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ABSTRACT

A first approximation of ground ice volume for the area surrounding Eureka. Nunavut.

indicates that it comprises 30.8% of the upper 5.9 m of permafrost. Volume depends on the

type of ice examined. ranging from 1.8 to 69.00/e in different regions of the study area.

Excess ice makes up 17.7% of the total volunle of frozen materials in the study area. lvlelt

of ground ice in the past has produced thennokarst features which include ground subsidence

of up to 3.2 ID, formation of tundra ponds, degradation of ice wedges. thaw slumps greater

than 50 fi across, gullvin2. and nurnerous active laver detachment slides. With a doubling
~ . ...... '-'"

of atmospheric carbon dioxide. the rise in mean annual temperatures for the area is projected

to be 4.9 to 6.6°C. which would lengthen the thaw season and increase thaw depths by up to

70 cm. The expected geomorphic changes to the landscape are discussed.

RÉsu~1É

Pour la région avoisinante Eureka au Nunavut. une première approximation du volume de

glace au sol révèle une proportion de 30.89é dansles 5.9 premiers mètres du pergélisol. Le

volume de glace dépend du type de glace examiné et varie de 1.8 à 69 .Oo/e. La glace en excès

constitue 17.79'c du volume total de matériel glacé. La fonte de la glace au sol dans le passé

a permis l'affaissement du sol jusqu'à 3.2 mètres, la formation de lacs thermokarstiques. la

dégradation des fentes de gel. des glissements régressifs dûs au gel de plus de 50 mètres. des

ravinements. et plusieurs décollements de la couche active. Avec l'accroissement du dioxide

de carbone dans l'atmosphère. les prévisions indiquent une augmentation potentielle de la

température moyenne annuelle de 4.9 à 6.6°C pour la région étudiée. Cette hausse de la

température allongerait la saison de dégel et augmenterait les profondeurs de dégel à près de

70 cm. Les changements géomorphologiques attendus au paysage sont discutés.
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CHAPTER 1 - INTRODUCTION

1.1 Overview

The polar landscape is shaped by a number of interacting physical processes and permafrost

plays an important geomorphic role. The study of permafrost is vital not only for leaming

more about the geamarphology af the polar regions, but far other practical and theoretical

reasons as weil. Engineers have long recognized the necessity of understanding the

sometimes unstable permafrost that underlies the structures they build. Additionally. the

extent and characteristics of permafrost can help investigators reconstruct glacial and sea

level histories. More recently. researchers into climate change are discovering how global

wanning is atlècting permafrost, and investigating how this landscape element can aid in

their comprehension of past and future climate changes.

The Arctic is not a uniform environment and shows wide variation in climate and terrain.

This study will examine how one landscape type -- a polar desert in the high Arctic -- is

affected by the tha\v of permafrost. In other permafrost regions, terrain response to changes

in the surtàce temperature or other surface conditions has been more extensively studied and

is much bener understood. for example in the western Arctic where studies have been driven

by the disturbances related to highway construction and oil and gas exploration. By contrast,

a polar desen region is much colder and drier, and one cannot assume that the geomorphic

response 0 f the landscape \~ill be similar to what has been seen in the western Arctic. The

aim of this study is therefore to document the nature of the permafrost near Eureka, on

Ellesmere Island in the Canadian Arctic Archipelago and to see how it has responded to

disturbance in order to assess how sensitive the terrain might be to future changes.

1.2 Ba~kgrouDd

1.2.1 Permafrost and ground ice

Permafrost is "ground that remains at or below O°C for at least two consecutive years"

(International Pennafrost Association 1998). It fonns when summer heat does not penetrate

deeply enough to \vann ail the ground that was frozen the previous \\linter. Permafrost
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underlies approximately one quarter of the earth's landmass and over 50% of6:anada (Caron

et al. 1995). Ils distribution depends primariIy on c1imate, but it is aiso affected by local

variables such as vegetation. snow cover. topography, and soil and rock type. Permafrost is

often divided into three broad zones: continuous, widespread discontinuous, and sporadic

discontinuous (Figure 1). In the continuous zone. permafrost can be several hundreds of

metres thick and is found evefY'rvhere throughout the zone except beneath large bodies of

\vater. In the discontinuous zone, it is usually thinner and is interrupted by unfrozen areas:

in the sporndic zone. permafrost can he as thin as a fe\v decimetres and is round onJy in small

pockets. Additional categories of zonation are alpine permafrost (found at high altitudes in

temperate regions) and subsea permafrost (located on continental shelves bordering the

Arctic Ocean).

