95%
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Table 4.2. Kruskal-Wallis tests (a = 0.05) for excess-ice data from Kendall Island Bird 
Sanctuary.

_______ Source________ Degrees of freedom______H-statistic_______H-critical value_______ P-value
Fw, fine-grained alluvial wetlands

Depth 9 16.00 16.92 0.067
Site 17 50.64 27.59 <0.001

TK, thermokarst lake beds
Depth 9 9.39 16.92 0.402
Site 4 11.74 9.49 0.019

G, gravelly and sandy hills, 
Depth

rivers and terraces 
9 13.08 16.92 0.159

Site 13 51.04 22.36 <0.001
I, ice-thrust hills and ridges

Depth 9 8.95 16.92 0.442
Site 7 14.65 14.07 0.041

TP, till plain
Depth 9 29.00 16.92 0.001
Site 8 28.44 15.51 <0.001

Significant results are in boldface.
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confidence level on 7 degrees o f freedom). These results indicate that most o f the 

variation with depth observed across all sites in TP occurs at a relatively fine scale.

In contrast with permafrost from the units described above, permafrost in newly 

exposed point bars (Fp) has a relatively low ground-ice content, associated with ice- 

bonded sandy silts, rapid rates o f sedimentation, relatively ‘warm’ conditions, well- 

drained soil (Figure 4.6f) and, possibly, insufficient time to develop an ice-rich zone at 

the base of the active layer (Kokelj and Bum, 2005). A similarly uniform, low ground-ice 

content was recorded by Williams (1968) from several sites in central Mackenzie delta. 

Ground ice in the point bar environment of the Mackenzie Delta has been previously 

discussed (Smith 1975; Dyke, 2000b; Kokelj and Bum, 2005), and because this chapter 

presents only three permafrost samples from Fp, this unit was not included in the 

statistical analyses.

Between-unit excess-ice variation was examined using Dunn’s statistic (Dunn,

1964), a non-parametric multiple comparison, based on the descriptive statistics given in 

Table 4.1. The ranked mean excess ground-ice contents in the upper 100 cm of 

permafrost in each unit were compared to determine if there was a statistically significant 

difference between samples from separate units. Mean excess-ice volumes were only 

significantly different between Fw and G, for ground ice formed in saturated alluvium 

and well-drained gravelly sands, respectively (Dunn’s statistic Q tested 3.46 against a 

critical value of 2.81 at 95% confidence level on 5 degrees of freedom).

4.6.2. Thermokarst subsidence estimates

An increase in ground surface temperature due to disturbance or climate change 

may cause active-layer thickening and thermokarst subsidence as a result o f the loss of
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excess ice. The latter is the proportion of total sample volume in excess of soil porosity 

and is comparable to thaw strain (Crory, 1973; Pullman et a l,  2007; Bum and Zhang,

2009), 6:

$ =  [(ydt -  Ydf)/Ydt ], [4.2]

where yj, and jdf are the respective thawed and frozen soil bulk densities.

Estimated potential thaw strains for 10-cm incremental sections of the uppermost 

1 metre of permafrost were calculated for Fw and G (Figures 4.7a and 4.7c) which bound 

the range of estimated potential subsidence in the study area. Estimated mean thaw 

strains are generally greater in Fw than in G, but maximum thaw strains in both units can 

exceed 0.5. Thaw strains >0.5 indicate that the amount o f thermokarst subsidence is 

greater than the increase in active-layer thickness.

Potential thermokarst subsidence as the uppermost 100 cm of permafrost thaws 

was approximated for Fw and G (Figures 4.7b and 4.7d) from excess-ice content 

estimates (see Mackay, 1970). Fw could experience median subsidence of 34 cm, an 

amount that may be physically and ecologically significant since the terrain is commonly 

within 1.5 m of mean sea level (Mackay, 1963; Johnstone and Kokelj, 2008). As a result 

o f such subsidence, relative sea levels would rise and the frequency and duration of 

inundation by spring floods and storm surges would increase (Table 4.3). For example, 

assuming this subsidence and chart datum water level for 2000, the magnitude of 

inundation imparted at present by a 100-year flood would occur once every 21 years, and 

similarly, terrain impacted by a flood associated with the current 5-year return interval 

might experience such flooding almost annually (Table 4.3, column 6). Under this 

scenario, terrain inundated by the 2.65-m high 100-year flood modelled by Manson and



99

b) F,

30

40

50
0 20 40 60 80 100

S  20

40

c l  60

o.
100

0.2 0.4 0.6 0.8 10
Thaw strain (8) Active-layer deepening (cm)

o
c) G

20

40

Q. 60

80
Q.

100
0.4 0.6 0.8 10 0.2

d) G

20

30

40

50
0 20 40 60 80 100

Thaw strain (5) Active-layer deepening (cm)

Figure 4.7. Thaw strain and thermokarst subsidence estimates for the uppermost 100 cm 
of permafrost for (a, b) fine-grained alluvial wetlands (Fw) (•), and (c, d) gravelly and 
sandy hills, ridges, and terraces (G) (+), based on median ground ice content (solid line), 
and composite profiles o f the samples with maximum ground-ice content (dashed line) 
and minimum ground-ice content (dotted line) at 10-cm intervals. Reprinted with 
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Table 4.3. Statistically modelled return periods (years) for 2000 peak storm water levels 
(m above chart datum) based on relative sea-level rise and 34 cm of subsidence.

1 2 3 4 5 6 7 8
Elevation Adjusted return Adjusted return

Return Return Return with Adjusted return period with period with
Elevation, period, period, period, subsidence, period with subsidence, subsidence,

2000 2000* 2050* 2100* 2000 subsidence, 2000 2050 2100
1.77 2 < 1.00 < 1.00 1.43 < 1.00 < 1.00 < 1.00
2.00 5 1.30 < 1.00 1.66 1.14 < 1.00 < 1.00
2.16 10 2.65 < 1.00 1.82 2.32 < 1.00 < 1.00
2.36 25 6.48 < 1.00 2.02 5.67 1.42 < 1.00
2.51 50 12.66 1.70 2.17 11.07 2.78 < 1.00
2.65 100 23.64 3.17 2.31 20.68 5.18 < 1.00

* Return periods interpreted from data in Manson and Solomon (2007).
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Solomon (2007) for 2000 might be submerged about every three years in 2100 due to 

relative sea-level rise alone, but with subsidence it might occur annually (Table 4.3, 

columns 4,8). The manner in which flood duration would change is unknown.

Thermokarst subsidence may affect ecological communities and breeding bird 

habitat in the outer Mackenzie Delta area and increased inundation may also impact the 

stability of sumps constructed in alluvial wetlands during the 1970s to immobilize 

drilling waste (Johnstone and Kokelj, 2008). Improved understanding of the rates of 

surface aggradation in alluvial wetlands, due to variation in the rates of overbank 

sedimentation with such factors as ecological terrain type (Pearce, 1994), would further 

constrain surface subsidence estimates.

4.6.3. Spatial distribution o f near-surface ground ice in the outer Mackenzie Delta

Variation among excess ice samples was investigated for each unit with a 

randomized resampling approach to determine the number of samples at which 95% of 

the total variation in ground-ice content was determined. Sites that are on hillslopes were 

not included in this analysis because they are closely spaced and would be subject to 

spatial autocorrelation. Available moisture is the overriding influence on spatial variation 

at hillslope locations, as discussed below. The summary results presented in Table 4.1, 

especially the low standard errors, indicate that the sites are representative o f the 

population and that variation in excess-ice content at upland sites (TK, G, I, TP) is 

generally greater than in lowland alluvial wetlands (Fw). In this analysis, the total 

variance from all samples collected in a surficial unit was assumed to represent the 

variation in ground-ice content in the unit. If a site was missing a depth interval, it was 

not included in the site grouping for the respective surficial unit which, in some cases,
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reduced the number o f sites in the set. Figure 4.8 indicates that, in all units, on average 4 

sites, providing 40 samples in total, account for 95% of the variation in excess-ice content 

in the unit. The analysis also shows that the spread in Fw between the 25th-smallest and 

25th-largest values o f cumulative variance is less than in the uplands (Figure 4.8). This 

suggests that because there is greater variation in permafrost conditions in upland units 

than in Fw, fewer sites, in general, are needed in upland units to generate a close estimate 

of the population mean variance o f excess-ice contents.

4.6.4. Factors influencing the distribution o f near-surface ground ice

The variation in ground-ice content between sites but within a geomorphic unit 

can be attributed to several elements that relate to geomorphic setting. Ice segregation is 

related to frozen soil hydraulic conductivity that is greatest in medium-to-fine-grained 

soils (Burt and Williams, 1976). Soil texture analysis on the mineral fraction of samples 

collected at 5, 35, 65, and 95-cm depths below the permafrost table from 4 sites in 

alluvial wetland terrain and 16 sites in upland terrain indicates that most of the samples 

are frost susceptible with more than 40% silt, less than 35% clay and greater than 50% 

silt and clay combined (Figure 4.9). TK mineral soil was generally greater than 60% silt, 

and was indicative o f lacustrine sediments. Sediments in Fw are generally silts or sandy 

silts with silt contents ranging from 39 to 97%, values that are consistent with alluvial 

sediments reported for the area (Kokelj and Bum, 2005). All units with their high silt 

content therefore consist of frost susceptible soils (Williams, 1982).

Moist soil during freeze-back promotes increased development of aggradational 

ice (Mackay, 1983; Williams and Smith, 1989). In the outer Mackenzie Delta area soil 

moisture is related to topographic drainage, which is reflected by a change in vegetation
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TP), outer Mackenzie Delta area. Reprinted with permission o f John Wiley and Sons.
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(Mackay, 1963; Johnstone and Kokelj, 2008). The relation between ground-ice content 

and topographic drainage was investigated along two slope sequences at TP and I, at sites 

between 5 and 10 m apart, where permafrost has aggraded at the slope base due to 

colluviation (Figure 4.10). Gravimetric-moisture content increased downslope by an 

order of magnitude in each sequence, while the range in excess-ice content downslope 

remained approximately the same. A thick layer o f nearly pure ice was noted at the lower 

slope segment of TP (Figure 4.10), and at two other lower slope locations in I. The 

tabular ice thicknesses ranged from 30 to 50 cm, and the depth to the ice ranged from 10 

to 40 cm below the permafrost table. These observations are consistent with those of 

Mackay (1958) that in such areas there is usually extensive interstitial ice that may 

overlie thick, tabular, horizontal ice sheets. It was not possible to determine in the field 

whether the ice was segregated or injection ice (Mackay, 1972). These observations and 

the high excess-ice contents in Fw, which is a saturated environment, demonstrate the 

significant influence that available moisture can have on ground-ice contents.

4.6.5. Influence of organic-matter contents on ground-ice contents 

Variation of gravimetric-moisture contents in all surficial units may be associated with 

high organic-matter contents and low bulk density in some of the samples (Figures 4.6a- 

e). This is illustrated by the contrast between the gravimetric-moisture content of 

permafrost at a point bar (Fp) (Figure 4.6f) and permafrost from a polygonal peatland 

(PT) (Figure 4.6g). Organic matter was not visible in samples from Fp, and gravimetric- 

moisture content ranged from 30 to 47% (Figure 4.6f). In PT, where the upper 1 m of 

permafrost is entirely peat, significant gravimetric ice contents were observed at all 

depths, ranging from 100 to 1116% (Figure 4.6g).
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The relations between gravimetric-moisture content and excess-ice content in 

each surficial unit are confounded in organic-rich soils by their low bulk density, and by 

variation in soil texture. Figure 4.1 la  shows the relation in Fw between excess-ice and 

gravimetric-moisture content with a regression calculated excluding the indicated 

outliers. The latter are separated from the fitted line by more than two standard deviations 

o f the residual variation from the regression line calculated with all data. Exclusion of 

outliers (n = 8) (Figure 4.1 la) from the regression increased r2 from 0.58 to 0.82. The 

outliers, which come from various depths, are associated with high visible organic-matter 

contents observed in the field. The effects of organic-matter content and soil texture are 

demonstrated by a subset of samples from upland sites for which soil organic contents 

were determined in the laboratory by LOI. Samples with less than 10% organic content 

show a positive relation between the regressed variables (Figure 4.1 lb). Samples with 

greater than 10% organic content exhibit a great scatter o f excess-ice contents in relation 

to the gravimetric-moisture content. The differences between the relations for alluvial and 

upland terrain (Figure 4.1 la, b) may be due to varying soil properties, such as bulk 

density, in samples from different surficial units.

4.6.6. Surficial unit sampling strategies

Following the analysis of data, the statistical results (Tables 4.1 and 4.2; Figure 

4.8) indicate that sampling strategies for future ground-ice investigations in the outer 

Mackenzie Delta area at relatively flat sites may depend upon the surficial unit. On 

average, only a small number o f samples (40, 10-cm sections) taken in areas 

representative of local environmental and soil conditions are necessary to describe the 

mean variation in ground-ice contents. This is supported by the low standard errors and
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coefficients of variation indicating that the sample means are close to the population 

means for all units. The number of sites required to estimate the population mean, p, can 

be determined with the sample mean. A requirement to control the absolute error at a 

certain level can be stated as:

P ( \ X - n \ < d ) < l - a ,  [4.3]

where d  is the pre-chosen allowable difference and a is the level o f significance, 

assuming a normal distribution (Desu and Raghavarao, 1990). The number of sites, n, 

required to estimate ju, such that the estimator X  satisfies the requirement given in 

Equation 4.3, can be estimated with Stein’s two-stage procedure (Desu and Raghavarao, 

1990). Since each site is a cluster of 10 samples, n must be adjusted by the design effect 

which is based on the intraclass correlation coefficient that accounts for the proportion of 

the variation among groups (Sokal and Rohlf, 1995).

With a randomization approach, n can be determined graphically as it inherently 

includes the design effect and therefore yields the same results as the adjusted Stein’s 

procedure (Figures 4.8a-e; d — 15%, a -  0.05). For example, in Fw and G where there is 

significant variation between sites, but site-specific conditions are relatively 

homogeneous, at least 130 samples (i.e., the upper 100-cm of permafrost sectioned into 

10-cm intervals at 13 sites) are required in each case for the sample variance to be within 

15% of the population mean variance with 95% confidence (Figures 4.8a and 4.8c). At 

TP, where there is significant within-site variation, 7 sites (upper 1 -m of permafrost 

sectioned into 10-cm intervals giving 70 samples) are required to meet the same level of 

confidence. With the sampling strategy used in this study, only 4 sites are required in TK
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due to homogeneity of conditions within the unit (Figure 4.8b), while 7 sites are required 

in I due to greater overall range in sample variance (Figure 4.8d).

In any investigation, shallow ground ice samples may be gathered since ground- 

ice contents are homogeneous with depth in Fw, TK, G, and I, and they are homogeneous 

in TP with 30-cm aggregate samples. Investigators concerned with ground ice on slopes 

should directly sample slopes o f interest. At these locations ground ice variation is most 

significantly influenced by the moisture availability, and the presence of thick tabular ice 

bodies in near-surface permafrost is a possibility.

4.7. Conclusions

1. In the outer Mackenzie Delta area, fine-grained alluvial wetlands (Fw), 

thermokarst lake beds (TK), gravelly sandy hills, ridges and terraces (G), ice-thrust hills 

and ridges (I), and till plains (TP) are underlain by high ice content permafrost (> 20% 

mean excess ice content (Ic) in the top 1 m of permafrost).

2. Moisture availability is an important influence on ground-ice contents 

which was demonstrated by permafrost underlying alluvial wetlands at Fw which had the 

highest mean excess-ice content (34% Ic in the upper 100 cm), and by gravimetric- 

moisture content of near-surface permafrost increasing downslope by an order of 

magnitude in I and TP.

3. Excess-ice content is poorly related to gravimetric-moisture content in 

permafrost from the outer Mackenzie Delta area because variable organic-matter contents 

create a range of dry bulk densities for the soil constituents.

4. Variation among samples within each surficial unit is significant for all 

surficial units, but on average, at least 95% of the variation in ground-ice conditions can
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be accounted for by 40 samples from the top 1 m of permafrost. However, the minimum 

number of samples required to estimate mean variance within 15%  o f mean population 

variance with 95% certainty is typically greater, varying with surficial unit from 40 to 

130 (10-cm interval) samples.

5. Within each surficial unit, variation between depths across sites was not 

significant with the exception of TP, but when 10-cm depth intervals at the latter were 

aggregated to 30-cm thicknesses, the differences between samples were not significant. 

Sampling strategies may therefore utilize several shallow sites, rather than a few deeper 

sites to obtain the required number of samples.

6. The potential impact o f permafrost degradation may be most significant in 

the widespread alluvial wetlands (Fw), which are no higher than 1.5 m above mean sea 

level. In this unit, thaw subsidence would compound the effects o f relative sea-level rise 

to increase the frequency of extensive flood events. The change in flood frequency may 

be offset to some extent by sediment accumulation from flood deposits, but the rate of 

sedimentation is presently unknown.



112

5. THE INFLUENCE OF SNOW ON NEAR-SURFACE GROUND 

TEMPERATURES IN UPLAND AND ALLUVIAL ENVIRONMENTS OF 

THE OUTER MACKENZIE DELTA, N.W.T.

5.1. Introduction

Variations in surficial geology and geomorphology between alluvial and 

glacigenic deposits in the outer Mackenzie Delta give rise to a suite of distinct 

biophysical environments (Mackay, 1963; Bum and Kokelj, 2009). Topography, 

vegetation cover, snow depth, and soil moisture all vary across the landscape. As a result, 

there may be significant spatial variation in ground temperatures under a common 

climate. The outer Delta is underlain by continuous permafrost (Heginbottom et al.,

1995), and most of the terrain units are ice rich (Morse et al., 2009).

Snow cover exerts a critical control on near-surface ground temperature (Zhang, 

2005). In the Mackenzie Delta south of treeline, Gill (1972) and Smith (1975) showed 

that deep snow, trapped in channel-bank vegetation, may lead to degradation of 

permafrost and talik development. Heginbottom et al. (1995) classified the forested 

portion of the Mackenzie Delta as discontinuous permafrost, implying that ground 

temperatures there are quantitatively different from the tundra environments o f the outer 

Delta. Snowfall is greater in the forested delta than on the tundra, and redistribution by 

wind is limited to areas adjacent to rivers and lakes (Smith, 1975). However, in tundra 

environments, snow blows over the entire landscape, and local snow accumulation is 

dominantly controlled by vegetation and topography (e.g. Mackay and MacKay, 1974; 

Lantz et al., 2009). As a result, topography, particularly in upland settings, may exert
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another significant influence on soil microclimate in addition to the well-understood 

effects of aspect and slope angle.

This chapter presents an examination of the range and spatial distribution of near

surface ground temperatures in the outer Mackenzie Delta. The study area is the Kendall 

Island Bird Sanctuary (KIBS) (Figure 5.1), an area that is o f a size and sufficiently 

consistent elevation to experience a uniform climate. Recognizing the primary influence 

o f snow depth on the distribution of ground temperatures in the study area, the objectives 

o f the chapter are: (1) to characterize the spatial and interannual variation of snow-pack 

conditions in KIBS; (2) to illustrate the distinct snow-cover and active-layer 

characteristics in the alluvial plain and upland tundra; and (3) to determine the influence 

of variation in snow and active-layer conditions on the relations between air temperature 

and the temperature at the top of permafrost (TTOP).

5.2. Snow and permafrost

5.2.1. Snow and ground temperature

In tundra environments, snow cover is a function of precipitation, wind, relief, 

and vegetation (Zhang, 2005). Interactions between these factors affect the spatial 

distribution of ground temperatures (Mackay and MacKay, 1974; Zhang et al., 1997; 

Menard et al., 1998). The principal influence of snow cover on ground temperature stems 

from its low thermal conductivity, restricting loss of heat to the atmosphere (Goodrich, 

1982; Zhang, 2005). The net effect o f seasonal snow cover is to raise ground surface 

temperature above air temperature throughout the winter by an amount that is related to 

snow depth, density, and structure (Goodrich, 1982; Stieglitz et al., 2003; Zhang, 2005). 

Development of depth hoar within the snow pack significantly enhances its thermal
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Figure 5.1. Location of study sites, Kendall Island Bird Sanctuary (KIBS). Light-toned 
glacigenic uplands of the Tununuk Low Hills are surrounded by darker-toned alluvial 
wetlands of the Big Lake Delta Plain. The image is a histogram-matched mosaic of 
IKONOS scenes, collected between 22 June and 8 August 2002, and reproduced with 
permission of the Canadian Wildlife Service. Reprinted with permission of NRC 
Research Press.
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resistance, so that the total thickness o f the snow cover and the depth-hoar fraction are 

primary controls on the ground thermal regime (Zhang, 1993). The ground thermal 

regime is most sensitive to changes in snow depth where snow cover is thin and dense 

(Mackay and MacKay, 1974; Osterkamp, 2007). The timing of seasonal snow cover may 

also be significant, since early snowfall or snow melt will increase TTOP, while late 

snowfall or snowmelt will reduce this index (Ling and Zhang, 2003). The increase in 

TTOP due to arrival o f the snow cover is enhanced by the extension of active-layer freeze 

back (Romanovsky and Osterkamp, 1995), as temperatures in moist soils may be held 

near the freezing point for several weeks in this period (Romanovsky and Osterkamp, 

1997; Eugster et al., 2000). The timing or thickness o f initial snowfall may therefore be 

critical for the interannual variation of TTOP in moist soils.

5.2.2. Snow and active-layer thickness

Several field studies have linked summer thaw depths to antecedent snow-cover 

thickness (Mackay, 1995a; Sokratov and Barry, 2002; Steiglitz et a l,  2003; Frauenfeld et 

al., 2004). Frauenfeld et al. (2004) suggested that increases in snow depth may be 

associated with relatively high ground temperatures in winter, so that less of the available 

energy in spring and summer is needed to warm the ground, and more can be used for 

thawing. Bum and Zhang (2010) simulated this effect, which is physically significant 

when the ground within the annual temperature envelope is considered, not just the active 

layer.

5.3. Environments of the outer Mackenzie Delta (KIBS)

KIBS (Figure 5.1) is characterized by two physiographic subdivisions of the outer 

Mackenzie Delta (Mackay, 1963; Rampton, 1988): (1) Tununuk Low Hills, a rolling
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upland tundra usually less than 50 m above mean sea level, and (2) the low-lying Big 

Lake Delta Plain, with its numerous water bodies.

Vegetation distribution in the outer Mackenzie Delta varies principally with 

gradients in soil moisture, topography, and nutrient conditions (Mackay, 1963; Johnstone 

and Kokelj, 2008). Upland vegetation (Figure 5.2a) consists o f low willows (Salix spp.) 

and ground birch (Betula glandulosa), or lichen and moss heath where there is good 

drainage. Willows and alder bushes (Alnus crispa) grow on slopes and valleys, and sedge 

(Carex spp.) forms tussocks in poorly drained areas (Mackay, 1963). Vegetation in the 

alluvial plain (Figure 5.2b), ranges from bare ground near the channel, through tall (100 -  

300 cm), medium (60 -  100 cm) and low (40 -  60 cm) willows, to a distil sedge wetland 

(Mackay, 1963). On alluvial flats, sedges grow where it is muddy, but horsetails 

(Equisetum spp.) predominate at the outermost Delta (Mackay, 1963)

The Big Lake Delta Plain area was subaerially exposed for much of the 

Wisconsinan glaciation, and as a result permafrost thickness ranges from about 400 to 

600 m near Taglu Island (Figure 5.1) (Taylor et al., 1996). Rising sea level submerged 

most of the area in the Holocene, but it has recently emerged through delta progradation. 

Mean annual ground temperatures compiled from boreholes and temperatures measured 

at the top of permafrost in the outer Delta, range from -3 to -5°C at undisturbed sites 

(Bum and Kokelj, 2009, Figure 11). Soils in the area are all frost-susceptible, and the 

near-surface permafrost in the area is rich in aggradational ice with the greatest mean 

excess-ice content in the upper 50 cm of permafrost in the sedge wetlands (37%) (Morse 

et al., 2009). Ice-wedge polygons are numerous in Big Lake Delta Plain and the tundra 

uplands (Mackay, 1963). Active-layer thicknesses reported from the outer Delta range



Figure 5.2. Summer and winter conditions typical o f the study area, (a) Topography and 
vegetation at site TAG3, an upland looking west, 17 July 2005. (b) Vegetation near site 
TAG1, an alluvial site, looking southeast, 17 July 2005. (c) Wind-scoured snow at TAG3 
with a snow bank in the foreground, looking north, 27 March 2005. Three green alder 
(Alnus crispa) bushes are shown to assist orientation, (d) Snow drifted in alluvial 
vegetation at TAG4, a site similar in configuration to TAG1, looking southeast, 27 March 
2005. Reprinted with permission of NRC Research Press.
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between 30 and 124 cm at upland sites and between 38 and 130 cm in the alluvial plain 

(Morse et al., 2009).

Historically there has been no weather station in the outer Mackenzie Delta, so 

climate data have been used from Tuktoyaktuk A, 75 km to the east (Figure 5.1). Figure 

5.3 presents daily mean air temperatures at Tuktoyaktuk A during the study period 

(Environment Canada, 2012), and Figure 5.4 presents daily mean air temperatures for 

2008-09 from a station recently situated on Fish Island in sedge wetlands (Figure 5.1) 

(AANDC, 2011). Mean daily air temperatures at Tuktoyaktuk A (TTkD) and Fish Island 

{TpiD) are similar (r2 = 0.94, n = 358, p  < 0.001) and the relation is described by:

7V,o = 0.977Y*o - 0 .6 .  [5.1]

The regional consistency of air temperature means that data from Tuktoyaktuk A 

have been used with confidence for the study area. Table 5.1 presents air temperature 

conditions, including freezing (FDDa) and thawing (TDDa) degree days, during the study 

period at Tuktoyaktuk A (Environment Canada, 2012).

Snow depths at Tuktoyaktuk A during the study period are presented in Figure 5.3 

and Table 5.1. Snow began to accumulate by early October, with snow depths increasing 

until air temperatures rose above 0°C in the spring (Figure 5.3). Snow melt was typically 

completed by early June. Snow depths near the end o f winter on 1 April ranged between 

51 cm and 21 cm (Table 5.1).

Spatial variation in snow depth is influenced mainly by wind, which redistributes 

snow throughout the winter, with areas of accumulation related to topographic setting 

(Figure 5.2c) or vegetation snow-holding capacity (Figure 5.2d) (Mackay and MacKay, 

1974; Lantz et al., 2009). At the Fish Island climate station, deep snow accumulated early
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Figure 5.3. Daily mean air temperature 1 September 2004 to 31 August 2009 (missing 
October 2007), and snow depth (not reported after November 2007) at Tuktoyaktuk A, 
the closest meteorological station (Environment Canada, 2012). The mean annual air 
temperature for the period was -9.4°C, 1.2°C above the climate normal. Reprinted with 
permission of NRC Research Press.
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Figure 5.4. Daily mean air temperature and snow depth at Fish Island, outer Mackenzie 
Delta area, 2008-09 (AANDC 2011). Reprinted with permission of NRC Research Press.



121

Table 5.1. Mean air temperatures and freezing and thawing degree days for successive 
12-month periods beginning on 1 September, and snow depths on 1 April, at Tuktoyaktuk 
A, 2004 -  2009".

Period

Annual
mean
(°C)

Dec. -  Feb. Jun. -  Aug. 
mean mean 
(°C) (°C)

FDDa
(°C-day)

TDDa
(°C-day)

Snow depth 
(cm)

2004-05 -10.4 -25.5 7.1 4550 746 51
2005-06 -8.7 -22.1 10.3 4242 1063 43
2006-07 -8.8 -24.3 9.6 4359 1122 21
2007-08 -8.9 -24.6 7.5 4294 1030 -

2008-09 -10.1 -24.9 7.6 4461 787 -

Mean -9.4 -24.3 8.4 4361 950 38
"Data are from Environment Canada (2012).
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in the 2008-09 freezing season (AANDC, 2011). As a result, snow depths at this site did 

not increase substantially through the winter (Figure 5.4). Recorded snow densities at 

Garry Island, northwest o f KIBS, range between 350 and 400 kg-m'3 (Mackay and 

MacKay, 1974). Upland snow banks may persist for some weeks after flooding 

eliminates snow from the alluvial plain (Morse et al., 2009, Figure 3 (Figure 4.3 in this 

thesis)). Such persistence may inhibit ground warming in summer (Ling and Zhang, 

2003).

5.4. Methods

5.4.1. Site selection

Eleven sites were established in upland tundra and alluvial terrain in summer 

2005, to determine the influence o f snow-pack variation on near-surface ground 

temperature (Figure 5.1). Sites were selected in a variety o f topographic and ecological 

settings, all of which were accessible by boat. Transects, nominally 500 m long, were 

established at each site across a range o f slope aspects. The lines were oriented 

perpendicular to the contours o f upland sites and perpendicular to the shorelines of 

alluvial sites (Figure 5.1). Sites KUM1 and KUM2 were transects established to examine 

the transition from alluvial to upland terrain. KNDL, NIG1, and TAG3 were upland 

transects, and the remaining transects were in alluvial terrain. Though selected to 

examine specific aspects of the terrain, sites were separated by at least 750 m.

5.4.2. Ecotope divisions

Ecotopes are small, ecologically distinct, homogeneous landscape units, which are 

a function of both biotic and abiotic factors, and which can be mapped (Bastian et al., 

2003). Upland terrain was divided into four ecotopes: (1) flat tundra; (2) convex upper
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slopes; (3) concave lower slopes; and (4) peat land. Alluvial terrain was divided into 

seven ecotopes: (1) slip-off slopes and (2) tall willows on channel-edge levees; (3) 

medium willows further from the channel, (4) low willows, and (5) sedge wetlands. 

Alluvial flats with no levee at the channel margin were either (6) sedge flats featuring 

muddy ground with a low-density cover of sedge and grass, or (7) horsetail flats 

supporting a dense cover of horsetail and prostrate willow.

5.4.3. Field survey methods

Snow conditions, vegetation, and active-layer thicknesses were recorded along 

each transect. End-of-winter snow depth and late-summer thaw depth were measured 

yearly at 5- or 10-m intervals along each transect with a graduated steel probe, and an 

average of three measurements were reported. Snow density was measured at 25-m 

intervals along each transect with either an ESC-30 or Canadian MSC snow density 

sampler. Vegetation height, measured at 5-m intervals in 2005, was the mean height of
•y

the tallest vegetation in a 1 -m quadrat weighted by percent cover.

5.5. Near-surface ground temperatures

Twelve near-surface ground temperature monitoring stations were established in 

August 2006, seven in alluvial terrain and five in upland terrain. The stations were 

established in level areas with homogeneous vegetation to determine the relation between 

snow depth and annual mean ground temperature. Near-surface ground temperature was 

measured at three surface (2-cm depth) locations within one meter of each other, and at 

50, 100, and 150-cm depths, with thermistor cables attached to Onset Corp. HOBO™

U 12-008 (waterproof, ±0.21° at 20°C accuracy, 0.03° at 20°C precision) or H8-006-04 

(±0.5° at 20°C accuracy, 0.41° at 20°C precision) data loggers housed in weather
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resistant boxes. The data loggers recorded at fixed temperature increments and the 

resolution of each logger was half the increment of precision, 0.015 and 0.205°C, 

respectively. The true annual mean values, calculated for the hydrologic year, were 

known within 0.21 ±0.015 or 0.5 ± 0.205°C, respectively for the U 12-008 and the H8- 

006-04. The data loggers were programmed to record every 2 hours. Ground surface 

temperatures were used to calculate annual mean surface temperature (AMST) and 

freezing (FDDS) and thawing degree days (TDDS). Since thermistors were not installed 

exactly at the permafrost table at each site, temperatures measured at 150-cm depth 

(within permafrost) were considered to represent TTOP, and were compared between 

sites.

Two proximate transects (TAG3 and TAG4) were each instrumented in August 

2007 with three additional ground temperature stations (Figure 5.5) to examine the local- 

scale influences o f vegetation and topography on near-surface ground temperature. TAG3 

was in upland tundra and had considerable topographic variation along the transect, with 

low shrubs on flat tundra, green alder and willows at the lower slopes, and lichen and 

moss heath vegetation in peat land (Figure 5.2a). About 750 m north of this site, the 

alluvial transect (TAG4) was flat and poorly drained. The vegetation structure, which 

varied along a topographic/successional sequence, ranged from bare ground near the 

channel at the point bar slip-off slope, to tall, medium, and low willows. The low willows 

graded into a sedge wetland.

The duration of active-layer freeze back was estimated from inception, when the 

daily mean surface temperature remained below 0°C, to completion, when the daily mean 

temperature at the top o f permafrost began to decrease. The arrival of snow was
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estimated from the change in amplitude of the daily surface temperature wave (Zhang, 

2005).

Active-layer samples, collected adjacent to ground temperature monitoring sites 

(Morse et al., 2009), were used to determine the approximate soil moisture and organic- 

layer thickness at those installations. Soil moisture, determined gravimetrically, was 

multiplied by active-layer thickness to estimate total water content o f the active layer. 

Latent heat stored in the active layer that is released during freeze back was estimated by 

the product o f total water content o f the active layer and the latent heat o f fusion of water 

(3.33 x 108 J-m'3).

5.6. Results and discussion

5.6.1. Spatial variation o f late-winter snow depths in the outer Mackenzie Delta

During the course of the study, measured snow depths ranged from 5 to 220 cm in 

upland terrain, and from 7 to 197 cm in alluvial terrain. Figure 5.6 illustrates the spatial 

variation of late-winter snow depths from 2007-08. The local scale was examined by 

ecotope. The regional scale comparisons examined extensive level areas of the transects 

with low-lying homogeneous vegetation in order to evaluate the relative influence of 

biophysical environment (uplands and alluvial plain) and latitude on snow depth.

The spatial distribution of late-winter snow depth was driven by the variation 

between ecotopes (Figure 5.6a) rather than by any regional pattern (Figure 5.6b). Alluvial 

terrain had a generally thicker snow cover than upland terrain. The deepest snow and the 

greatest ranges of snow depth (160 and 121 cm) in upland and alluvial terrain occurred 

on the lower slopes and in tall willows, respectively (Figure 5.6a). These ecotopes have 

the potential to trap significant drifting snow, but a site may not reach its snow-holding
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Reprinted with permission of NRC Research Press.
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capacity in a given year. In alluvial settings, the tall willows on point bars trap snow that 

is blown off adjacent channels. Edge effects were evident in association with tall willow 

sites where leeward snow drifts extended onto slip-off slopes without vegetation, 

elevating median snow depths in the slip-off slope ecotope (Figure 5.7a). Snow depths 

closely matched vegetation height in sedge wetlands and flats. At upland sites, snow 

formed deep drifts where topography reduced the wind’s snow carrying capacity, but 

elsewhere the terrain was wind scoured (Figure 5.7b). On lower slopes with tall shrubs, 

topographic effects dominated as snow depths commonly exceeded the vegetation height. 

Overall, late-winter snow depth was more closely associated with vegetation height in 

alluvial terrain (r2 = 0.47, n = 1125) than in the uplands (r2 = 0.35, n = 958). Similar 

relations between vegetation structure and snow depth, or between topography and snow 

depth in tundra environments have been noted elsewhere {e.g. Mackay and MacKay, 

1974; Smith, 1975; Filion and Payette, 1982; Granberg, 1988).

Snow depths on flat sections o f transects with low-lying vegetation decreased 

northward (Figure 5.6b). In alluvial terrain, the median depths were statistically distinct 

(Kruskal-Wallis test, a=  0.05), and ranged from 50 cm at the most southerly site (TAG1) 

to 31 cm at the most northerly site (TAG5). The regional pattern was probably due to 

vegetation heights decreasing northwards in the delta. For upland sites, there was no 

trend in median snow depth.

The deep snow in alluvial terrain is likely associated with the numerous water 

bodies in the study area that are sources o f blowing snow. The snow supply may have 

been limited in upland terrain, since snow blowing from river channels and lakes was
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largely trapped in the tall vegetation close to the water bodies before reaching the 

uplands.

The mean snow density in upland terrain was 238 kg-m'3 (SD = 107; n = 258) and 

was statistically the same in alluvial terrain (SD = 84; n = 323). Depth-hoar thickness, 

determined from snow pits in 2005, ranged from 7-30 cm (0.26-0.83 depth-hoar fraction) 

at six alluvial sites, and from 6-9 cm (0.31-0.75 depth-hoar fraction) at two upland sites.

A greater absolute thickness of depth hoar in wetlands was common (Zhang, 2005), and 

would increase the thermal resistance of the snow there (Zhang et a l ,  1996).

5.6.2. Spatial variation o f active-layer depths in the outer Mackenzie Delta

Active-layer thickness was generally shallow in the upland (18 to 79 cm) and 

deep in alluvial terrain (27 to 175 cm) (Figures 5.6c and 5.7). In alluvial ecotopes, 

variation in active-layer thickness was significantly greater than in upland ecotopes, both 

between ecotopes and within individual ecotopes (Figure 5.6c). Median alluvial active- 

layer thicknesses ranged from a minimum 58 cm in horsetail flats to 136 cm in slip-off 

slopes, although the latter statistic was limited by the probe length. Maximum depths 

exceeded 175 cm in ecotopes near the river channel.

Overall variation of the active layer was dominated by differences at the local 

scale rather than by a regional gradient (Figures 5.6c and 5.6d). The active layer in 

alluvial terrain was deeper than in the well-drained uplands in association with generally 

higher soil moisture (Zhang and Stamnes, 1998; Shiklomanov et al., 2010), and a thicker 

snow pack (Frauenfeld et al., 2004) (Figures 5.6c and 5.6d).

Active-layer depth, measured at regular intervals along the transects from 2005- 

06 to 2007-08, was compared with vegetation height and late-winter snow depth,
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measured at the same locations during those years. In alluvial terrain, active-layer 

thickness was weakly correlated with snow depth (r2 — 0.22, n = 1272) and less so with 

vegetation height (r2 = 0.14, n = 915). The relations suggest that the depth of snow 

trapped by vegetation in the winter may weakly influence soil conditions the following 

summer at some sites as noted by Mackay (1995a), Sokratov and Barry (2002), Steiglitz 

et a l, (2003), and Frauenfeld et a l,  (2004). At upland sites, there was little correlation 

between active-layer thickness and snow depth (r2 -  0.06, n = 1132) or vegetation height 

(,r2 = 0.03, n = 728).

5.6.3. Temporal variation o f snow-cover and active-layer depths at upland tundra

Using upland site TAG3 (Figure 5.7b) as an example, snow depth varied 

significantly between years only at the wind swept upper elevations where the snow pack 

was thin (Kruskal-Wallis test, a  = 0.05). Thus, the snow depths followed the same broad 

pattern between ecotopes each year as observed in uplands elsewhere (Mackay and 

MacKay, 1974; Filion and Payette, 1982; Zhang et a l,  1997; Menard et a l,  1998), and 

the interannual variation of late-winter snow-pack depths pooled by ecotope are shown in 

Figure 5.8a. The greatest snow depths were at lower slope 3 (Figure 5.8a), where the 

maximum annual median snow depth was 124 cm (Figure 5.9a). In contrast, at the flat 

tundra section of TAG3, the maximum annual median snow depth was just 40 cm (Figure 

5.9a). These results corroborate those of Granberg (1988), for example, that interannual 

variability o f snow depth at tundra sites with shallow snow is proportionally less than at 

sites with deep snow, but in the outer Delta statistically significant interannual variation 

of total-snow depth only occurred at sites with a thin snow cover.
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Median thaw depth did not vary statistically from year to year (Kruskal-Wallis 

test, a  = 0.05), hence upland active-layer depths followed the same general pattern from 

year to year, as elsewhere (e.g. Shiklomanov and Nelson, 2002; Shiklomanov et al., 

2010). Annual median thaw depths in the upland ecotopes are pooled in Figure 5.8b, and 

sites with maximum and minimum thaw depths are shown in Figure 5.9b.

At some sites, thawing of ice-rich permafrost at the base o f the active layer can 

lead to little observable change in active-layer thickness. At KIBS, alluvial wetlands have 

the highest mean excess-ice content in the upper 50 cm of permafrost (37%) (Morse et 

al., 2009). At these sites, one cm of subsidence would be accompanied by an 

approximately 1.5 cm increase in active-layer thickness. This is three times the resolution 

of the technique, and therefore while thawing of near-surface permafrost may hinder 

active-layer deepening, it will still be detectable.

5.6.4. Temporal variation o f snow-cover and active-layer depths at alluvial wetlands

Statistically significant interannual variation in snow depth was recorded in each 

ecotope except for low willows (Kruskal-Wallis test, a =  0.05). Median late-winter snow 

depths at tall willows (Figure 5.9c), medium willows, low willows, and slip-off slopes 

decreased from 2005 to 2007, as with snow depth at Tuktoyaktuk A (Figure 5.3). Among 

alluvial ecotopes, the greatest interannual variation o f median late-winter snow depths 

was at the slip-off slope (99 cm) due to edge effects. In contrast with the upland tundra, 

there is an abundant supply of snow in alluvial terrain due to drifting from lakes and 

channels and snow depths may respond more to variations in weather conditions, 

particularly wind direction during storms. Figure 5.8c presents pooled snow depths from 

2005-06 for ecotopes at alluvial sites, and Figure 5.9c shows interannual variation of
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snow depth at alluvial sites with maximum and minimum late-winter accumulations. 