The existence of permafrost involves a balance between cold temperatures propagating

do\\nwards from ilie ground surface and geothennal heat rising from the Eanh's interior. The

upper layer that tha\\ls each summer is tenned the active layer. hs thickness can range from

10-20 cm in areas of the high Arctic to v,,"ell over 1 m in the sub-Arctic. Since temperatures

belo\v the active layer never rise above O°C. the top of the permafrost table is generally

considered to coincide with the base of this layer. Variations in the mean monthly

temperatures throughout the year \vill change the temperatures in the upper portion of the

permafrost, but these effects are anenuated \\ith depth. The base of the permafrost itself is

located at !hat point where geothennal heat raises the mean annual ground temperature above

QOC. These concepts are illustrated in Figure 2.

The definition of permafrost is dependent on the temperature of the ground only, not the

presence of ice. Permafrost may be dry, consisting oruy of soil or rock, but this is rare

(Bockheim and Tamocai 1998), and moisture is generally present, usually as ice (although

permafrost often also contains a small amount of \vater whose freezing point has been

depressed belo\v ambient temperatures). Ice within permafrost occurs \\'hen water freezes

within the sediment (intra-sedimentaI ice), or when surface ice is buried. The term ground

ice has been used to refer to both types, although the International Permafrost Association

2
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Figure 1. Distribution and zonation of permafrost in Canada (from ACGR
1988).
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now excludes buried ice from its definition (International Permafrost Association 1998).

Intra-sedimental ice is further divided into syngenetic ice -- which forms at the same time

that surticial materials are being deposited -- and epigenetic ice -- which aggrades into

existing deposits. Although a number of classifications of ground ice have been developed

-- notably by Russian researchers Ce.g. Shumskiy and Vtyurin 1963) -- a genetic

classification of intra-sedimental ice commonly used in North America is the one developed

by ~Iackay (1971) (Figure 3). It shows the diversity ofviays in \vhich ground ice originates.

as weil as the various forros that it can take. Note that this classitication excludes buried ice.

The more common fonns of ground ice include pore ice (\vithin the soil voids). segregated

ice (lenses of ice that form when cryotic suction draws water to the freezing front). ice veins.

ice wedges. and massi ve ice bodies.

[ce wedges are one of the more visible geomorphic features associated with permafrost and

are widespread in regions of perennially frozen ground. They are initiated when thermal

contraction cracks develop in permafrost meas (Leffingwell 1915). Surface melt\vater trickles

down into ù1e thennal contraction crack and freezes to forro an Ïce veinlet. Over the years.

the cracks often occur at the same place. and the veinlets build up to fonn an ice wedge

(Figure 4). In a theoretical analysis of the stresses occurring in frozen ground. Lachenbruch

related the thermal contraction cracking te rapid drops in air temperature (Lachenbruch

1962). However. exhaustive field experiments by ~[ackay (1974. 1988. 1992) that

documented the timing. frequency. direction. geometry, and magnitude of ice wedge

cracking have demonstrated that the mechanics of the process are quite complex. The size

of ice wedges isrelated to the age of the wedge and the availability of water. In regions of

Siberia.. ice wedges can grO\\· to severa! tens of mettes \\ide (French 1996). Nonh American

ice wedges are generally smaller, usually 1.5-2 m \\'ide and approximately 4.5·6 m high

(Bro\\-TI 1967. ~tackay 1974, Harry et al. 1985). Ice wedges tend to be roughly triangular

in shape. although changes in environmental conditions can result in a different geometry

(~Iackay 1990). Seasonal tha\\'ing at the top of an ice \\-edge often results in a trough

running along its length. This feature is especially evident above the larger wedges and, in

plan vie\v, these troughs forro a net\\"ork of polygons on the tundra (Figure 5). The size of

5
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Figure 4. Natural exposure of an ice wedge, Fosheim Peninsula, Ellesmere
Island, Nunavut.

Figure 5. Polygons on the tundra are delineated by troughs running along the
top of ice wedges. The polygons shown here are approximately 30
m across.
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the polygons is related to the soil in whieh the wedges fonn and the soil's response to thermal

stress.

Massive iee takes the fonn of large tabular bodies having an ice content greater than 2500/0

(ice to dry soil on a weight basis) (International Permafrost Association 1998). Buried

surface ice such as glacier ice or snowbank ice fits within this definition. but massive ice can

also form by ice segregation at the freezing front. by the intrusion of water under pressure.

or by a combination of both processes. Massive ice beds (Figure 6) can cover hundreds of

square metres and he tens of metres thick. They are found in many areas of Canada

including the Yukon coastal plain (Harry et al. 1988. Pollard and Dallimore 1988. Pollard

1990). the rvtackenzie Delta area (Mackay and Dallimore 1992. Rampton 1988). and the

Arctic Islands (French et al. 1986. Pollard 1991). The origin of massive ice provides

important information about a region's glacial and climatic history. For instance. positive

Figure 6. Bed of massive segregated ice on the Fosheim Peninsula. This exposure is
approximately 4 m high by 25 m \vide.

8



•

•

•

identification of massive ice as glacier ice can prove a theory about the limits of glaciation.