Though interannual snow depth variation was significant, there was less absolute 

difference between the years at sites in low vegetation in comparison with tall vegetation 

(Figure 5.9c).

Like the uplands, alluvial active-layer thicknesses followed the same general 

pattern each year, and were not significantly different between years except in horsetail 

flats (Kruskal-Wallis test, p  = 0.008). In poorly-drained environments, the ice-rich, near

surface permafrost minimizes temporal variation of the active-layer (Bum, 2004a; Shur et 

al., 2005). Pooled interannual variation of active-layer depth in alluvial ecotopes for 2006 

to 2008 at representative sites is shown in Figure 5.8d, and sites with maximum and 

minimum active-layer depths are in Figure 5.9d. The range of variation of active-layer 

depth within each ecotope was generally greater in alluvial terrain (Figures 5.8d and 

5.9d) than the uplands (Figures 5.8b and 5.9b).

5.6.5. Variation offreeze back o f the active layer

The annual duration of active-layer freeze back is presented in Tables 5.2 and 5.3. 

Freeze-back duration was generally longer in alluvial terrain than in the uplands (Figure 

5.10), ranging from 44 to 164 days. The longest duration at all sites but one occurred in 

2008-09 in response to a deep, early snow cover. As a result, at alluvial medium willow 

site TAG4b, freeze back was not complete until 9 March 2009. The earliest completion of 

freeze back in alluvial terrain was on 25 November at a sedge wetland. Freeze back was 

completed in the uplands between 6 November and 6 December. At alluvial sites, snow 

may be removed with spring flooding, thus the weak correlation noted between late-



Table 5.2. Topographically-influenced variation o f snow depths, active-layer conditions, and ground temperatures for three years
o f investigation at upland sites.

Site'1 Latitude (dd mm ss) Ecotope
Freeze-back 

start*
Freeze-back

end*
Freeze-back 

duration (day/
Snow depth

(cm)1' FDDs(T-day) TDDs(T-day)
Active-layer 
depth (cm)l/ AMST (°C) TT O P(T ) M's Me, A'T

KUMIb ....... W W t e i flat tundra
2006-07 4 Oct. 24 Nov. 52 16 280! 868 79 -5,3 -6.1 3.5 -0.8 2.7
2007-08 27 Sep 16 Nov. 51 17 2986 827 76 -5.9 -6.6 3 -0.7 2.3
2008-09 26 Sep. 23 Nov. 59 - 2878 627 70" -6.3 -6.5 3.8 -0.2 3.6

K.UM2 69 20 06.4 Flat tundra
2006-07 5 Oct. 30 Nov. 57 17 2500 738 68 -4.8 -5.4 4 -0.6 3.4
2007-08 25 Sep 17 Nov. 54 18 2577 742 69 -5 -5.7 3.9 -0,7 3.2
2008-09 26 Sep. 29 Nov. 65 - 2679 552 64 e -6 -6 4.1 0 4.1

NIGI 69 21 34.4 Flat tundra
2006-07 4 Oct. 23 Nov. 51 33 - - - - -

2007-08 24 Sep. 17 Nov. 55 23 2914 618 74 -6.3 -6,6 2.6 -0.3 2.3
2008-09 26 Sep. 28 Nov. 64 - - - - - -

K.NDL 69 29 58.3 Flat tundra
2006-07 4 Oct. 28 Nov. 56 14 2790 717 82 -5.7 -6.7 3.1 -1 2 1
2007-08 25 Sep. 14 Nov. 5! 3! 2767 687 85 -5.7 -6.6 3.2 -0.9 2.3
2008-09 26 Sep 21 Nov. 57 - 2944 476 77" -6.9 -7,2 3.2 -0.3 2.9

TAG3a 69 21 36.0 Lower slope
2006-07 - - - 74 - - 42 - -
2007-08 24 Sep 6 Nov. 44 79 2396 667 42 -4.7 -4.9 4.2 -0.2 4
2008-09 26 Sep 28 Nov. 64 - 1934 414 43" -4.3 -4.4 5.8 -0.1 5.7

TAG3b 69 21 36.8 Flat tundra
2006-07 4 Oct. 23 Nov. 51 24 2430 796 65 -4.6 -5.4 4.2 -0.9 3.4
2007-08 24 Sep. 12-Nov 50 25 2662 786 50 -5.1 -5.9 3.8 -0.8 3
2008-09 26 Sep. 15 Nov 51 - 2739 619 66" -6 -6.3 4.1 -0.3 3.8

TAG3c 69 21 39.1 Peat land
2006-07 - - - 17 - - 44 - -
2007-08 25 Sep. 15 Nov 52 12 2891 808 43 -5.7 - 3.2
2008-09 26 Sep. 18 Nov. 54 - 3078 599 - -7 -7.2' 3.1 -0.2 2.9

TAG3d 69 21 39,5 Lower slope
2006-07 - - - 124 - - 37 - -
2007-08 24 Sep 3 Nov. 4! 140 2001 568 42 -3.9 -4.7 5 -0 8 4.2
2008-09 25 Sep. 6 Dec. 73 - 1554 345 43" -3 4 -3.8 6.7 -0.4 6.3

“ At sites TAG3a. c. and d, data were recorded for only two years. Damage to NIG1 and TAG3c limited data acquisition at these sites. 
* Freeze-back duration was estimated from ground ternperamre data.
‘ Snow depth is the average of five measurements from within one meter o f the station at the end of March or beginning o f April.
,y Active-layer depth is the average o f five measurements from within one meter of the station at the end o f August.
" Active-layer depth. 2009, was estimated from interpolation o f ground temperature data. 
f  Data are from 100-cm depth.



Table 5.3. Vegetation-influenced variation o f snow depths, active-layer conditions, and ground temperatures for three years o f
investigation at alluvial sites.

Site-1 L atitude (d d  m m  ss) E co tope

F reeze-back

s ta r t4

F reeze-back

end4

F reeze-back  

d u ra tio n  (day  T

Snow  d ep th  

(cm )1 F D D s (T -d a y ) T D D s(°C -d ay )

Acliv e-lay er 

d ep th  (cm )J A M ST  (°C) T T O P ( T ) j / ; A'l\. a t

T A G ! 60  17 40 .4 M ed willow

2 0 0 6 -0 7 4 Oct 23 Jan 112 57 1162 046 76 -0  6 -2 7 8 2 -2 1 6 1

2 0 0 7 -0 8 25 Sep 15 Jan 113 64 1330 866 87 - 1 3 -2 0 7 6 - 1 6 6

2 0 0 8 -0 0 2o Sep 10 Feb 135 1224 661 04* - 1 6 -2 8 8 5 - 1 2 7 3

NIG2 60  18 10 3 Sedge flat

2 0 0 6 -0 7 8 Oct 18 Jan 103 27 1860 081 80 - 2 4 -3 4 6 4 -1 5 4

2007-OK 27 Sep 2 Jan 08 38 1841 027 00 -2 .5 -3 6 6  4 -1 1 5 3

2 0 0 8 -0 0 26 Sep 20 Feb 127 1552 577 83* -2  7 -3 7 4 •0 3 7 1

TA G 2 60  18 58  0 M ed willow

2 0 0 6 -0 7 8 O ct 23 Feb 130 50 021 870 76 -0.1 -2 8 7 -1 .0 6.8

20 0 7 -0 8 25 Sep 26 Dec 03 54 1572 782 75 -2 .2 •3 4 6 7 -1 2 5 5

2 0 0 8 -0 0 28 Sep 0 Feb 135 1154 562 76- - 1 7 -2 5 8 4 -0 .8 7.6

K U M la 60  2 0  0 6  2 Sedge w ctlan

20 0 6 -0 7 5 Oct 22 Dec 70 30 1665 50 -4 4 8

20 0 7 -0 8 25 Sep 0 Dec 76 36 78 -4  8 4 1

2 0 0 8 -0 0 26 Sep 3 Jan 00 67* -5.1 5

KUM 5 60  24  17 0 H orsetail

2 0 0 6 -0 7 4 O ct 15 Jan 104 30 1767 820 107 -2 .6 - 3 0 6 2 - 1 3 4 0

20 0 7 -0 8 25 Sep 17 Dec 84 23 2155 783 80 -3 8 -4  7 5 1 -0  0 4 2

2 0 0 8 -0 0 2 6  Sep 26  Dec 83 2486 562 73* -5 .4 -5 6 4 .7 -0  2 4 5

T A G ? 60  26  27 1 Horsetail

2 0 0 6 -0 7 4 Oct 10 Dec 77 23 80 -4  4 4 4

2 0 0 7 -0 8 25 Sep 28 Nov 65 24 83 -5 3 3.6

2 0 0 8 -0 0 27 Sep 17 Dec 82 210 6 462 78* -4  0 -5 2 5 2 -0  3 4 0

TA G 4a 60  22 14 4 Tall w illow

2 0 0 6 -0 7 Tahk 74 Tahk

20 0 7 -0 8 Talik 112 601 078 Tahk -0  2 0 .0 -1 .2 8 7

2 0 0 8 -0 0 Tahk 223 675 Talik 1 3 0 1 4 - 1 3 10

T A G 4b 60  22 14 4 M ed willow

2 0 0 6 -0 7 45 111

20 0 7 -0 8 25 Sep 17 Feb 146 45 112 -1 5 7 4

2 0 0 8 -0 0 27 Sep 0  M ar 164 105* • 1 5 8 6

TA G 4c 6 0  22 14 3 Low  w illow

2 0 0 6 -0 7 4 O ct 26  Dec. 84 47 1680 802 63 -2 4 -3  0 6 4 -1 4 4 0

2 0 0 7 -0 8 24 Sep 6  Dec 74 41 66 -4 4 4 5

2 0 0 8 -0 0 26 Sep 25 Dec 01 70* -5 5 1

T A G 4d 60  22 14 4 Sedge

2 0 0 6 -0 7 42 36

2 0 0 7 -0 8 25 Sep. 25 Nov 62 33 48 -5  8 ' 3 1

2 0 0 8 -0 0

J A t sites T A G 4a. c. an d  d .  d a ta  w ere reco rd ed  for on ly  tw o y e a rs  D am age by  flo o d in g  at N1G1 and  T A G 4b  and  d  and  T A G ? lim ited d a ta  acquisition  a t these sites. 

4 F reeze-back  d u ra tio n  w as estim ated  from  g ro u n d  tem p era tu re  da ta

* Snow  d ep th  is th e  average  o f  f iv e  m easu rem en ts fro m  w ithm  o n e  m eter o f  the sta tion  at the  end  o f  M arch o r  b eg in n in g  o f  A pril 

J A ctiv e-lay er d ep th  is the average  o f  f ive m easu rem en ts  from  w ithin o n e  m eter o f  the station al th e  end  o f  A ugust 

'  A ctive-lay e r d ep th . 2 0 0 si, w as estim ated  from  in te rpo la tion  o f  g ro u n d  tem p era tu re  da ta  

'D a ta  a re  fro m  100-cm  dep th
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Figure 5.10. Variation of ground temperatures at 150-cm depth in (a) upland (TAG3) and 
(b) alluvial (TAG4) sites due to differences in functional type, and at a pair of 
representative upland and alluvial sites (KUM lb and KUMla) with thin snow cover and 
similar latitude. Reprinted with permission of NRC Research Press.
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winter snow depth and active-layer thickness the following summer may be associated 

with restricted antecedent ground cooling due to prolonged active-layer freeze back.

The duration of active-layer freeze back may be associated with the preceding 

summer’s active-layer thickness, latent heat from freezing soil moisture in the active 

layer, or total snow depth (Goodrich, 1982; Romanovsky and Osterkamp, 1995). Scatter 

plots of these factors are shown in Figure 5.11 for a year (2007-08) when there was little 

initial snow cover. There was relatively little influence from these independent variables 

on the duration of freeze back in upland terrain, but positive associations were apparent 

in alluvial terrain (Figures 5.1 lb, 5.1 Id, and 5.1 If).

5.6.6. Variation o f near-surface ground temperature

Site conditions and TTOP from 17 sites for three years o f  investigation are 

presented in Tables 5.2 and 5.3, for upland and alluvial sites, respectively. In general, 

TTOP was higher at alluvial sites (0 to -5.8°C) than at upland sites (-3.8 to -7.2°C)

(Figure 5.10; Tables 5.2 and 5.3). In both upland and alluvial terrain, the lowest 

temperatures were consistently recorded at the northern sites, and the highest at the 

southern sites (Tables 5.2 and 5.3), reflecting cooler summer conditions nearer the coast 

(Bum, 1997), and, at alluvial sites, the regional variation o f snow depth (Figure 5.6b).

Summary statistics for variation in TTOP throughout the study area are presented 

in Table 5.4. Regional variation was determined from flat sites with extensive, low 

vegetation, and the local influence of vegetation and topography on TTOP was 

determined from sites at TAG3 and TAG4 (Figure 5.5). Median TTOP was -3.7°C at 

alluvial sites and -6.1°C at upland sites. The range in TTOP at alluvial sites, at both the 

local (5.8°C) and regional (3.2°C) scales, was double that o f upland sites (3.4 and 1.8°C,
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Table 5.4. Summary statistics o f spatial variation of temperature (°C) at the top of 
permafrost (TTOP), 2006 -  2009.

Median Max. Min. Range n
All data

Overall -4.8 0.0 -7.2 7.2 44
Upland -6.1 -3.8 -7.2 3.4 18
Alluvial -3.7 0.0 -5.8 5.8 26

Regional?
Upland

2006-07 -5.8 -5.4 -6.7 1.3 4
2007-08 -6.3 -5.7 -6.6 0.9 4
2008-09 -6.4 -6.0 -7.2 1.2 4

Alluvial
2006-07 -3.9 -2.0 -4.4 2.4 7
2007-08 -4.4 -2.9 -5.3 2.4 7
2008-09 -5.0 -2.5 -5.6 3.1 7

L oca f
Upland

2007-08 -4.9 -4.7 -5.9 1.2 3
2008-09 -4.4 -3.8 -6.3 2.5 3

Alluvial
2007-08 -1.5 -0.2 -4.4 4.2 3
2008-09 -1.5 0.0 -5.0 5.0 3

"TAG3b and TAG4c were used in both the Regional and Local categories.
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respectively). The greater range in TTOP is indicative o f the greater variation in snow 

and active-layer depths in alluvial terrain (Figure 5.6).

The interannual variation in TTOP in response to variation o f air temperature and 

snow depth is presented in Table 5.5. The greater interannual variation of TTOP in 

alluvial terrain reflected the temporal variation of snow in these alluvial ecotopes, as the 

interannual variation of snow cover at upland sites was only statistically significant in flat 

tundra.

Figure 5.12 shows the variation in TTOP and environmental conditions in the 

study area. Surface conditions that were significantly associated with variation of TTOP 

within each terrain unit were determined with a mixed, step-wise multiple regression 

model. The model was developed with contributing variables entering or leaving the 

regression with a 10% level of significance. In the uplands, total snow depth was the only 

determinant selected, accounting for 69% o f the variation in TTOP (Figure 5.13). In 

alluvial terrain, total snow depth and active-layer thickness accounted for 86% of the 

variation in TTOP.

5.6.7. Variation o f  ground surface temperature

Figure 5.14 presents summary indices o f air temperature (AMAT, FDDa, and 

TDDa) at Tuktoyaktuk A, and surface temperatures (AMST, FDDS, and TDDS) at the field 

sites. AMST decreased with AMAT at all sites between 2006-07 and 2007-08. In 2008- 

09, when AMAT continued to decline, AMST continued to decrease only where there 

was a thin snow cover. TTOP followed a similar pattern (Tables 5.2 and 5.3). The 

importance of winter conditions on the variation of AMST is demonstrated by the greater
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Table 5.5. Summary statistics of absolute interannual variation o f temperature (°C) at the 
top of permafrost (TTOP), 2006 -  2009.

Median Max. Min. Range n
All data 

Overall 0.5 1.4 0.0 1.4 26
Upland 0.4 0.9 0.1 0.8 10
Alluvial 0.6 1.4 0.0 1.4 16

Regional
Upland
2006-08 0.4 0.5 0.1 0.4 4
2007-09 0.3 0.6 0.1 0.5 4

Alluvial
2006-08 0.8 1.4 0.2 1.2 7
2007-09 0.6 0.9 0.1 0.8 7

L oca f
Upland
2007-09 0.6 0.9 0.4 0.5 3

Alluvial
2007-09 0.2 0.6 0.0 0.6 3

aTAG3b and TAG4c were used in both the Regional and Local categories.
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Figure 5.12. Variation of environmental conditions at ground temperature monitoring 
sites. Organic-layer thickness, and volumetric water content of the active layer were 
determined at each site from samples collected by drilling (Morse et al. 2009). Latent

8 3heat is 3.33x10 J-m’ multiplied by total water content o f the active layer. Lines 
connecting points assist comparison of sites between plots and do not indicate trends. 
Reprinted with permission of NRC Research Press.
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variation in Figure 5.14b (FDD) than Figure 5.14c (TDD). Upland sites were commonly 

cooler than alluvial sites due to winter conditions (Figure 5.14b).

5.6.8. Relations between air and permafrost temperatures

The effect o f surface conditions on relations between air and permafrost 

temperatures may be summarized by the surface offset (ATs, °C), while the influence of 

the active layer has been represented by the thermal offset (ATg, °C) (Lachenbruch et al., 

1988; Romanovsky and Osterkamp 1995). For the three years o f  record (2005-06 to 

2007-08), ATs ranged overall from 2.6 to 6.7°C at upland sites and 4.7 to 11.4°C at 

alluvial sites (Tables 5.2 and 5.3). Figure 15a presents the functional analysis of ATs with 

snow depth (z, cm) at upland and alluvial sites, for 2006-07 and 2007-08. Errors in the 

measurements were assumed to be normally distributed, and error variances were 

estimated from the resolution of the measurements: 0.5 cm for z  and 0.20°C for 

temperature (Mark and Church, 1977). Statistically, z is significantly linearly related to 

ATs in both terrain types, but the points from upland terrain are clustered. The distribution 

of points from alluvial terrain conform more closely to a linear model, and for these data, 

78% of the variance in ATs is explained by the variance in z.

Over three years, the overall average ATg was -1.1 °C at alluvial sites and -0.5°C 

at upland sites. The difference in average ATg between upland and alluvial sites is 

indicative of relatively thin, well-drained active layers in uplands and thick, wet active 

layers in alluvial settings which result in distinct soil moisture conditions within each 

terrain type (Figures 5.12e, 5.12f, and 5.12g).
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The similarity in ATg at upland sites and also at alluvial sites means that ATs 

controls the difference between AMAT and TTOP (AT) within each terrain unit (Tables 

5.2 and 5.3). The functional relation for z and AT for 2006-07 and 2007-08, with error 

variances determined according to Mark and Church (1977), is described for alluvial sites 

(Figure 5.15b) by:

AT = 0.05z + 3.6 [5.2]

(r2 = 0.84, n=  10, p < 0 .001). Again, the data from upland terrain do not plot as a linear 

relation. The high r2 for data from alluvial terrain suggests that snow depth, via ATs, is 

the outstanding influence on ground temperature variation in the study area. The relative 

consistency of ATg within alluvial terrain is reflected by the difference between the 

intercepts of the AT and ATs relations (-1.3°C) being close to mean ATg (-1 -4°C) (Figure 

5.15). Equation 5.2 and Figure 5.15 suggest that TTOP may respond to changing snow 

depth more in alluvial terrain than at upland sites.

In the three years of the study, the overall range in AT was greater in alluvial 

terrain (3.1 to 10.1°C) than in upland terrain (2.1 to 6.3°C). The total range in AT lead to 

a 7.2°C range in TTOP within the study area. At any site the maximum range in TTOP 

was 1.7°C while the range in AMAT was 1.3°C. Maximum AT at all sites except a 

horsetail flat (KUM5) occurred in 2008-09 (Tables 5.2 and 5.3) when the initial snow 

cover was thick following a storm. Omitting that year, the range of AT for upland sites 

(2.1 to 4.2°C) is comparable to data collected from tundra at Herschel Island, in 2004 -  

2007 (Bum and Zhang, 2009). AT for alluvial sites (3.1 to 8.7°C) more closely match 

values from the northern boreal forest near Inuvik (Kokelj et al. , 2007a), where snow 

depth was greater than 50 cm.
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5.7. Summary and conclusions

Variation in snow depth is the dominant influence on ground thermal conditions 

at coastal tundra environments of the outer Mackenzie Delta. Significant differences in 

snow cover between ecotopes within upland and alluvial terrain result in a wide range of 

ground-thermal conditions. AMST, TTOP and their patterns o f variation were 

substantially different in upland and alluvial terrain. Overall, near-surface ground 

temperatures were higher in alluvial terrain than in upland terrain due to generally deeper 

snow conditions and deeper, wetter active layers which resulted in longer freeze-back 

periods and reduced winter cooling in the delta plain. This suggests that upland and 

alluvial tundra must be treated differently when modelling relations between air 

temperature, snow, vegetation, and the ground thermal regime.

The following principal points conclude this chapter:

1. Snow-depth variation is dominantly influenced by the topography of 

upland terrain and vegetation height in the alluvial plain o f the outer Mackenzie Delta. 

The wind-redistributed snow pack evolved to the same general spatial distribution each 

year.

2. In the outer Mackenzie Delta, significant interannual variation of late- 

winter snow depth occurs in almost all ecotopes of alluvial terrain, but in few areas of the 

uplands. The difference may be due to the availability o f snow for wind redistribution, 

which is relatively limited in the uplands in comparison with alluvial lowlands where 

snow may be supplied from the surfaces of numerous adjacent water bodies.
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3. Active-layer thickness mirrored vegetation height and snow depth at 

alluvial sites, but was inversely proportional to vegetation height and snow depth in 

upland terrain.

4. Interannual variation of annual median thaw depth was insignificant in 

nearly all ecotopes due to the relative consistency of site conditions each thaw season and 

the abundance of ice-rich soils which impede thawing.

5. For the three years o f record, freeze back o f the active layer was 

completed no later than 6 December at upland sites, but took twice as long at alluvial 

sites and even lasted until early March in 2009 in one ecotope.

6. Variation o f TTOP in alluvial terrain (0.0 to -5.8°C) was greater than in 

upland terrain (-3.8 to -7.2°C). The ranges o f TTOP at upland and alluvial sites were 

greater at the local scale (3.4 and 5.8°C) due to variations in snow accumulation than at 

the regional scale (1.8 and 3.2°C) due to the climatic gradient. Permafrost throughout the 

area was well established except adjacent to channels where TTOP was close to 0°C in 

association with tall willows.

7. The difference between indices o f winter surface (FDDS) and air (FDDa) 

temperature varied with snow cover, but indices o f summer surface (TDDS) and air 

(TDDa) temperature were close and invariant.

8. The difference between AMAT and TTOP (AT) was dominated by the 

surface offset. Snow depth determined AT$ in wet alluvial terrain. ATCj was relatively 

small and constant within each terrain unit, but it was less in uplands than in lowlands 

due to soil moisture. A linear relation between late-winter snow depth and AT  was 

obtained for alluvial terrain, but data collected in uplands were clustered.
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6. FIELD OBSERVATIONS OF SYNGENETIC ICE-WEDGE POLYGONS,

OUTER MACKENZIE DELTA, WESTERN ARCTIC COAST, CANADA

6.1. Introduction

Throughout Arctic coastal lowlands, the evolution of low-centred ice-wedge 

polygons creates important habitat for migratory waterfowl and shorebirds that seek out 

the dry polygon rims for nesting (Pitelka, 1959; Pirie et al., 2009). Low-centred polygons 

are ubiquitous in the alluvial lowlands of the outer Mackenzie Delta (Mackay, 1963), 

much of which was protected in 1960 by the establishment of the 623 km2 Kendall Island 

Bird Sanctuary (KIBS) (Figure 6.1) (Bromely and Fehr, 2002).

In comparison with upland terrain, there are few data concerning the development 

o f ice wedges and ice-wedge polygons in coastal wetlands, in part because field work is 

challenging. The surface, being below high water level, is wet and liable to frequent 

flooding, making drilling and excavation difficult. Rapid burial at eroded banks makes 

direct ice-wedge exposures rare (Mackay, 1963). The surflcial morphology of the ice- 

wedge polygon boundaries in the outer Mackenzie Delta may be unique to the region.

The troughs that develop above ice wedges are not generally apparent in high resolution 

IKONOS satellite imagery (Figure 6.2), and polygon boundaries observed during field 

work superficially appear to be single ridges. Apparent single-ridge ice-wedge polygon 

morphology has been reported previously at only one location (Plug and Wemer, 2001), 

and the morphology has never been geotechnically investigated. It is possible that outer 

Mackenzie Delta ice wedges may be inactive and the troughs have filled in, like those in 

the delta south of treeline (Kokelj et al., 2007a).
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The purpose of this chapter is to investigate the state and activity o f ice wedges 

bounding the low-centred ice-wedge polygons in the outer Mackenzie Delta. The specific 

objectives are to: (1) examine the surface morphology of the ice-wedge polygons; (2) 

document the morphology of wedge ice in the upper metre of permafrost; (3) assess ice- 

wedge activity from ground temperatures and field evidence; and (4) describe the 

processes that may lead to the development o f apparently ‘single-ridge’ low-centred ice- 

wedge polygons in coastal lowlands.

6.2. Ice wedges and ice-wedge polygons

Permafrost is ground that remains at or below 0°C for two or more years (ACGR, 

1988). Above it lies the seasonally-thawed active layer. In fine-grained soils throughout 

polar regions, thermal contraction cracking may occur in winter when the temperature at 

the top of permafrost is -13°C or less, and cooling rates range between 0.1 and 0.6°C d '1 

over a period of 2 to 8 days prior to cracking (Mackay, 1993; Allard and Kasper, 1998; 

Fortier and Allard, 2005; Kokelj et al., 2007a). Over time, repeated cracking of the 

ground and subsequent freezing of infilling melt water results in interconnected networks 

of foliated wedge ice, commonly expressed at the ground surface as polygons 5-30 m in 

diameter, with troughs centimetres to several metres wide overlying the frost cracks 

(Mackay, 1972; Black, 1974).

Ice wedge volume and shape are determined mainly by the growth sequence and 

direction (Mackay, 1990, 1993, 1995b, 2000). Epigenetic ice wedges grow beneath stable 

surfaces, anti-syngenetic ice wedges develop beneath eroding surfaces such as hill slopes, 

and syngenetic ice wedges are probable where the surface is aggrading, as in alluvial 

environments. Syngenetic wedge ice grows progressively upwards with permafrost



156

aggradation if the development of the ice wedge keeps pace with sedimentation, peat 

accumulation, or accumulation of material at the bottom o f slopes. The chevron-shaped 

vertical cross-section of a syngenetic ice wedge is a function of both horizontal and 

vertical growth (Mackay, 1974, 1990, 2000).

Troughs typically develop between raised ridges above active ice wedges, with 

trough depth ranging from centimetres to a metre or more (Mackay, 1980). The raised 

rims around low-centred polygons are a result of ground deformation to accommodate the 

increasing volume of the ice wedges (Mackay, 1980, 2000). The rims form largely due to 

lateral expansion during ice-wedge growth, but also by growth o f  peat and injection ice, 

and from inward lateral compression of both the ground and the ice wedge when the soil 

expands in summer (Mackay, 1980, 2000; Mackay and Bum, 2002b).

There is a net transport of material from the polygon centres towards the ice- 

wedge troughs due to thermally induced, seasonally differential movement o f active-layer 

materials and subjacent permafrost. The movement is greatest near the ground surface 

and in consequence there is net transport o f active-layer material into the troughs 

(Mackay, 1995b, 2000; Kokelj and Bum, 2004). Open cracks in troughs above both 

epigenetic and syngenetic ice-wedges typically seal up completely by the end of summer 

(Mackay, 1974, 1975b). Mackay (1974) also observed that there was sometimes no 

trough above syngenetic wedges at the base of slopes in upland terrain on Garry Island 

(Figure 6.3) due to soil movement down slope.

6.3. Outer Mackenzie Delta area

Mackenzie Delta, Northwest Territories, is Canada’s largest delta, second only in
-y

the circumpolar Arctic to the Lena Delta. The outer Mackenzie Delta (about 3870 km ) is
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the area of alluvial deposits seaward of the driftwood line that is subject to tidal, marine, 

and fluvial influence (Figure 6.1) (Lewis, 1988). The outer Mackenzie Delta is typically 

less than 1.5 m above mean sea level (Mackay, 1963), and channel levees are only 0.5 -  2 

m high (Pearce, 1994). The modem alluvial surface of the outer Mackenzie Delta has 

evolved from the distinct late Quaternary histories of the Holocene Mackenzie Delta and 

Big Lake Delta Plain (Figure 6.3) (Taylor et al., 1996). The Holocene Mackenzie Delta is 

relatively recent, developing as fluvial deposits fill a broad, deep trench. In contrast, 

alluvial sediments fill only shallow depressions in Big Lake Delta Plain. For much of the 

Wisconsinan period, the Big Lake Delta Plain was a subaerial platform, but the area was 

inundated for several thousand years in the Holocene. The present subaerial conditions 

were established only 0.5 -  1.5 cal ka BP by lake drainage and alluvial deposition. Most 

of the Big Lake Delta Plain is within KIBS, which is bounded to the southwest by Middle 

Channel of Mackenzie River, to the east by Harry Channel, and to the north by 

Mackenzie Bay (Figure 6.3).

A net amount of about 23.4 Mt-a'1 of sediment are deposited on the outer 

Mackenzie Delta by flooding during spring breakup o f the Mackenzie River or by storm 

surges (Carson et al., 1999). The overall mean aggradation rate for the entire subaerial 

outer delta which includes lakeshores, point bars, levees, and channel and lake beds, is 

about 3.8 mm-a'1, based on an average dry bulk density o f 1.6 x 103 kg-m'3 (Carson et al., 

1999). Aggradation rates vary between terrain units. About 86% of net sediment 

deposition is on lakeshores (sedge and willow wetlands; 2482 km ), where the mean 

aggradation rate is about 5.1 mm-a'1 (Carson et al., 1999). However, these data from 

lakeshores, which are germane to this study, may not represent the Big Lake Delta Plain,
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because the estimate is based upon a few samples collected at Ellice-Langley Island 

where the land surface is emerging from the sea (Figure 6.3) (Pearce, 1994).

The Mackenzie Delta is within the continuous permafrost zone (Nguyen et a l,  

2009). The near-surface permafrost that has developed in the saturated, frost-susceptible 

soil of the Big Lake Delta Plain is typically ice-rich (Rampton, 1988; Kokelj and Bum, 

2005; Morse et a l,  2009). The excess ice content of the upper metre of permafrost 

averages about 34% but ranges up to nearly 70% (Morse et al., 2009). Networks of 

visible ice-wedge polygons are patchy at the outer Holocene Mackenzie Delta, but they 

are numerous in the Big Lake Delta Plain and are characteristic o f  poorly drained areas 

and former lake bottoms (Mackay, 1963). The low-centred, irregular polygons average 20 

to 30 m in diameter (Kerfoot, 1972; Traynor and Dallimore, 1992).

Under present climate conditions, ice wedges crack periodically in upland tundra 

of the outer Mackenzie Delta area (Mackay, 1974, 1992, 1993). Air temperatures are 

regionally consistent across the outer Mackenzie Delta between Shingle Point and 

Tuktoyaktuk (Morse et a l ,  2012), where the annual mean air temperature is -10.6°C, and 

monthly mean temperatures are below 0°C from October to May (Environment Canada, 

2012). Annual mean near-surface ground temperatures in flat upland tundra in KIBS 

range from -5.4 to -7.2°C (Morse et a l ,  2012). In contrast, ice wedges in the white spruce 

(Picea glauca) forests o f the eastern, middle Mackenzie Delta no longer crack due to 

thick snow, thick active layers, and warm permafrost (-1.8 to -2.9°C) (Kokelj et a l, 

2007a).

The field investigations reported here took place in the low-lying sedge wetlands 

o f the outer Mackenzie Delta. The climate of this area is similar to Tuktoyaktuk A, but
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snow drifting is common during storms. As a result, the snow cover is relatively thin 

(approximately 20 to 40 cm) and is controlled by vegetation height. The near-surface 

permafrost is cold, with the annual mean temperature ranging between -3.0 and -5.8°C at 

the top of permafrost (Morse et al., 2012).

6.4. Methods

Ice wedges were investigated in the alluvial wetlands near sites where near

surface ground ice and ground temperature data have been collected (Morse et al., 2009, 

2012). The sites, accessible by boat, were selected where ice-wedge polygons appeared 

on satellite images and aerial photographs (Figures 6.1 and 6.2).

Wedge-ice depth and maximum near-surface ice-wedge width were determined 

for 22 ice wedges between July 2007 and September 2008 (Figures 6.1 and 6.2). The 

dimensions were obtained by drilling in summer and winter to 1 m below the top of 

permafrost at 15-cm horizontal intervals across each wedge using a 7.6 cm CRREL core 

barrel. Core-sample depths were adjusted for differences in microrelief with reference to 

the first core drilled. Thaw depth was measured at each site with a 1.25-m long steel 

probe pushed to refusal.

Surface morphology was determined by levelling, and in some cases by surveying 

with a Trimble R3 differential global positioning system (DGPS) (LI GPS receiver, A3 

LI GPS antenna). The point-elevation datasets from the receivers were processed with 

Trimble Business Centre™ software (version 1.12). The processed elevation points were 

imported to ArcView GIS™, where microtopographic profiles were generated.

Thermal conditions for contraction cracking were estimated from near-surface 

ground temperatures measured between September 2006 and August 2009 at four sites in



the wetlands (Figures 6.1 and 6.2). Measurements were recorded at 2-hour intervals by 

data loggers (Onset Computing, HOBO™ U 12-008, ±0.21° at 20°C accuracy) connected 

to thermistors (Onset Computing, HOBO™ TMC6-HA). The data loggers recorded with 

a 0.03°C increment of precision, giving a logger resolution of 0.015°C. The thermistors 

were positioned near the top of permafrost in drill holes augered into the ground. It was 

assumed that ice-wedge cracking was likely when the temperature at the top of 

permafrost had cooled to at least -13°C and the rate o f ground cooling was at least 

0.1°C-d‘' for 2 or more days (Mackay, 1993; Allard and Kasper, 1998; Fortier and Allard, 

2005; Kokelj et a l,  2007a).

6.5. Big Lake Delta Plain Ice Wedges

6.5.1. Morphology

Figure 6.4 shows examples of the ridge-trough-ridge morphology over ice wedges 

in the study area, and Figure 6.5 shows typical surface morphology determined by DGPS 

survey. The raised ground over the ice wedges was typically indicated by increased 

willow growth (Figure 6.4a) compared to the wet, sedgy, polygon centres (Figure 6.4b). 

Subtle troughs and or fissures in the ground over the ice wedges were frequently 

obscured by vegetation and accumulation of organic matter, giving the appearance of a 

‘single-ridge’ particularly in remotely sensed images (Figures 6.2 and 6.6). The troughs 

became clear after the area had been trampled (Figure 6.4c). In some cases there was no 

visible raised ground or trough at the site, nor was there anything visible on aerial photos, 

and the only indication o f an ice wedge was a fissure at the surface (Figure 6.4d). In 

general, fissures were more obvious where ice wedges intersected (Figure 6.4e). All 

fissures examined appeared to be associated with primary ice wedges.
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Figure 6.4. Examples of trough and ridge morphology over ice wedges in the alluvial 
wetlands: (a) Dry, raised ground over ice wedges was indicated by low willows, (b) Wet 
polygon centres (to the right o f the white line) were dominated by sedges; (c) After 
trampling vegetation and organic matter, previously obscured subtle troughs and/or 
fissures in the ground over the ice wedges were visible (highlighted by the white line) 
(W12); (d) There was no visibly raised ground at W03 and a fissure visible at the surface 
was the only indication of potential for an ice wedge; (e) Fissures in the ground above 
three intersecting ice wedges, the upper fissure almost completely obscured by 
vegetation, next to a 7.6-cm diameter CRREL core barrel (W01). Photographs (a), (c), 
and (d) were taken along the ice wedge axis o f symmetry, (a) © C.R. Bum.
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Figure 6.6. Oblique low-elevation aerial photograph of low-centred ice-wedge polygons 
at Fish Island in the vicinity o f W12 (Figure 6.1). Note the telecommunications tower 
(‘Taglu Tower’) for scale indicated by the arrow. © C.R. Bum.
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Table 6.1 summarizes the dimensions of microtopography above ice wedges in 

Big Lake Delta Plain. The median width of troughs overlying the wedges was 5 cm. Ten 

sites had no obvious trough per se, simply a fissure in the ground, while at 5 sites the 

troughs were greater than 50 cm wide. In all cases though, the trough depth was slight (9 

cm median). The raised ground above the ice wedges, indicated by more xeric vegetation, 

was typically about 4 m wide, with a maximum elevation above the wet polygon centres 

o f 22 cm. The permafrost table followed the surface topography. Microtopography was 

measured at 20 of the 22 wedges investigated.

Figure 6.7 presents features typical of the syngenetic ice wedges that were drilled. 

Vertical or near-vertical ice veins 2-3 mm wide that intersected the top of a foliated ice 

wedge were sometimes encountered during the thaw season within still-frozen active 

layer sediments, indicating thermal-contraction cracking the previous winter with 

subsequent infilling and re-freezing of water (Figure 6.7a). The infiltration may have 

been either snow melt or spring floodwater (Figure 6.8). Core samples frequently 

revealed ‘shoulders’ on the ice wedge that indicated stages of aggradation (Figures 6.7b 

and 6.7c). Near the surface, the shoulders were nearly right angles (Figure 6.7b), but as 

depth increased they were increasingly deformed (Figure 6.7c), from shear and diapiric 

uplift, and outward rotation during cracking (Mackay, 1990).

The cross-sections of four representative ice wedges are shown in Figure 6.9, and 

summary statistics for ice wedges are presented in Table 6.2. Coring intervals at two sites 

drilled in winter were too widely spaced to determine the maximum ice-wedge width at 

the top of permafrost and the active-layer thickness at these sites was not recorded. At 

one site only the active-layer thickness, depth to the top o f the first wedge ice, and wedge
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Table 6.1. Summary statistics for ice-wedge ridge and trough microtopographic 
dimensions (cm) measured in alluvial terrain.

Statistic Trough width Trough depth Total combined 
width of ridges Ridge relief

n 20 20 20 20
minimum 0 0 0 0
maximum 218 29 593 22

median 5 9 402 12
standard deviation 66 8 114 7
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Figure 6.7. Diagnostic features o f syngenetic wedge ice. (a) In the still-frozen mineral 
active layer, vein ice extends upward from the narrow ice-wedge top, here capped by the 
band of segregated ice at the base of the active layer at a depth o f about 48 cm (W03). (b) 
A pair o f ‘shoulders’ indicative of a stage of growth was visible at about 60-cm below the 
surface (W13). The ice wedge (opaque due to air bubbles) was growing in frost- 
susceptible alluvial sediments (brown) that were rich in aggradational ice (darkest areas). 
Near the surface, the sides of the foliated ice wedge were nearly vertical, (c) At depth, the 
sides and shoulders of wedges were deformed by shear and diapiric uplift, shown here at 
depths of 85 to 117 cm (W04).



Figure 6.8. Dark, mineral-rich bands commonly observed in foliated wedge ice, shown 
here in a plan-view section o f core (W07), were likely due to infilling of the thermal 
contraction crack by spring floodwater from the Mackenzie River, rather than by snow 
melt.
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width at the first ice encountered are known. Drilling revealed vein ice in the still-frozen 

active layer above five of the wedges, and at four other sites the uppermost wedge ice 

was at the top of permafrost. At the remaining sites the first foliated ice observed was 

between 5 and 60 cm below the active layer, but given the 15-cm spacing between cores, 

the narrow ice-wedge tops (3 cm median) may have been missed. At every site drilled, 

wedge ice increased in width with depth (Figure 6.9). The depth o f the maximum width 

was 140 cm, about 1 m below the median active-layer thickness (Table 6.2). The median 

maximum ice-wedge width was 95 cm, but it ranged between 27 cm and 177 cm (Figures 

6.9b and 6.9c and Table 6.2).

6.5.2. Growth o f  syngenetic ice wedges

The volume of an ice wedge relates in part to how long it has been able to grow 

and the frequency of thermal contraction cracking, while the maximum depth is a 

function of the penetration of the thermal contraction crack and whether or not the 

surface is stable, aggrading, or degrading (Mackay, 1990). Epigenetic ice wedges in 

coastal upland tundra of the western Canadian Arctic and northern Alaska are on average 

1.5 m wide and 4 to 5 m deep (Brown, 1967; Mackay, 1974, 1975b), having grown since 

the early Holocene climatic optimum about 9 cal ka BP (Bum, 1997). Conversely, 

syngenetic ice wedges have developed at Big Lake Delta Plain in accumulating alluvial 

deposits, which have been subaerial for only 0.5 to 1.5 ka (Taylor et al., 1996), and the 

average maximum width measured here in the upper metre of permafrost is about 63% 

that o f upland epigenetic ice wedges. An estimated maximum depth of the ice wedges at 

Big Lake Delta Plain, determined with ground penetrating radar and assuming that the ice 

wedges were epigenetic, ranged from about 3.5 to 4 m below the ground surface (Bode et
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Figure 6.9. Ice-wedge morphology at four representative sites determined by drilling. 
Ground surface heights and sample depths at each site are referenced to the central 
permafrost core. No surface morphology was detectable between drilling locations at 
sites W03 and W15. At every site drilled at KIBS, the ice wedge increased in width with 
depth. Note the vein ice observed in the still-frozen active layer at three of the wedges 
shown here (W03, W13, and W15).
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Table 6.2. Summary statistics for syngenetic ice-wedge dimensions (cm).

Ice
vein

Statistic in AL

Active-
layer

thickness

Depth 
to first 

ice

Maximum 
wedge width at 

first ice

Depth of 
maximum 

width
Maximum 

width at depth
n 5 20 22 20 21 21

minimum 33 37 0.2 78 27
maximum 85 96 32 175 177

median 41 57 3 140 95
standard

deviation 12 17 10 28 39
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al., 2008). This estimate has not been verified by drilling.

The depth of syngenetic wedge ice should approximate the depth of the incipient 

ice wedge beneath the primary surface plus surface aggradation (Figure 6.10). As Big 

Lake Delta Plain is likely comprised of former thermokarst lake bottoms (Mackay, 1963; 

Taylor et al., 1996), the depth of incipient wedge ice at Big Lake Delta Plain may be 

similar to incipient epigenetic ice wedges in the experimentally drained lake basin at 

Illisarvik (Figure 6.3), with incipient ice wedges in both settings growing in saturated 

lacustrine sediment. The Illisarvik wedges cracked uniformly to depths between 2.4 and 

2.9 m below the ground surface as measured with graduated probes (Mackay, 1984), but 

crack depths unquestionably exceeded those measured by probing because the minimum 

diameter probe (1 mm) jams at depth (Mackay, 1974).

Surface aggradation is less well constrained, being a product of alluvial sediment 

supply and deposition, modified by permafrost aggradation, eustatics, and compaction of 

strata (Morse et al., 2009). The precise present rate o f net sediment deposition on sedge 

and willow wetlands at Big Lake Delta Plain has not been determined, but Pearce (1994) 

suggested that the rate is likely less than for wetlands on emergent islands in the outer 

Holocene Mackenzie Delta. Nonetheless, due to sediment deposition, growth of mosses, 

and alluvial vegetation succession, permafrost has aggraded upward since subaerial 

exposure of the surface, and the upper 1 m of permafrost is uniformly ice rich as a result 

of the saturated environment (Morse et al., 2009). The ice-rich, near-surface permafrost 

minimizes the temporal variation o f the active layer in wet environments (Bum, 2004a; 

Shur et al., 2005; Morse et al., 2012), and permafrost is likely to continue to aggrade in 

this setting despite recent climate warming.
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Figure 6.10. Schematic diagram of the development o f subtle surface microtopography 
above a syngenetic ice wedge in an alluvial environment, following Mackay (1990, 
Figure 6.3). The upward growth of wedge ice, from inception (a) through to the most 
recent stage of growth (d), follows the base o f the active layer, which migrates upward 
due to the accumulation of alluvial deposits. The age o f the ice on the sides o f the 
syngenetic ice wedge increases downwards. Syngenetic ice-wedge growth minimally 
deforms the overlying ground, as cumulative soil deformation with height above the base 
of the wedge is reset by surface aggradation.
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The duration of surface aggradation represented by the upper metre of syngenetic 

wedge-ice at Big Lake Delta Plain may be estimated for a given rate of sediment 

deposition, assuming a consistent active-layer depth since inception, and 34% excess ice 

content (Morse et al., 2009). An assumed maximum average rate o f 5.1 mm-a'1 sediment 

deposition on lakeshores (sedge and willow wetlands) in the outer Holocene Mackenzie 

Delta (Carson et al., 1999) represents a minimum of about 130 years of 

permafrost/surface aggradation. At a rate equivalent to the overall mean aggradation rate 

for the entire subaerial outer delta, 3.8 mm-a’1 (Carson et al., 1999), the respective 

aggradation time is about 170 years. Finally, assuming a minimum deposition rate closely 

matched to relative sea-level rise, 1.0 mm-a’1 (Hill et al., 1993; Campeau et al., 2000), the 

uppermost metre of permafrost may represent a maximum of about 660 years of 

permafrost or surface aggradation. Given the 1.5 ka since subaerial exposure at Big Lake 

Delta Plain (Taylor et al., 1996), and the depth of incipient ice wedges, the initial ice- 

wedge depth estimated by Bode et al. (2008), 3.5 to 4 m, appears low for syngenetic ice 

wedges in this setting.

Evidence for low net sediment deposition at Big Lake Delta Plain originates from 

three distinct sources. First, during this study, upon arrival at the field sites soon after 

breakup, vegetation on low-centred polygonal terrain in Big Lake Delta Plain was dusty 

and there was no appreciable deposition of sediment on leaf litter. Conversely, channel 

levees, and sedge and horsetail flats were blanketed in recently deposited sediment. 

Second, satellite image analysis showed that most o f the wetlands at Big Lake Delta Plain 

east of Kanguk Channel were not flooded during the 2008 spring breakup, while much of 

the outer Holocene Mackenzie Delta was inundated by floodwater for several days
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(Figure 6.11) (van der Sanden and Drouin, 2011). Third, vertical sections through the 

active layer within low-centred polygons at Big Lake Delta Plain were mostly organic 

material with irregular sediment banding (Figure 6.12). Together these observations 

suggest that significant sediment deposition may occur only episodically in Big Lake 

Delta Plain, particularly east o f Kanguk Channel, with an average annual rate of sediment 

deposition considerably less than in much of the outer Holocene Mackenzie Delta.

6.5.3. Ice-wedge cracking and distribution

The activity o f thermal contraction cracks, and thus syngenetic ice wedges, is 

controlled by winter ground thermal conditions. Ground temperature data over three 

years (2006-07 to 2008-09) from four alluvial stations are shown in Figure 6.13. Annual 

mean temperatures at the top of permafrost at ranged from -3.9 (KUM5, 2006-07) to - 

5.8°C (TAG4d, 2007-08). Temperatures in permafrost were conducive to thermal- 

contraction cracking at TAG4d and TAG5 in late-March 2008, and at FI, KUM5, and 

TAG5, in mid-March 2009 (see Figure 6.1 for location of sites). Though the cracking 

conditions in 2008 were marginal compared to 2009, cracking was verified by the 

observation o f vein ice in the still frozen active layer above five o f the ice wedges studied 

in early summer 2008. These data suggest that syngenetic ice wedges in the outer 

Mackenzie Delta area are active, unlike syngenetic ice wedges in spruce forests of the 

southern Mackenzie Delta (Kokelj et al., 2007a).

Spatial variation of ground thermal conditions at the outer Mackenzie Delta area 

is dominantly influenced by snow depth (Mackay and MacKay, 1974; Morse et al.,

2012), which is a likely control on the distribution o f thermal contraction cracks. Thermal 

contraction cracking, and thus syngenetic ice wedge growth, is unlikely beneath medium
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Image Data RADAR SAT-1 C-band HH Mode VV2, 29 May 2008 
RADARSAT-1 data © Canadian Space Agency. 2008
Processing Canada Centre for Remote Sensing. Natural Resources Canada

Figure 6.11. A subset o f a classified RADARSAT-1 satellite image acquired on 29 May 
2008 showing the approximate maximum extent o f overland flooding at the outer 
Mackenzie Delta area (van der Sanden and Drouin, 2011). The image is one from a time 
series spanning the period of spring breakup. Flooded land is indicated by blue and 
purple colours, while un-flooded land is represented by yellow through to light orange 
colours. The black rectangle indicates the study area extent (Figure 6.1). Reproduced 
with the permission of Natural Resources Canada, 2012, courtesy of the Canada Centre 
for Remote Sensing.
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Figure 6.12. Organic active-layer with bands of mineral soil at 15 and 19 cm
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outer Mackenzie Delta area, September 2006 to August 2009. The dashed horizontal line 
indicates the maximum temperature for ice-wedge cracking. Likely cracking periods 
(0.1 °C-d'1 rate of ground cooling for 2 or more preceding days) are indicated by grey- 
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and tall willows that grow adjacent to channels due to deep snow and higher winter 

ground temperatures. Thermal contraction cracks observed at alluvial sites in this study 

and by Kerfoot (1972) were limited to locations where the snow cover was typically 40 

cm or less (Morse et al., 2012).

Despite the similarity of near-surface ground temperatures in the outer Mackenzie 

Delta area (Bum and Kokelj, 2009), the likelihood and observation of widespread thermal 

contraction cracking, and the ubiquitously poor drainage at these coastal wetlands, low- 

centred ice-wedge polygons only appear in patches in the outer Holocene Mackenzie 

Delta, but are numerous in the Big Lake Delta Plain (Mackay, 1963). In the Big Lake 

Delta Plain the rate o f deposition is apparently low enough to prevent substantial infilling 

of polygon depressions by alluvial deposits, while the primary network of ice wedges 

remains visible due to low willows on polygon boundary ridges. Ice-wedge polygons 

visible in the outer Holocene Mackenzie Delta may indicate areas where environmental 

conditions are similar to those at Big Lake Delta Plain, such as may be the case where 

patches of the outer Holocene Mackenzie Delta do not appear to have been flooded 

during the 2008 spring breakup (Figure 6.11) (van der Sanden and Drouin, 2011).

6.5.4. Development of subtle surface microtopography

In an epigenetic low-centred polygon, the troughs overlying the ice wedges are 

bordered on each side by raised rims often greater than 50 cm in height (French, 2007). 

The subtle relief expressed at the surface above the syngenetic ice wedges in Big Lake 

Delta Plain, in comparison to low-centred polygons in the surrounding upland tundra, 

may be due to sediment deposition and the relatively low age o f  the surrounding 

permafrost and active layer. Alluvial deposits fill in low areas and aggrade the surface,
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which is uncommon above epigenetic ice wedges. Soil deformation, leading to ridge 

formation adjacent to epigenetic ice wedges, is cumulative with height above the base of 

each epigenetic wedge. The cumulative soil deformation is not replicated precisely in the 

syngenetic case, because the top of permafrost is aggrading (Figure 6.10).

The stratigraphic deformation alongside syngenetic ice wedges in this alluvial 

environment is greater at depth (Figure 6 .14a) than near the top o f  the wedge (Figure 

6.14b) (Kokelj et al., 2007a, Figure 6.5), while the inverse is true alongside epigenetic ice 

wedges (Figure 6.14c). With syngenetic ice wedges, surface aggradation means that the 

uppermost wedge ice is relatively thin, so little displacement originates from this level 

(Figure 6.15a). The maximum displacement occurs at some depth, where the ice wedge is 

widest (Figure 6.15a). In contrast, for epigenetic ice wedges, the maximum displacement 

is at the top of permafrost (Figure 6.15b) (Mackay, 2000). Deformation of sediments does 

not accumulate alongside syngenetic ice wedges as in epigenetic settings, but rather the 

stratigraphy is reset by alluvial deposition. As a result, and in combination with the short 

time span of ice-wedge development (1500 a), the ridges adjacent to the syngenetic 

wedges are relatively small.

With syngenetic ice-wedge growth, the aggrading permafrost, a consequence of 

the aggrading surface, is always ‘new’. The genesis o f ice wedges in new permafrost may 

be contrasted between an epigenetic setting at the nearby Illisarvik drained-lake basin in 

Tununuk Low Hills (Figure 6.3), and the syngenetic setting at Big Lake Delta Plain. At 

Illisarvik, following artificial lake drainage in summer 1978, a significant trough (Figure 

6.16) developed over an epigenetic ice wedge that grew from winter 1979-80 to 1987-88.
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Figure 6.14. Typical modification o f stratigraphy by displacement o f ground material 
adjacent to syngenetic (a and b) and epigenetic (c) wedge ice. (a) Upturned stratigraphy 
next to syngenetic wedge ice at depth (128 -  147 cm, W09). (b) Nearly horizontal 
stratigraphy next to the top of a syngenetic ice wedge (65-82 cm depth, W09). (c) 
Stratigraphy exposed at a retrogressive thaw slump on Trench Lake, Tununuk Low Hills, 
is upturned the most near the top of the epigenetic ice wedge and becomes nearly 
horizontal toward the base o f the wedge. Note the person for scale.
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Figure 6.15. Cross-sectional schematic diagrams of low-centred polygon ice-wedge 
troughs with raised ridges on either side that typically develop above growing syngenetic 
(a) and epigenetic (b) ice wedges. The arrows of different lengths indicate magnitude of 
lateral soil deformation due to ice-wedge growth.
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Figure 6.16. Microtopography above an epigenetic ice wedge in the Illisarvik 
experimental drained lake basin in 2010 (site 3 o f Mackay and Bum, 2002b). © C.R. 
Bum.
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By 1988 vegetation growth, leading to snow entrapment, caused ground temperatures to 

warm and cracking to stop (Mackay and Bum, 2002b). The trough is over 20 cm wide 

and 15 cm deep.

Though soils at Illisarvik and at sedge wetlands are similarly fine-grained with 

high organic-matter contents (Morse et a i ,  2009; O’Neill and Bum, 2012), four key 

differences between the environment o f syngenetic ice-wedge genesis in the Big Lake 

Delta Plain and epigenetic genesis in the Illisarvik drained lake basin are the sedimentary, 

soil moisture, and thermal regimes, and the ice-wedge growth rates. At Illisarvik there is 

no sediment deposition during snowmelt, soil moisture content is insufficient for growth 

of mosses, heat is supplied from freezing of pore water in the talik, and the growth rate of 

the young wedge ice ranged from about 1 to 3 cm a '1. In the delta plain, sedimentation 

occurs from time to time (Figure 6.12), mosses and sedges are ubiquitous in the wetlands, 

there is little heat supply from below, and the new ice veinlets are 2-3 mm wide, 

suggesting a growth rate that is an order of magnitude lower and comparable to the sparse 

data on the growth rate o f old ice wedges (Mackay and Bum, 2002b). The rate of 

cracking by the syngenetic ice wedges may be lower than in adjacent uplands due to 

generally higher ground temperatures in wetlands versus the uplands as a result of deeper 

snow and deeper, wetter active layers, resulting in longer freezeback and a reduction in 

winter cooling (Morse et al., 2012).

6.6. Persistence of ice-wedge network geometry

Though syngenetic ice-wedge networks are widespread and extensive in polar 

lowlands (Bum, 2004b), the geotechnical data presented here, the field-based hypothesis 

on the origins of a subtle surface morphology, and the apparent persistence of the ice-
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wedge network at Big Lake Delta Plain have significant implications regarding opposing 

hypotheses on the evolution o f ice-wedge networks in general.

According to one hypothesis, well-developed troughs are preferential sites of 

snow accumulation, and in time the underlying wedges become relatively warm and 

crack infrequently, despite having well developed ramparts on either side that are swept 

of snow and relatively cool (Mackay, 1993, 2000). As cracking by primary wedges 

ceases, new wedges initiate within a network to relieve the thermal stresses, forming 

secondary and even tertiary polygons (Mackay, 1974, 1992, 2000; Bum, 2004b). An 

alternative hypothesis suggests that the initiation o f higher order ice wedges, and thus the 

evolution of ice-wedge networks, is sensitive to infrequent episodes o f severe winter air- 

temperature conditions, with ice-wedge spacing, or size o f the polygonal net, decreasing 

under a cooling climate as further contraction cracks open (Dostovalov and Popov, 1966). 

The initiation of higher order ice wedges may also be due to a change in the thermal 

contraction coefficient of the ground as sediments are deposited (Fortier and Allard, 

2004).

It is likely that episodes of rapidly falling air temperatures, severe or not, have 

considerably influenced the ground thermal regime in sedge wetlands. The shallow late- 

winter snow in sedge wetlands (36 cm median in 2008, n — 65) is relatively invariant 

from year to year, being limited mainly by vegetation height (Morse et al., 2012). Since 

woody material such as from willow stems or branches was rarely if  ever encountered in 

icy permafrost cores (up to 2 m depth) retrieved from polygon centres (Morse et al. , 

2009), it may be assumed that the sedge wetland vegetation has changed during 

deposition of the uppermost metre of permafrost. Thus, the ice-wedge network at Big



186

Lake Delta Plain has likely been exposed to air temperatures, under relatively consistent 

blowing snow conditions, over a sufficient length of time, 0.5 - 1 .5  cal ka BP (Taylor et 

al., 1996), for secondary ice wedges to initiate and propagate according to the hypothesis 

o f Dostovalov and Popov (1966). Yet, a primary ice-wedge network has been maintained 

at sedge wetlands, and no higher order ice wedges buried beneath the polygon interiors 

have been detected by ground penetrating radar (Bode et al., 2008). This also suggests 

that any changes to the thermal contraction coefficient o f the permafrost effected by 

sedimentation have been insufficient to initiate secondary ice wedges.

Despite snow conditions that closely relate thermal conditions of the ground and 

air in sedge wetlands, the primary ice-wedge network has been preserved as a 

consequence of a subtle surficial morphology maintained by alluvial deposition. With 

both surface and permafrost aggradation, pairs o f bounding ridges and intervening 

troughs do not develop to the degree that they can change the pattern of snow 

accumulation, initiating higher order ice wedges. Short-lived periods o f severe cooling 

likely altered the cracking frequency of the syngenetic ice wedges, but do not appear to 

have altered the spacing between ice wedges. Thus the horizontal component of evolution 

of this syngenetic ice-wedge network is likely insensitive to infrequent episodes of severe 

winter air temperatures. Since the coastal wetlands are subjected to periodic flooding, the 

low-centred ice-wedge polygons will likely persist for a considerable amount of 

geomorphic time (Mackay, 1963).

6.7. Ground-ice volume estimation

The delineation of syngenetic ice-wedge dimensions has significant implications 

for estimates of ground-ice volume and for the potential subsidence in Big Lake Delta
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Plain due to melting wedge ice (e.g. Bode et al., 2008). The estimate presented by Bode 

et al. (2008) assumed that the ice wedges in the study area are epigenetic, and that the 

width of the wedges at the top of permafrost is equivalent to the light-toned bands on 

imagery that are the ridges surrounding each polygon. The estimate of the volume of 

wedge ice in the uppermost metre of permafrost determined in this chapter is only 15% 

(4.54 x 104 m3) of the previous estimate for the same study area (2.99 x 10s m3). This 

analysis assumes an isosceles sub-surface geometry in the upper 1 m of permafrost 

characteristic o f syngenetic wedge ice, where the width at depth (0.95 m) is the triangle’s 

base and the apex is at the top of permafrost. This volume may be overestimated as the 

simplified geometry does not take into account the ice-wedge ‘shoulders’.

Pollard and French (1980) estimated that epigenetic wedge ice constitutes nearly 

50% of earth materials in the upper metre of permafrost on Richards Island (Figure 6.3). 

In contrast, syngenetic wedge ice may constitute only 1.5% of earth materials in the 

uppermost metre of ice-rich permafrost in Big Lake Delta Plain. If the uppermost metre 

of permafrost thawed in the Big Lake Delta Plain, 96% of the potential 35.5 cm total 

subsidence would be attributed to degradation o f aggradational (segregated) ice rather 

than wedge ice.

6.8. Summary and conclusions

Numerous ice-wedge polygons that are well defined in aerial photographs occur 

at the Big Lake Delta Plain, outer Mackenzie Delta. Field data presented here indicate 

that they are due to growth of syngenetic ice wedges beneath an aggrading surface. 

Syngenetic wedge ice growth has created a subtle microtopography, with troughs above 

the ice wedges frequently obscured by vegetation and/or organic deposits, giving the
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false appearance of single ridge polygons on aerial photographs. The volume of wedge 

ice in near-surface permafrost is much less than it would be if the ice wedges were 

epigenetic. Surface expression at a site did not indicate the ice-wedge size which depends 

on the site’s geomorphic and thermal history. This study points out the necessary 

consideration of surface stability (aggrading, stable, or degrading) when interpreting 

wedge-ice volume from dimensions determined by remote sensing, and demonstrates that 

caution must be taken when estimating ground-ice content at remote locations where field 

evidence is difficult or impossible to obtain.

The following points summarize the results presented in this chapter:

1. The numerous low-centred ice-wedge polygons in sedge wetlands at Big 

Lake Delta Plain feature a subtle microtopography, with troughs above the ice wedges 

about 5 cm wide and 9 cm deep. The bounding ridges on each side have about 12 cm of 

relief and are each about 200 cm wide. In some cases there were no visible troughs or 

ridges, the only indication of an underlying ice wedge being a fissure on the ground 

surface. The troughs and fissures were often obscured by vegetation and/or organic 

deposits, giving the superficial appearance of a single ridge.

2. Drilling provided evidence of syngenetic wedge-ice development, with 

‘shoulders’ on the ice wedges indicative o f vertical growth stages, and a decreased cross- 

sectional width towards the top of permafrost. The ice wedges were typically about 3 cm 

wide near the top of permafrost, increasing in width downward to an average of 95 cm in 

the first metre o f permafrost. The results are consistent with ice-wedge development 

beneath a slowly aggrading surface.
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3. The ice wedges in sedge wetlands at Big Lake Delta Plain are active, 

indicated by the observations of (1) cracks above ice wedges, (2) ice veins in the still- 

frozen active layer intersecting the tops of five o f the ice wedges, and (3) temperatures 

near the top of permafrost reaching the threshold temperature for thermal contraction 

cracking in conjunction with rates of temperature change conducive to cracking.

4. Thermal contraction cracking was extensive in wetlands where thin, late- 

winter snow depths promote low ground temperatures in winter.

5. The subtle ridge-trough-ridge relief above the syngenetic ice wedges, in 

comparison with epigenetic ice wedge polygons in the surrounding uplands, is thought to 

be largely due to alluvial deposition in the area, resetting o f the surface, and the relatively 

short time (1500 a) available for ice-wedge development. A contributing factor may also 

be the greater displacement of ground materials at depth by syngenetic ice wedges 

instead of at the top of permafrost as with epigenetic ice wedges.

6. The surface morphology, maintained by surface aggradation, has 

prevented the initiation o f secondary ice wedges despite ground temperatures likely 

having undergone short periods o f severe cooling.

7. Syngenetic wedge ice may constitute less than 2%  of earth materials and 

about 4% of the ground ice in the uppermost metre o f permafrost in Big Lake Delta Plain. 

The volume of wedge ice in the uppermost metre o f permafrost was only 15% of a 

previous estimate made assuming the wedges are epigenetic.
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7. PERENNIAL FROST BLISTERS OF THE OUTER MACKENZIE DELTA 

AREA, WESTERN ARCTIC COAST, CANADA

7.1. Introduction

Syngenetic ice wedges are well developed and active in the alluvial lowlands of 

the outer Mackenzie Delta (Chapter 6). There is a primary network of low-centred ice- 

wedge polygons in these wetlands, with dry polygon rims that are preferred breeding 

habitat for migratory waterfowl and shorebirds (Pitelka, 1959; Pirie et al., 2009). In 1960, 

much of the area was protected inside the 623 km2 Kendall Island Bird Sanctuary (KIBS) 

(Figure 7.1) (Bromely and Fehr, 2002).

Ornithologists working in the lowlands of the outer Mackenzie Delta have 

recently noted small, turf covered mounds in some polygons with Whimbrel (Numenius 

phaeopus) nests on them (Pirie et al., 2009). Similar small, low mounds have been 

observed in low-centred ice-wedge polygons with wet interiors in northern Alaska’s 

Arctic lowlands (Black, 1974). The most well-known and discussed small-scale frost 

mounds are the paisas that develop in peatlands {e.g., Washburn, 1983; Pissart, 2002), 

and frost blisters that develop in association with relief {e.g. van Everdingen, 1978; 

Pollard and French, 1984), however gas-domed mounds o f similar size were observed by 

Mackay (1965) at Kendall Island, about 6 km north o f the Mackenzie Delta front, though 

these were of limited distribution.

The purpose of this chapter is to investigate the low mounds located within the 

wet centres o f ice-wedge polygons at KIBS. The specific objectives are to: (i) determine 

the origin and distribution of frost mounds located in the centres o f numerous ice-wedge 

polygons; (ii) assess the longevity of individual mounds; and (iii) quantify the variation
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Figure 7.1. Location of sites in alluvial wetlands where frost mounds were investigated 
(dots indicate locations), outer Mackenzie Delta area. Mounds investigated in Areas A, B, 
and C are shown in Figures 7.4, 7.5, and 7.12, respectively. The image is from IKONOS 
satellite imagery collected between 22 June and 8 August 2002 (Ashenhurst, 2004).
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of mound distribution over time.

7.2. Frost mounds

Frost mound is a generic term for ice-cored, dome-shaped landforms of various 

types (e.g. pingos, frost blisters, icing blisters, and paisas) that grow as a result o f ground 

freezing (ACGR, 1988). Dilation cracks in the ground are common when the frozen 

overburden is lifted by mound growth. Nelson et al. (1992) divided non-pingo frost 

mounds into four genetic categories, with distinct growth mechanisms being ice 

segregation, buoyancy, hydrostatic pressure, and hydraulic pressure. The diagnostic 

criteria include ice fabric and texture, bubble and ion inclusion patterns, and mound 

structure and stratigraphy.

Unlike ‘Mackenzie Delta’ type hydrostatic pingos that initiate upon drainage of 

lakes (Mackay, 1979), the precise conditions for inception of most frost mounds remain 

largely unclear, though all mounds, given their lifespan, aggrade and degrade over one or 

two (ephemeral) or several years (perennial) (Nelson et al., 1992). Many mounds grow in 

one freezing season, developing in a few hours to several weeks (van Everdingen and 

Banner, 1979; Hinkel et al., 1996), but some perennial mounds may take several years to 

grow. A frost blister, for example, usually deforms the ground into a dome shape over 

one winter (Hinkel et al., 1987, 1996), but it may require several winters to freeze the 

injected water completely (Outcalt et al., 1986). Mounds may last for several years if 

insulated by uplifted peat and soil, and if they avoid mechanical or thermal abrasion 

(Hinkel et al., 1996). Ephemeral and perennial mounds may commonly be distinguished 

by the plant communities growing on them (Nelson et a l,  1992).



193

Small-scale frost mounds have been described from many parts o f Siberia, 

northern Alaska, and Svalbard in both plains and areas o f relief (e.g. Black, 1974; 

Akerman, 1982). In Arctic Canada, small-scale frost mounds observed within continuous 

permafrost include: (1) ephemeral frost blisters that develop on slopes, commonly 

associated with perennial springs (van Everdingen, 1978; Pollard and French, 1984; 

Pollard, 1991); (2) ephemeral frost blisters that develop from subpermafrost groundwater, 

hydrostatically injected into the active layer adjacent to pingos (Porsild, 1938; Mackay 

1979); (3) “peaty mounds” due to formation of segregation ice or injection ice, or 

disintegration of existing peat plateaus (Washburn, 1983); (4) frost mounds of a 

hypothesised hydrostatic origin within low-centred ice-wedge polygons in sedge marshes 

on silty or sandy plains (French, 1971); and (5) ephemeral, hydrostatic-origin, frost 

blisters that form on spits and barrier islands when the sandy active layer is saturated with 

seawater from storm surges (Campeau and Hequette, 1995).

7.3. Outer Mackenzie Delta area

Mackenzie Delta, NT, is the largest delta in Canada. The outer delta, 3872 km2 in 

area, is subject to tidal, marine, and fluvial influences and is bounded by the driftwood 

and low tide lines (Figure 7.1) (Lewis, 1988). Most o f this area is less than 1.5 m above 

mean sea level (Mackay, 1963), and channel levees are only 0.5 - 2 m  high (Pearce, 

1994).

The alluvial surface of the outer Mackenzie Delta is a product of the two distinct 

late Quaternary histories of the Holocene Mackenzie Delta and Big Lake Delta Plain 

(Figure 7.2) (Taylor et al., 1996). West o f Middle Channel, the relatively recent Holocene 

Mackenzie Delta is aggrading as a broad, deep trench fills with fluvial deposits. In
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contrast, Big Lake Delta Plain, east o f Middle Channel, was a subaerial platform for 

much of the Wisconsinan period, but was inundated for several thousand years in the 

Holocene, likely by thermokarst lakes. Lake drainage and/or alluvial deposition 0.5 -  1.5 

cal ka BP established the contemporary subaerial conditions, with alluvial sediments 

filling only shallow depressions. KIBS, bounded to the southwest by Middle Channel of 

Mackenzie River, to the east by Harry Channel, and to the north by Mackenzie Bay, 

contains most of Big Lake Delta Plain except for a narrow strip between Harry Channel 

and Richards Island (Figure 7.2).

The climate of the outer Mackenzie Delta is similar to Tuktoyaktuk A (Morse et 

a l, 2012), 75 km to the east (Figure 7.1), where the annual mean air temperature is - 

10.6°C, and monthly mean temperatures from October to May are below 0°C 

(Environment Canada, 2012). The snow cover, which develops primarily by wind 

redistribution and is controlled by vegetation height, is a dominant influence on ground 

thermal conditions in the area (Morse et al., 2012). The snow cover is shallow in the 

extensive sedge wetlands (36-cm median depth, n = 65, 2008) in comparison with willow 

thickets (83-cm median depth, n = 40, 2008) that grow adjacent to the channels (Morse et 

al., 2012).

Permafrost is continuous in the outer Mackenzie Delta (Nguyen et al., 2009). 

Active-layer thickness at alluvial sites is about 60 cm in the extensive sedge wetlands 

(median depth, n = 65, 2007), but can be greater than 175 cm beneath tall willows that 

border river channels (Morse et al., 2012). The annual mean temperature at the top of 

permafrost in sedge wetlands is between -4.0 and -5.8°C (Morse et al., 2012).
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Near-surface permafrost, which has developed in saturated, frost-susceptible soil beneath 

an aggrading surface, is typically ice-rich (Rampton, 1988; Morse et al., 2009). In Big 

Lake Delta Plain, excess ice content averages 34% in the upper meter of permafrost but 

ranges up to 70% (Morse et al., 2009).

There are numerous low-centred ice-wedge polygons, on average 20 m in 

diameter, in Big Lake Delta Plain (Mackay, 1963; Traynor and Dallimore, 1992). The 

polygons are largely confined to central portions o f the alluvial islands where the ground 

can cool sufficiently for thermal contraction cracking. The polygonal network is formed 

of syngenetic ice wedges, which are active under present climatic conditions, growing 

beneath an aggrading surface (Chapter 6). Pirie et al. (2009) observed low mounds 

discussed in this chapter within these polygons. Sediment deposition on Big Lake Delta 

Plain and syngenetic wedge-ice growth have led to the evolution of a subtle surface 

microtopography above the ice wedges, with ridges o f 12 cm relief and 400 cm total 

width bisected by troughs only 5 cm wide and 9 cm deep (Chapter 6).

7.3.1. Frost mounds at Big Lake Delta Plain

A “seasonal frost mound produced through doming of seasonally frozen ground 

by a subsurface accumulation of water under elevated hydraulic potential during 

progressive freezing of the active layer” is a frost blister (ACGR, 1988, p. 34). The frost 

mounds at Big Lake Delta Plain may be similar to those within low centred ice-wedge 

polygons of the Masik Valley, southern Banks Island, NT, which originated, according to 

French’s (1971) hypothesis, after development o f hydrostatic pressure during freeze-back 

of the active layer.
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A schematic diagram of the development of injection ice and the growth of a frost 

blister within a low centred ice-wedge polygon is shown in Figure 7.3. Commonly, water 

ponds within the polygons, delaying freeze back of the saturated organic active layer 

(Figure 7.3a) (French, 1971; Black, 1974). Snow accumulation during freeze back of the 

active layer likely reduces the rate o f heat loss, slows freezing front penetration, and 

favours lateral migration of water in the polygon centre (Hinkel et a l, 1996), but the 

raised rims are relatively well drained and the active layer there freezes back more 

quickly (Figure 7.3b) (Mackay, 1993). Hydrostatic pressure, due to expansion of water on 

freezing, develops in the saturated unfrozen zone when the encroaching freezing front, 

bounded by the frozen surrounding raised rim, the frozen surface, and top of permafrost, 

creates a closed system (Figure 7.3c) (French, 1971; Mackay, 1986; Nelson et al., 1992, 

Hinkel et al., 1996). Water, under pressure, moves ahead o f the freezing front and is 

intruded into unfrozen ground, deforming the overburden (Figure 7.3d), and subsequently 

freezes as massive ice, creating a frost blister (Figure 7.3e) (Mackay, 1986; French, 1971; 

Outcalt et al., 1986). Subsequent to water injection, the snow on the raised area is likely 

wind swept and thin, promoting ground cooling as in the polygon ridges (Mackay, 1993). 

In summer, the dry, uplifted organic mat becomes an effective insulator, protecting the 

ice core (Figure 7.3f).

7.4. Methods

Between June and September 2008, 12 mounds were sampled in the outer 

Mackenzie Delta using a 7.62-cm diameter CRREL core barrel (Figures 7.1, 7.4, and 

7.5). Two were drilled at several locations along their long axis to determine their internal 

stratigraphy. Core samples were visually inspected to determine ice fabric and texture,
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Figure 7.3. Schematic diagram of the development o f frost blisters in the centres of 
syngenetic ice-wedge polygons. See the text for discussion.
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Figure 7.4. Frost mounds investigated in Area A of Figure 7.1. The dark areas are ponds. 
Area D is examined in Figure 7.14. Taglu Tower, about 150 m southwest of M03, is a 
telecommunications tower that appears on several other figures in this chapter. The, 
photograph, taken in 2004, is a portion o f Mackenzie Valley Air Photo Project 
orthophoto mosaic image tile 08 500769 © 2007. Produced under licence from Her 
Majesty the Queen in Right of Canada, with permission of Aboriginal Affairs and 
Northern Development Canada.
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Figure 7.5. Frost mounds investigated in Area B of Figure 7.1. Note the variation in the 
number and size of light-toned frost mounds within the dark-toned low centres of ice- 
wedge polygons. The image is a portion of Mackenzie Valley Air Photo Project 
orthophoto mosaic image tile 08_490770 © 2007. Produced under licence from Her 
Majesty the Queen in Right o f Canada, with permission o f Aboriginal Affairs and 
Northern Development Canada.
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bubble patterns, structure, and stratigraphy. Samples were then double bagged and 

transported to the lab. Electrical conductivity of the thawed core samples was determined 

in the lab with a standardized digital conductivity meter. Measurement scale ranges were 

0.201 -  2.000 mS (with 0.001 mS resolution) and 2.01 -  20.00 mS (with 0.01 mS 

resolution).

Formation of a closed hydraulic system by differential freezing between polygon 

ridges and low centres was examined in polygonal terrain near M07 (Figure 7.4). Site- 

scale variation of thermal conditions in low-centred polygonal terrain was determined 

from near-surface ground temperatures measured between August 2008 and August 

2009. Measurements were made with HOBO™ TMC6-HA thermistors (Onset Computer 

Corporation) connected to HOBO™ U 12-008 data loggers (Onset Computer Corporation, 

waterproof, ±0.21°C at 20°C accuracy) programmed to record at 2-hour intervals. The 

data loggers recorded with a 0.03°C increment o f precision, giving a logger resolution of 

0.015°C.

The thermistors were positioned at the surface (2 cm), near the base of the active 

layer (40 cm), and near the top of permafrost (80 cm) (Figure 7.6a). Temperatures were 

recorded in the ridges above an ice-wedge (Figure 7.6b) and in two adjacent low-centred 

polygons (Figure 7.6c), one modified experimentally with extruded polystyrene rigid 

foam insulation (Owens Coming Foamular® Insulpink®) (Figure 7.6d). The insulation 

was installed in late August to simulate early snow accumulation thereafter.

The snow thickness simulated by the foam insulation may be determined from the 

thermal resistance, R (reported as RSI in International System o f  Units or R-value in US
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Figure 7.6. Near-surface ground temperature monitoring site, (a) Schematic diagram of 
instrumentation, (b) Subtle syngenetic ice-wedge ridges, photographed along the axis of 
symmetry, with the control polygon on the right and the manipulated polygon on the left 
(polygons highlighted with white lines), (c) Instrumentation at the ridge and the control 
polygon, (d) Experimental manipulation of surface conditions with rigid polystyrene 
foam insulation.
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customary units), and the thickness, L, of the material with (Lunardini 1981, Equation 

3.9):

R =  j .  [7.1]

where RSI of one sheet of foam is 1.32 m2 K W '' (R-value = 7.5 hr-ft2 °F B tu 1), L is 

0.038 m, and X, the material’s thermal conductivity, is 0.029 W m '1 K '1. The foam 

insulation was stacked two-sheets thick (0.076 m) giving an RSI o f 2.64 m2 K-W’1. This 

is equivalent to about 0.43 m of snow, assuming X o f snow is 2.9 x 10~6-ps2 (Goodrich, 

1982), where ps, the bulk density of snow, is 238 kg m’3 in alluvial wetlands at KIBS 

(Morse et al., 2012).

The duration of active-layer freeze back was estimated from inception, when the 

daily mean surface temperature remained below 0°C, to completion, when the daily mean 

temperature at the top of permafrost began to decrease. Thaw depth was measured with a 

125-cm long steel probe with 10 cm graduations, pushed to the depth of refusal, and late- 

winter snow depth was measured with the probe at one representative frost mound (M07; 

Figure 7.4).

Mackenzie Valley Air Photo project (photographs taken in 2004) 1:30 000 scale 

orthophoto mosaic tile no. 08 500769, an IKONOS satellite image (1-m resolution) taken 

in 2002, and historic aerial photographs (1950 to 1992) from Natural Resources Canada’s 

National Air Photo Library at scales ranging from 1:15 000 to 1:60 000 and scanned at 

12.5 pm, were analysed within ArcView GIS™ software (version 3.1) to determine the 

distribution and variation in spatial density o f mounds.

A Trimble R3 differential global positioning system (DGPS) (LI GPS receiver,

A3 LI GPS antenna) was used to measure topographic gradients and map surface
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microtopography. The point-elevation datasets from the receivers were imported to 

Trimble Business Centre™ software (version 1.12), where the baselines for the raw 

Trimble GPS data were calculated. The processed elevation points were imported to 

ArcView GIS™, and the Spatial Analyst extension was used to generate topographic 

profiles and microtopographic contour maps.

7.5. Frost blisters of the Big Lake Delta Plain

7.5.1. Morphology

Numerous mounds were observed within low-centred polygons at Big Lake Delta 

Plain during the summers of 2007 and 2008 (Figures 7.4, 7.5, and 7.7). Nests containing 

eggshells were not uncommon on the mound tops, and a shallow moat frequently 

encircled taller mounds. Mounds ranged from 2 m to greater than 10 m in diameter 

(Figures 7.7a, b) with some having steep sides (Figure 7.7c). Others formed low domes 

(Figure 7.7a). All mounds were less than 1 m high. These dimensions are similar to 

ephemeral pure-ice-cored mounds reported from the Seward Peninsula, AK (6-12 m long, 

0.9-1.5 m high) (Sigafoos, 1951), and to perennial mounds near Contwoyto Lake and 

northwestern Banks Island, NT, and Southampton Island, NU (up to 15 m long, 1 -2 m 

high) (Bird, 1967), and also to mounds from southern Banks Island, NT (2 to 5 m in 

diameter, < 0.5 m high) (French, 1971).

One or more dilation cracks were commonly observed running across the mound 

(Figure 7.7b). The crisp nature o f some cracks and absence of infilling detritus suggested 

that these mounds may have formed in the previous year or two. A very few mounds 

supported substantial willows, which were absent otherwise from the wet and sedgy
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(8)

Figure 7.7. Examples of frost mound morphology in the wet inter-polygon areas, (a) 
Visible in the middle distance, frost mounds occurring in the inter-polygon area ranged in 
diameter from a few meters such as the one on the left (M06, next to the person) to over 
ten meters such as the second mound on the right, (b) Frost mounds were frequently 
intersected by dilation cracks, where the vegetative mat appeared in many instances to 
have been recently sliced apart by a razor, (c) Some mounds exhibit substantial growth of 
willow shrubs on top, and some are also crescent shaped.
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polygon centres (Figure 7.7c). Several mounds had a concave side, with an adjacent small 

pond that was deeper than the standing water in the rest of the polygon (Figure 7.7c).

The summary statistics of 12 mounds drilled in summer 2008 are presented in 

Table 7.1. The mounds varied from nearly circular to ovoid, with measured long axes 

ranging from 4 to 8.5 m. Every mound contained a core o f pure ice, ranging in maximum 

thickness from 15 to 58 cm.

Visible characteristics diagnostic o f the frost mounds’ origin (Nelson et al., 1992) 

are shown in Figure 7.8. Organic inclusions in the ice matrix were common, with some 

organic matter dangling in the ice from above, or protruding upward into the ice from 

basal material (Figure 7.8a) as if the active-layer material had been pulled apart when 

pressurized water was pushed into an unfrozen zone. Progressive freezing of bulk water 

was indicated by bubble density and size increasing downward in every mound examined 

(Figure 7.8b), candling o f samples revealing long, columnar ice crystals, particularly 

toward the centre of the mounds (Figure 7.8c), crystal diameter increasing downward, 

and very clean ice bodies (Figure 7.8d). A thaw unconformity at a depth of 40 cm (10 cm 

below the uppermost injection ice) in M07, which contained the thickest ice body drilled, 

indicated more than one injection event, and perhaps multi-year growth (Outcalt et al., 

1986).

Two mounds, M04 and M06, were drilled at several locations along their long 

axis to examine the shape of the ice body (Figure 7.9). As with every other mound, the 

massive ice was found between the upper organic horizon and the underlying mineral 

soil. The bases were essentially flat, suggesting that water injection followed the interface 

between the organic mat and the mineral soil. The average thickness of the organic
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Table 7.1. Frost blister properties.

Location Long axis 
(cm)

Ratio o f short axis to long 
axis

Maximum ice thickness 
(cm)

M01 410 0.63 17
M02 700 0.71 28
M03 370 0.97 16
M04 500 0.99 16
M05 430 0.98 16
M06 620 0.50 38
M07 850 0.57 58
M08 - - 25
M09 - - 30
M10 - - 15
M il - - 37
M12 - - 26
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Figure 7.8. Fabric, texture, and structural characteristics o f injection frost mounds at 
KIBS. (a) Organic inclusions in the top or bottom of the ice matrix were common as 
shown here (M01). (b) Bubble density and size typically increased downcore, as here in 
M02. (c) One mound (MO7) exhibited a thaw unconformity 40 cm below the surface. 
Candling of samples retrieved near the base o f cores drilled downward from the centres 
o f the mounds revealed anhedral ice crystals with a vertical prismatic texture, their c-axis 
elongated normal to the direction of freezing, (d) The massive-ice bodies were very clean 
in general as seen in this plan-view section from M04 that has been washed of most 
drilling-related detritus.
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Figure 7.9. Diagrams of ice-bodies interpreted from cores drilled in August 2008, 
assuming a symmetrical shape. Note the flat base o f each massive-ice body associated 
with the injection of water at the organic mat-mineral soil interface.
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horizon above the ice (35 cm) was the same as the thickness of the organic layer in 

ground surrounding the mounds. Late-summer thaw depths averaged 26 cm at the centre 

of the mound and increased toward the edges o f the mounds (Figure 7.9). The average 

late-summer thaw depth in the polygons was 39 cm.

Electrical conductivity was determined on thawed core samples extracted from 

mounds 7 to 12, and three sets of representative results are shown in Figure 7.10. 

Conductivity increased down-core in every case with maximum values ranging from 1.4 

to 5.9 mS. The increasing rate o f change in conductivity at depth is indicative o f closed- 

system freezing (Nelson et al., 1992).

7.5.2. Ground thermal regime

Hinkel et al. (1996) hypothesized that early snow accumulation may provide 

suitable conditions for frost blister growth by slowing penetration of the freezing front 

and promoting lateral groundwater migration. This hypothesis has not been examined in 

the field due to the unpredictability o f frost blister formation under natural conditions. In 

this study, a field experiment using polystyrene insulation was conducted to examine the 

ground thermal regime near frost blisters (Figure 7.6d). In fact, on 30 September 2008, 

about a month after installation of the insulation, a deep, early snow cover arrived (Morse 

et al., 2012). By 12 October the snow cover was about 45 cm thick and subsequently did 

not deepen substantially through the winter (Morse et al., 2012). The depth was 

controlled by the snow-holding capacity o f the vegetation. The snow cover in the region 

is normally melted in early June, so ground temperatures beneath the insulation were not 

representative of field conditions after that and are not presented. In 2009, surface and 

active-layer temperatures rose rapidly above 0°C on 4 June (Figure 7.11).
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Figure 7.10. Plot of electrical conductivity versus depth in the massive ice body within 
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Figure 7.11 Near-surface ground temperatures in low-centred polygonal terrain (2008-09) 
at an ice-wedge ridge, a polygon-interior control, and a polygon-interior experiment, (a) 
at the surface (2 cm), (b) in the active layer (40 cm), and (c) near the top of permafrost 
(80 cm).
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In general, ground temperatures at the surface (2 cm), the base o f the active-layer 

(40 cm), and near the top of permafrost (80 cm) followed a similar pattern in the ridges 

and within the control, i.e. uninsulated, polygon (Figure 7.11). Temperatures in the ridge 

were slightly lower in winter and higher in summer than in the polygon, especially in the 

active layer (Figure 7.1 lb). From the beginning of the freezing season until 25 March 

2009, when the lowest temperature was reached in permafrost (Figure 7.1 lc), the ground 

surface and base o f active layer were on average 0.6°C warmer in the polygon than in the 

ridge. The annual mean temperatures near the base o f the active layer (-3.7°C) and the 

top of permafrost (-4.3°C) were the same at both sites.

However, the duration of freeze back was distinctly different at the ridge and at 

the two polygon centre sites. Freeze back of the active layer began on 1 October 2008 in 

the ridge and control polygon, and the next day beneath the insulation (Figure 7.1 la).

(The insulation did not simulate an early snow cover because the ambient temperature did 

not promote ground freezing until 30 September). The ground surface temperature 

remained near 0°C until 24 October in the ridge, 2 November in the control polygon, and 

26 December beneath the insulation (Figure 7.1 la). The 40-cm temperature dropped 

steadily below 0°C after 17 November in the ridge, 7 December in the control polygon, 

and 4 February beneath the insulation (Figure 7.1 lb). Freeze back in the control polygon 

took 67 days, and 126 days beneath the insulation.

These observations indicate that active-layer freeze back takes longer in polygon 

interiors than in the ridges, and that the duration of freeze back is sensitive to the 

insulative properties of the snow pack. The duration o f freeze back at the control site,
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following establishment o f a thick early snow cover, was about 67 days. This is sufficient 

time to enable lateral ground water movement.

7.5.3. Distribution

Frost blisters at Big Lake Delta Plain were limited almost entirely to terrain east 

of Kanguk Channel (Figure 7.1), where flooding occurs less frequently and the rate of 

sediment deposition is lower than in much of the rest of the outer Mackenzie Delta area 

(Chapter 6). Frost blisters were found within low-centred polygons and abandoned 

channels where drainage is confined, and were more common inland, away from 

channels, where standing water was deeper, such as towards the centres o f alluvial 

islands.

This pattern of frost mound distribution was examined on Fish Island where 

moisture content appears to generally increase from the NW near Harry Channel to the 

SE, as indicated by field observation o f generally increasing standing-water depth and on 

aerial photographs by the increasingly darker tone of the wetlands (Figure 7.1). The soil 

moisture gradient in this area is likely due to the local topographic gradient which was 

determined with a DGPS to be about -1 m k m '1 toward the island centre. Since freeze- 

back duration increases with soil moisture content and total snow depth (Goodrich, 1982; 

Morse et al., 2012), and because snow depth is relatively consistent throughout the sedge 

wetlands (Morse et al., 2012), the moisture gradient likely represents a freeze-back- 

duration gradient, and thus a gradient in soil thermal and hydrologic conditions 

conducive to frost-blister growth.

To test the proposed relation between frost-blister frequency and the 

topographic/moisture gradient at Fish Island, frost blisters were counted within three
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replicates (I, II, III) of six 100* 100 m squares (six levels) aligned randomly along 

transects running 800 m inland toward the centre o f the alluvial island. The transects 

were approximately orthogonal to the channel shoreline within a  representative area 

designated as Area C in Figure 7.1 (Figure 7.12). A Kruskal-Wallis test with adjustment 

for block means was used to determine if there was a difference in counts among the 

levels and among replicates (Sokal and Rohlf, 1995). The levels were statistically 

significantly different (a = 0.05; p  = 0.0264), but replicates were statistically similar (p = 

0.3231). The frost blister densities were greatest toward the island centre, and the highest 

count in a replicate was 27 (Figure 7.12).

Many low-centred polygons with saturated centres contained multiple frost 

blisters with up to 6 present (Figures 7.5 and 7.7a). Since the maximum volume of water 

in a low-centred polygon is controlled by the elevation of the bounding rims, a 

comparison can be made between the volume o f active-layer pore water and the volume 

of ice in a typical frost blister. Assuming M06 (staked in Figure 7.7a) to be symmetrically 

shaped and circular, the best-fit relation between the distance from the centre o f the 

mound (x) and the ice thickness (y) (r2 = 0.99) (Figure 7 .13a) is: 

y (x ) = -0 .0 4 0 * 2 + 0.0055x +  0.38. [7.2]

The volume of massive ice in M06 may be estimated by determining the volume 

for a solid of revolution about the y-axis (Figure 7.13a), or by transposing the axes to 

calculate the volume of revolution about the x-axis (Figure 7.13b). The best-fit relation in 

Figure 7.13(b) between ice thickness (x') and distance from the centre o f the mound (j/) 

(r2 = 0.97) is:

y '=  —19x'2 +  0.0049x' + 3.0 [7.3]
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Figure 7.12. The locations of mounds (dots; numbers counted are in brackets) within 
three replicates (I, II, III) of six 100 x 100 m sample squares aligned randomly along a 
topographic/hydrologic gradient represented within Area C shown in Figure 7.1. Taglu 
Tower is south of sample 1.1. The image is a portion of Mackenzie Valley Air Photo 
Project orthophoto mosaic image tile 08 500769 © 2007. Produced under licence from 
Her Majesty the Queen in Right o f Canada, with permission o f Aboriginal Affairs and 
Northern Development Canada.
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fit-curve o f ice thickness (y) to distance from the centre o f the mound (x). (b) 
Transposition of (a).
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The area o f interest under the quadratic curve is within the domain 0 < x' < 0.38. The 

volume (F) ice o f the solid of revolution for frost blister M06 bounded by the minimum 

and maximum ice thickness is then:

V = f t 3* n(y>)2d x '  [7.4]

or about 6.1 m3.

Assuming an average active-layer thickness (0.40 m), and hexagonal polygons 20 

m in maximum diameter, the volume of the active layer is approximately 104 m3. The 

porosity o f peat in the active layer determined from cores is about 90%, so there is 

approximately 94 m3 of water in a polygon with standing water. Given the 9% increase in 

volume upon freezing, about 8.4 m3 of injection ice could potentially form. The volume 

of ice in the frost blister is only about 75% of the potential volume, yet this is an 

overestimate for M06 which is elongate (Table 7.1). If the estimated 8.4 m3 of injection
i

ice did not melt during the summer, the remaining 86 m of water in the polygon could
■j

potentially form another 7.7 m of injection ice the following winter. The abundance of 

water in saturated polygons and the relatively small volume o f water required to create a 

frost blister lead to the development o f multiple frost blisters in some polygons.

7.5.4. Density and longevity

Frost blisters were visible in aerial photographs of Big Lake Delta Plain dating 

back to 1950, but none were obvious on alluvial islands o f the Holocene Mackenzie 

Delta, where Mackay (1963) noted that ice-wedge polygons were patchy. Frost blisters 

counted in remotely sensed imagery from 1972 to 2004 for Area D o f Figure 7.4 (Figure 

7.14) are summarized in Table 7.2. The total number of frost blisters counted in Area D 

(0.12 km ) varied greatly between years, partly because image quality was not consistent.



219

Figure 7.14. Distribution of visible frost blisters at Big Lake Delta Plain (Area D),
indicated by the position of black dots, determined using a co-registered images taken in 
(a) 1972 (0.75-m pixels; A22974-25), (b) 1976 (0.18-m pixels; A24441-241), (c) 1985 
(0.75-m pixels; A26750-20), (d) 1992 (0.25-m pixels; A28265-99), (e) 2002 (1.0-m 
pixels), and (f) 2004 (0.5-m pixels). (g)The cumulative distribution of frost blisters over 
time and overlaid on the 2004 image. Ice-wedge polygons are digitized in white, 
thermokarst ponds in black, and a seismic line in dashed black. Aerial photographs (a-d) 
produced under licence from Her Majesty the Queen in Right o f  Canada, with permission 
from Natural Resources Canada. IKONOS satellite image data (e) are from Ashenhurst 
(2004). Mackenzie Valley Air Photo Project orthophoto-mosaic image tile 08 500769 © 
2007 (f) produced under licence from Her Majesty the Queen in Right o f Canada, with 
permission of Aboriginal Affairs and Northern Development Canada.
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Figure 7.14. (Continued).
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Table 7.2. Matrix of frost blister counts and persistence determined from remotely 
sensed images of Area D (Figure 7.14).

1972 1976 1985 1992 2002 2004
1972 45 22 5
1976 182 5
1985 77 2
1992 108 6
2002 38 30
2004 182
Total 45 204 87 110 44 212
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The greatest number of frost blisters (212) was counted in 2004, suggesting that frost 

blister densities may be greater than 1750 km'2 in some places.

Exact comparison between images was impossible due to non-uniform resolution 

and image quality, but the successive images clearly indicate the nominal longevity of an 

individual frost blister. Nearly 80% of frost blisters counted from 2002 remained visible 

after two years, and about 49% of those counted from 1972 could be seen on aerial 

photographs taken four years later. A few frost blisters remained identifiable after 9-10 

years (1976-1985 and 1992-2002), including M07, but this is likely close to the upper 

limit of longevity for the larger frost blisters. Frost blisters counted at the same location 

over greater intervals of time may have been new frost blisters formed at the same 

location (Figure 7.15). The results suggest that the frost blisters are perennial, as with 

frost blisters (“ice-laccoliths”) near Point Barrow, AK, that collapsed up to 5 years after 

development (Hussey and Michelson, 1966).

7.5.5. Frost blister ablation

Ablation of frost blisters is inevitable. The microtopography of M07, illustrated in 

Figure 7.16 by 5-cm contour intervals, displays a typical degradation pattern. Mound 

decay on the NW side of M07 may have occurred after thawing along the dilation crack. 

Large frost blisters observed in the field were frequently surrounded by a moat, in which 

the active layer was deeper than in the rest of the polygon (Figure 7.16). Moats were seen 

around frost blisters in the aerial and satellite imagery time series (Figure 7.15). The 

greatest decay of M07 was marked by a crescent shaped incision into the frost blister, 

accompanied by subsidence of about 25 cm in the adjacent polygon floor (Figures 7.7(c) 

and 7.15). The frost blisters may collapse from the edges inward. Ponded water in the
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Figure 7.15. Growth and decay of frost blisters in the vicinity o f  M07. A broader view is 
shown for (a) 1976 and (b) 2004, while more detailed changes over time (1972 -  2004) 
within the white square are shown in (c) through to (h). Black squares are to aid 
comparison of some sites where frost blisters had decayed and regrown at the same 
location. Circles are to aid comparison of sites where, by 2004, frost blisters had grown 
where ice-wedge ridges were previously visible. Note dark moats around some frost
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blisters indicating thermokarst subsidence. Parts of aerial photographs (a) A24441-241, 
(c) A22974-25; (d) A24441-241; (e) A26750-20; (f) A28265-99 produced under licence 
from Her Majesty the Queen in Right o f Canada, with permission from Natural 
Resources Canada. IKONOS satellite image data (g) are from Ashenhurst (2004). (b), (h) 
Mackenzie Valley Air Photo Project orthophoto-mosaic image tile 08 500769 © 2007 
produced under licence from Her Majesty the Queen in Right o f Canada, with permission 
of Aboriginal Affairs and Northern Development Canada.
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134°52'07" W

Figure 7.16. Degraded mound form (M07, shown in Figure 7.7c). 5-cm contour intervals 
were interpolated from DGPS point data. The 0-cm contour represents the standing water 
surface. Note thermal erosion occurring along a dilation crack (dashed line). Also note 
thermal erosion of the mound creating a crescent shape at its southwest margin, and the 
adjacent depression in the ground surface indicative o f thermokarst subsidence. Dots 
indicate snow survey station points.
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polygon centre raises ground temperatures there, while snow accumulation at the edges 

hinders ground cooling in the winter. Degradation of drilling mud sumps in the region 

has been explained by these processes (Jenkins et al., 2008).

Snow distribution in the vicinity of M07 (Figure 7.17) was examined along two 

transects, parallel and perpendicular to the dominant wind in February 2012 (Figure 

7.18). The average snow depth on top o f the frost blister was 22 cm, but was deepest (52 

cm) where the mound degradation is greatest (Figure 7.18a). Snow depths in the polygon 

floor were deeper downwind (30 cm average) than upwind (18 cm  average) (Figure 

7.18a). Snow depths measured perpendicular to the wind were more uniform (26 to 35 

cm range), with the deepest snow at the base o f the frost blister (46 cm) (Figure 7.18b). 

Snow may therefore contribute to frost blister degradation and localized thermokarst 

subsidence around the circumference.

7.5.6. Modification ofpolygon morphology by frost blisters

Though vegetation community structure can change on frost mounds (Hinkel et 

al., 1996), well established willows on top of a relatively short lived frost blister, such as 

M07 (Figure 7.7c), suggest that other factors may also be responsible for vegetation 

composition on the mounds.

Due to their cyclical nature, frost blisters tend to vary in size and shape over time, 

but they may also shift location when they recur (Pollard and van Everdingen, 1992). 

Frost blisters in Big Lake Delta Plain were sometimes adjacent to the bounding ridges of 

polygons rather than situated in a more central area (Figures 7 .14(g) and 7.15). Thus 

thermokarst subsidence around the frost blister, indicated by dark-toned halos in the 

aerial photographs (Figure 7.15), may at times occur on polygon ridges. If thawing causes
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Figure 7.17. Photograph of a windswept frost mound (M07) at Fish Island looking 
westward toward Taglu Tower, 25 February 2012. Photograph ©  B. O’Neill.
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Figure 7.18. Late-winter snow depths measured along two transects at M07 (see Figure 
7.16): (a) The transect was oriented parallel to the prevailing wind direction, (b) The 
transect was oriented approximately orthogonal to the prevailing wind direction.
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the ridges to subside, then frost blisters are not precluded from developing there in the 

future. Such degradation of ice-wedge ridge morphology has occurred at several locations 

in the vicinity of M07 between 1976 (Figure 7.15a) and 2004 (Figure 7.15b).The 

superposition of a relatively short-lived frost blister over a section o f a former willow- 

topped ice-wedge ridge (Figures 7.15(c) to 7.15h) explains the existence of the willows 

on M07 (Figure 7.7c) and perhaps the location of the zone of greatest subsidence (Figure 

7.16).

The ice-wedge polygonal network at Big Lake Delta Plain appears to have been 

significantly reworked over time by degradation of polygon ridges as a result of the 

cyclical growth and decay of the frost blisters (Figures 7.14 and 7.15). On the left-hand 

(west) side of Figures 7.12 and 7.14 the polygonal network is plain to see, but the 

network becomes progressively more difficult to discern towards the right (east) where 

the frost blisters tend to be larger and trap more snow, and where they are more numerous 

(Figure 7.12). It is possible that thermokarst expansion of small ponds may also be 

responsible for degradation of polygon ridges, but the location and extent of such ponds 

were relatively unchanged in the image time series (Figure 7.14).

7.5.7. Wide-spread occurrence o f  frost blisters

Many Arctic rivers have wide floodplains with low evaporation rates and 

permafrost-impeded drainage, insuring that delta floodplains are saturated environments 

throughout the thaw season (Walker, 1998). These conditions are suitable for frost blister 

growth. For example, fields of frost blisters have been described from the Colville River 

delta, AK (Walker, 1983, p. 9):
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‘Frost mounds are more common within the delta. Although individual frost 

mounds are scattered throughout the delta in favorable locations, frost-mound fields 

are mainly restricted to the north-central part of the delta where marshy surfaces 

predominate. Maximum height o f frost mounds is about 1.5 m; maximum diameter is 

about 5 m. Many are found within low-centred polygons, and some are surrounded 

by a narrow moat’.

Given the observations reported in this chapter, it is expected that frost blisters 

occur in many Arctic deltas

7.6. Summary and conclusions

Numerous frost blisters (> 1700 km'2), with measured ice thicknesses ranging 

from 15 to 58 cm and diameters ranging from 3.7 m to 8.5 m, are present at Big Lake 

Delta Plain o f the outer Mackenzie Delta where permafrost is continuous. The hydrostatic 

origin of the ice, which is derived solely from water in the active layer, was diagnosed by 

organic inclusions, bubble densities, electrical conductivity patterns, and ice crystal 

structure.

The frost blisters were largely limited to low-centred polygons and infilled 

channels in the area east of Kanguk Channel where the poor drainage and low rate of 

sediment deposition promote highly porous organic active-layers. Frost blister 

distribution was controlled by the local moisture gradient, in turn driven by the gentle 

topographic gradient. Commonly, multiple frost blisters co-existed within the same 

polygon as a result of the low volume of water required to grow a single frost blister.

An observed thaw unconformity indicates that frost blisters may develop from 

more than one injection event, and analysis o f remotely sensed images indicates that frost



blister ablation could take as long as 10 years. In addition to ablation along dilation 

cracks, warming caused by snow drifting and ponding caused frost blisters to thaw 

inwards and also degraded permafrost at their margins.

Perennial frost blisters have been present in the Big Lake Delta Plain since at least 

the beginning of the aerial photographic record (1950), but with individual frost blisters 

cycling through formation and decay. Frost blisters were found at any location within a 

polygon, including adjacent to a polygon ridge. Over time, localized frost-blister-induced 

thermokarst degraded polygon ridges to the point o f elimination.
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8. SUMMARY AND CONCLUSIONS

8.1. Summary of research findings

This thesis has characterized near-surface permafrost and active-layer conditions 

within KIBS, and investigated relations between factors controlling the distribution of 

near-surface ground ice and ground temperature. In addition, changes in near-surface 

permafrost temperatures and active-layer thicknesses over 3 years (2006 -  2009) were 

examined. Data were gathered during extensive field work and by interpretation of 

remotely sensed images. The results were used to determine the geomorphological 

controls on near-surface ground-ice development, the sensitivity o f permafrost 

temperatures to air temperature change, and to assess the past and future evolution of 

wetland tundra.

The majority o f near-surface excess ground ice at the outer Mackenzie Delta 

consisted of three distinct types, segregated, wedge, and injection ice. The spatial 

distribution and relative importance of each type varied significantly according to 

topography, vegetation cover, snow depth, soil moisture, soil materials, and near-surface 

ground temperatures on ground-ice development, and these controlling factors are 

associated with distinct geomorphic settings that that occur throughout the outer 

Mackenzie Delta area.

8.1.1. Geomorphological and topographic settings controlled the accumulation o f ice

lenses in near-surface permafrost

Segregated ground ice was ubiquitous in permafrost throughout almost all o f the 

outer Mackenzie Delta area, and was the major contributor to the high near-surface 

ground-ice content in each of the terrain units. The high segregated ground-ice content
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was due in large measure to the omnipresent, unconsolidated, medium-to-fme grained, 

frost-susceptible soils, in conjunction with permafrost aggradation. The highest 

segregated ground-ice content occurred at alluvial tundra where soils were saturated due 

to their proximity to mean sea level, lack o f relief, and poor drainage, and where 

permafrost has been aggrading upward for at least the last 1500 a (Taylor et al., 1996) 

due to sediment deposition on the alluvial plain. As a result, this setting promoted the 

accumulation of substantial aggradational ice. Conversely, the soils in upland settings 

were generally well drained, are situated beneath a relatively stable surface (excepting 

slopes), and the near-surface permafrost had a lower segregated ground-ice content. 

However, the ground-ice content in upland tundra was still typically in excess o f the 

saturated moisture content of thawed soil. Overall, despite widespread frost-susceptible 

soil, segregated ground-ice content varied significantly between upland and alluvial 

tundras mainly because o f available soil moisture. At the local scale, the importance of 

available moisture and permafrost aggradation on ground-ice formation was highlighted 

on upland slopes where gravimetric-moisture content of the near-surface permafrost 

increased substantially downslope in conjunction with downslope soil drainage and 

permafrost aggradation at the slope base into the wet colluvium.

8.1.2. Syngenetic ice wedges were present beneath the aggrading alluvial surface 

Though not as important overall to near-surface segregated ground-ice content, 

the role of geomorphic setting, specifically the surface stability, had substantial influence 

on the development and distribution of ice wedges and ice-wedge networks in the outer 

Mackenzie Delta area, as ice-wedge volume and shape are determined mainly by the
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growth sequence and direction in response to surface, and whether it is stable, aggrading, 

or eroding (Mackay, 1990).

The upland tundra in the outer Mackenzie Delta area is typified by networks o f 

epigenetic ice wedges that are associated with stable surfaces (Pollard and French, 1980), 

which began developing following the Holocene climatic optimum, and continue to crack 

periodically under present climate conditions (Mackay, 1974,1992, 1993). Though not 

observed directly in this study, anti-syngenetic ice wedges may be found at upper 

hillslopes where the surface is eroding, while syngenetic ice wedges may occur at lower 

hillslopes in the accumulating colluvium (Mackay, 1990). Over time, higher order ice 

wedge networks have evolved in the uplands, with each successive stage of development 

further subdividing the existing low-centred polygons into smaller ones. As a result o f the 

specific geometry of epigenetic ice wedges (an inverted triangle with its apex pointing 

downward from the top of permafrost) and the evolution o f higher order ice-wedge 

networks, Pollard and French (1980) estimated that epigenetic wedge ice constitutes up to 

50% of the upper meter o f permafrost at uplands.

In stark contrast with the uplands, ice wedges in the alluvial tundra were 

syngenetic, having grown upward with the permafrost table in response to the gradually 

aggrading alluvial surface, and were wider with increasing depth. However, unlike 

syngenetic ice wedges observed south of treeline that no longer crack (Kokelj et al., 

2007a), the syngenetic ice wedges o f the outer Mackenzie Delta area were active. In 

comparison with epigenetic ice wedge polygons in the surrounding uplands with deep 

troughs, there was a subtle ridge-trough-ridge relief above the syngenetic ice wedges of 

the outer Mackenzie Delta, which was likely due to ‘resetting’ o f the surface by alluvial
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deposition in the area, and the relatively short time available for ice-wedge development, 

about 1500 a BP (Taylor et al., 1996). A contributing factor may also have been the 

greater displacement o f ground materials at depth by syngenetic ice wedges instead o f at 

the top of permafrost as with epigenetic ice wedges.

Though thermal contraction cracking observed in this study and by Kerfoot 

(1972) occurred throughout alluvial terrain where snow cover was typically 40 cm or 

less, and despite similar near-surface ground temperatures in the outer Mackenzie Delta 

area (Bum and Kokelj, 2009), the distribution of low-centred syngenetic ice-wedge 

polygons was limited mainly to the Big Lake Delta Plain, though there were a few visible 

networks in the outer Holocene Mackenzie Delta (Mackay, 1963). The rate of deposition 

at Big Lake Delta Plain is apparently low enough to prevent substantial infilling of the 

low-centred polygons by alluvial deposits, and the subtle surface morphology above the 

ice wedges, maintained by surface aggradation, has prevented the initiation of secondary 

ice wedges. A primary network of large (20 -  30 m average diameter; Kerfoot, 1972; 

Traynor and Dallimore, 1992), low-centred ice-wedge polygons characterizes poorly 

drained areas and former lake bottoms (Mackay, 1963).

8.1.3. Distribution of frost blisters on the alluvial plain related to available soil 

moisture

The saturated active-layer within the large, primary, low-centred ice-wedge 

polygons was the key element controlling the distribution of frost blisters on the alluvial 

plain, further highlighting the role of topographically controlled moisture conditions on 

ground ice distribution. During freezeback of the largely organic active layer within the 

polygons, closed-system freezing may generate hydrostatic pressures sufficient to inject
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water between confining layers, typically into the contact between the organic and 

mineral soil. The injected water deforms active-layer materials upward into a dome 

shape, and subsequently the water lens typically freezes, creating an ice-cored frost 

blister. The spatial density of the frost blisters increased significantly along a soil 

moisture gradient that was due to a slight topographic gradient toward the centre of an 

alluvial island. Frost blisters appear to be limited to the Big Lake Delta Plain where 

syngenetic ice-wedge polygons were visible.

The frost blisters were perennial forms, but they eventually degraded completely 

in up to 10 years, typically from their margins inward. Since frost blisters developed 

anywhere within the polygon interiors including adjacent to polygon ridges, eventual 

thermokarst subsidence around a frost blister also appeared to sometimes affect the 

bounding ridges. At Big Lake Delta Plain, the cyclical growth and decay of the frost 

blisters appears to have significantly reworked the ice-wedge polygonal network over 

time by degradation of polygon ridges. Frost blister densities may vary over time, but 

their presence was on the record of remotely sensed images taken since 1950.

Frost blisters were not observed within the smaller low-centred polygons in 

upland tundra that have resulted from subdivision of the primary ice-wedge network by 

higher order networks. However, injection ice due to hydrostatic pressure associated with 

a hydraulic head may be the cause o f thick ice lenses observed at the base of some slopes 

in upland terrain.
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8.1.4. Snow accumulation controlled the thermal regime in the active layer and near

surface permafrost

Snow depth was the dominant control on near-surface ground temperature 

variation at the outer Mackenzie Delta at both the local and regional scales, and thus on 

the spatial distribution of permafrost and near-surface ground ice. Despite sparse snowfall 

in this area, measured drifts were up to about 2 m deep as snow, redistributed by wind, 

accumulated in relation to topographic setting at uplands and vegetation snow-holding 

capacity at alluvial settings. In comparison with uplands, alluvial terrain was blanketed 

with generally deeper snow, which, in combination with the greater latent heat released 

from freezing the saturated soils, resulted in relatively higher near-surface ground 

temperatures overall. In the extreme, the deep snow that accumulated in tall willows at 

alluvial point bars resulted in near-surface ground temperatures that prevented the 

existence of permafrost, whereas permafrost was maintained at upland sites where similar 

snow depths occurred. Notwithstanding the generally warmer alluvial ground 

temperatures, and in contrast with tall and medium willow point-bar communities, snow 

depths and soil thermal conditions were conducive to thermal contraction cracking, hence 

these environments were characterized by polygonal terrain and active ice wedges. 

Though the snow depth in sedge wetland polygonal terrain was thin, being controlled by 

vegetation height, the snow holding capacity o f the vegetation was reached early in the 

freezing season due to blowing snow, which likely promoted frost blister growth by 

slowing the penetration of the freezing front during freezeback o f a saturated active layer. 

Thus, as a result of snow depth variation in alluvial wetlands in combination with 

topographically controlled drainage, some settings were permanently devoid of any
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segregated ice, syngenetic ice-wedges, or frost blisters, while other settings hosted all 

three. The frost blister investigation in particular emphasized the sensitivity of near

surface permafrost conditions to snow depth, where the processes of growth and decay of 

the frost blisters were each influenced by snow.

8.1.5. Closing statement

In summary, snow cover, which developed primarily by wind redistribution, was 

the primary control on spatial and temporal variation o f near-surface ground 

temperatures, and its spatial variation was controlled primarily by topography in uplands 

and by vegetation height in alluvial lowlands. Meanwhile, active-layer soil moisture 

appeared to be a primary control on near-surface ground ice contents and a secondary 

control on annual mean near-surface permafrost temperatures. Aggradation of the ground 

surface at alluvial wetlands due to sediment deposition by floods has substantially 

influenced the accumulation of segregated ice and the development o f syngenetic ice 

wedges. Consequently, the development of syngenetic ice wedges has maintained the 

original network of large diameter, low-centred ice-wedge polygons that promote the 

growth of frost blisters. Accordingly, near-surface permafrost conditions in well-drained 

uplands and saturated alluvial wetlands were substantially different under a common 

climate. This implies that the response of terrain to potential disturbance likely also varies 

substantially at the outer Mackenzie Delta. Therefore, land managers and developers 

must consider the uplands and alluvial wetlands distinctly when contemplating land use 

strategies, as the cumulative impacts from thermal disturbance, such as exacerbated storm 

surge flooding, will vary with permafrost conditions.
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8.1.6. Conclusions

The following five major conclusions can be drawn from the examination of near

surface permafrost and active-layer conditions, controlling factors on ground ice volume 

and annual mean ground temperatures, and evolution of wetland tundra at KIBS:

(1) High near-surface aggradational (segregated) ground-ice contents (>20% 

mean excess-ice content (7c)) were observed in the uppermost 1 m of permafrost within 

the major surficial geology units. Moisture availability in the active layer was the most 

important influence on near-surface interstitial ground ice distribution as soil textures 

were similar. The low bulk density of soil organic-matter content confounded the relation 

between gravimetric-moisture content (Mg) and lc-

(2) Near-surface ground temperatures and active-layer freezeback were primarily 

influenced by snow cover. Statistically significant interannual variation of late-winter 

snow depth occurred in most o f the wetland tundra settings, but in few areas of the 

upland tundra, which may be related to differing availability o f wind-redistributed snow 

to each tundra type. Compared to upland settings, annual mean temperatures were higher 

in wetlands where snow depth was greater and the moist active-layers were generally 

deeper. However, the ground thermal regime in sedge wetlands was favourable to 

thermal-contraction cracking of the ground, promoting ice-wedge growth. Average 

freezeback duration in well-drained upland tundra was about half the time taken in wet 

alluvial tundra, where the saturated active layer and the long freezeback duration 

promoted the development o f frost blisters.

(3) Syngenetic ice wedges were well developed and active in sedge wetlands of 

the Big Lake Delta Plain, growing beneath an aggrading surface. Surface aggradation and
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dispersal of soil over depth by syngenetic ice-wedge growth have resulted in a muted 

relief above the ice wedges, which is uncommon above epigenetic ice wedges in the 

surrounding upland tundra. The apparent ‘single-ridged’ relief was in fact produced by 

double ridges with an intervening trough obscured by vegetation. The subtle surficial 

morphology has prevented the evolution of secondary ice wedges within the low-centred 

polygons, maintaining large ice-wedge polygon diameters.

(4) Many low-centred ice-wedge polygons in Big Lake Delta Plain contained 

hydrostatic frost blisters (up to 6 co-existed within individual polygons), due to the 

abundance o f water in the saturated polygons, and the relatively small volume of water 

needed to create a frost blister. Organic inclusions, bubble densities and ice-crystal 

structures in their massive ice cores and electrical conductivity profiles in thawed 

samples indicated their hydrostatic origin. Frost blister densities, which were greater than 

1700 km'2, increased significantly down topographic gradients towards the wet centres of 

alluvial islands. Frost blisters were perennial, with individuals remaining identifiable for 

up to 10 years in time series of aerial photographs and a satellite images, but eventually 

they collapsed along dilation cracks and by thawing from their sides. Some frost blisters 

were located close to ice-wedge polygon boundaries, and inevitable mound collapse led 

to degradation o f the subtle relief above the ice wedges. The cyclical growth and decay of 

the mounds may degrade the visible polygonal network over time.

(5) Active-layer thickness did not vary significantly from year to year in nearly all 

settings due to the relative consistency o f site conditions each thaw season, and the 

impedance to thawing from abundant ground ice in the top of permafrost. However, 

permafrost beneath wetlands aggrades due to sediment deposition and alluvial vegetation
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succession, and the near-surface permafrost is uniformly ice rich as a result of the 

saturated environment, so consequently, ice-rich permafrost may to continue to aggrade 

in this setting despite recent climate warming. Nonetheless, if predicted future climate 

warming increases summer thaw depths, the potential subsidence of the alluvial wetlands 

(35.5 cm) due to thawing the uppermost 1 m of permafrost would be mostly attributed to 

degradation of aggradational ice (34 cm), as there is some aggradational ice above the 

syngenetic wedge ice, which constituted only about 4%  o f the total near-surface ground 

ice volume in Big Lake Delta Plain. The potential thaw-subsidence at alluvial wetlands 

would compound the effects o f relative sea-level rise to increase the frequency of 

extensive flood events. The change in flood frequency may be offset to some extent from 

flood deposits, but the rate of sedimentation appears to be lower than the rate of relative 

sea-level rise.

8.2. Research implications

This is the first study to examine the precise variation o f near-surface permafrost 

conditions associated with the various biophysical environments at KIBS, which is an 

area that is representative of the outer Mackenzie Delta. The results o f this research have 

implications related to protection and management o f important migratory bird breeding 

habitat, resource management, climate change, and future permafrost studies.

Land managers and industry should now be aware that the variation of near

surface permafrost condition among the different terrain types can be significant under a 

common climate, and may adjust their management or construction plans accordingly. 

The distinct differences shown between upland and alluvial tundra suggest that Arctic 

deltas should be treated differently from surrounding uplands by those who model
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relations between climate and permafrost conditions. This research also illustrates to land 

managers, industry, and other researchers that their sampling strategies should be 

adjusted until they obtain the number o f samples that adequately describes the ground-ice 

variance. This thesis also demonstrates that permafrost investigation using remotely 

sensed data must proceed cautiously, and with due consideration of the environmental 

setting, where field data are difficult or impossible to obtain. Finally other researchers 

and land users must consider the importance of soil moisture, snow, near-surface ground 

temperature, active-layer, and near-surface ground ice variations over time, due to the 

role of these factors in terrain stability.

If air temperatures continue to increase, or if  there is a deeper snow cover, ground 

temperatures may rise and near-surface permafrost may thaw. This may increase the 

frequency of active-layer detachment slides, and would also cause ground subsidence that 

may increase the susceptibility of the outer Mackenzie Delta to inundation, and both pose 

potential hazards to wildlife habitat or to proposed infrastructure. The process o f potential 

subsidence compounding future inundation may also apply to other Arctic deltas.

Syngenetic ice wedges are widespread in Arctic deltas. This research provided the 

first data on a rare ice-wedge polygon surface morphology that may be observed in other 

aggradational settings. The field-based observations presented in this research have 

implications for hypotheses and models regarding the evolution of ice-wedge polygon 

networks.

Low mounds in continuous permafrost are not frequently described in recent 

literature, so this work may refocus attention on the subject. As far as is known, this is the 

first investigation to examine variation in the spatial density o f frost blisters over time.
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The temporal change in mounds density may be important from an ecological perspective 

as the mounds comprise some critical breeding habitat for migratory birds, especially 

Whimbrel. Similar low mounds are widespread in at least one other Arctic delta.

8.3. Directions for future studies

Valuable ftiture research may include further investigation of near-surface 

permafrost conditions and controlling factors in different study areas and landscape types 

in a holistic manner such as this. Specific investigation of apparent ‘single-ridged’ ice- 

wedge polygons in another area may provide further understanding on the development 

of this unique surface morphology and on the maintenance of primary polygonal 

networks. Future studies at the outer Mackenzie Delta area may utilize the results 

presented in this thesis as a baseline for long-term monitoring o f  near-surface permafrost 

and active-layer conditions.

Future research at KIBS may further examine:

(1) Massive tabular ice bodies found in the near-surface permafrost at the bases of 

some slopes, which have an unknown distribution in upland tundra environments and are 

rarely discussed in the literature;

(2) Long-term active-layer variations in alluvial wetlands versus the rate of 

permafrost aggradation to better understand the response of wetlands to increased active 

layer thickness;

(3) Long-term relations between active-layer thickness and antecedent conditions, 

which may provide more detailed quantitative evidence linking summer thaw depths to 

antecedent snow-cover thickness;
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(4) How active-layer soil moisture varies quantitatively between the biophysical 

units, and also over time, to constrain hypotheses on ground ice distribution;

(5) Soil deformation by syngenetic ice wedge growth, and syngenetic ice-wedge 

depths, in order to better understand the development o f the subtle surface morphology;

(6) Sedimentation rates at the outer Mackenzie Delta, as such data are necessary 

to constrain hypothesis on the development and distribution of syngenetic ice wedges and 

frost blisters, and the maintenance of primary ice-wedge polygons, and would further 

constrain surface subsidence estimates;

(7) Long-term variation in the pattern of frost blister distribution, with further 

field experimentation, in order to understand the initiation and timing of frost blister 

growth, and the effects of the cyclical growth and collapse of the mounds on the visible 

polygonal network;

(8) Vegetation change over time, as it is a major control on snow depth in 

windswept environments, and may thus indicate changing near-surface permafrost and 

active-layer conditions;

(9) Predictive mapping of snow depth, near-surface ground temperature, and near

surface ground-ice contents at KIBS, in order to map estimated permafrost sensitivity to 

disturbance.
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