A good deal of the research on these ice bodies has therefore focussed on whether they are

of glacial or segregated origin (French and Harry 1990. Rampton 1988, Mackay and

Dallimore 1992. rvlackay 1971. Fujino et al. 1988). Until bodies of massive ice are exposed.

detecting them can be problematic. However, their presence has been shown to he associated

with certain geomorphic features such as scars from thaw slumping (Mackay 1963).

involuted hills CRampton 1974), and marine deposits in terrace-like structures (Pollard in

press). A knowledge of surficial geology can also help in locating bodies of massive

segregated ice since rvlackay (1973) has sho\\n that such ice is most commonly found at the

interface where fine-grained sediments overlie coarse-grained ones. Geophysical techniques

such as ground penetrating radar have also been used to delineate massive ice beds

(Robinson et al. 1993). although the usefulness of these techniques can be limited by soil

properties and conditions (Scon et al. 1990).

Determining the location and volume of all ground ice types \\ithin permafrost is of value

in reconstructing geamorphic history and in assessing the sensitivity of terrain ta

anthropogenic or natural thermal disturbance. In the western Arctic. severa! studies (Bro\\n

1967. Pollard and French 1980, Harry et al. 1985) have documented ground ice volumes. In

one case. ice accounted for up to 70% by volume of the upper portions ofpermafrost (French

et al. 1986). Research iota ground ice volumes in the eastern Arctic is limited. Hodgson and

Nixon (1998) reported values of 53% by volume on the Fosheim Peniosul~ but their work

concentrated on areas that they suspected of being ice-rich. Of greater importance than the

total volume of ground ice, however, is the volume ofexcess ice \\ithin permafrost. Excess

ice is defmed as .• ice in excess of the fraction which \\·ould he retained in the sail voids upon

tha\\ing" (pihlainen and 10hnston 1963). Il is significant in that it provides an indication of

ho\\' much ground subsidence can he expected upon melting of the pennafrost. Ground ice

contents are typically higher near the ground surface (Pollard and French 1980), \\ith excess

ice commonly found j ust below the active layer ~tackay 1970).

9
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1.2.2 Thennokarst

The geomorphic changes to the ground surface caused by the melting of ground ice are

collectively knO\\TI as thermokarst. Thennokarst is generally initiated in one of t\\'0 ways:

the active layer increases in thickness. or part of it is removed. EiÙ1er \\tay. the top of the

underlying permafrost becomes subject to melting. A number of the natural and

anthropogenic surface changes that can lead to the development of thennokarst are illustrated

in Figure 7.

If excess ice is present in a soil~ thermokarst \\'ill begin \\ith simple ground subsidence~ as

the ground surface lowers in proportion to the volume of excess ice that has melted. The

thermokarst then perpetuates itself. ho\\·ever. since the lowered surface means that the new

top of permafrost is now subject ta melting. This results in a new cycle of subsidence. An

example of this process is sho\\'TI in Figure 8. It cao sometimes take many years before the

ground stabilizes. For instance. one long-terro study showed that the active layer continued

to deepen for 20 years follo\\ing a forest fire (Mackay 1995). Ground subsidence is not

spatially uniform. being greater in zones that are more ice-rich. such as those v.ith ice wedges

or bodies of massive ice. Additionally. microclimatic variables like vegetation or drainage

\\i11 influence where the melting \\i11 he greatest. Thermokarst depressions often serve as

collectors for snow in \\inter or for water in summer. 80th these factors contribute to a

further wanning of the underlying permafrost. since they retard the penetration of cold air

temperatures into the ground.

Distinct from simple ground subsidence is another fonn of thermokarst kno\\'n as thermal

erosion. In this case. it is running water that causes ground ice to melt rather than changes

to the active layer. Thermal erosion generally takes place along rivers or coasts. but it can

occur \\"herever \\-ater runs along a slope. Ofte~ thermal erosion and ground subsidence both

play a part in the deyelopment of thennokarst features.

Thennokarst processes produce a number of characteristic landforms. This may he a simple

depression of the ground surface resulting from subsidence, but often more distinct fonns

10
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• Surlac8 25 t2.5
~(cm)

C~ 25 37.5
IetIIlITWIt (cm)

InlhIdwe
I.,.r~

1.0m

~=-•.
Permatrol1

=.-:~.
lhaW 0IpG'I

PennaI:aat
acnaa
con1IfI1 sa,

AdlIborW 5Q 25!Ilft (cm)

C~ 50 75
lNW(cml

YU" 2

tU

17.5

S.25

.:1.75

0.1

100

10

0.05

50

•
Figure 8. Ground subsidence in response to an increase in the thickness of the active

layer in permafrost \\ith an excess ice content of 50%. The active layer
increases from 1.0 to 1.5 and in 50 doing, 1.0 m of permafrost is thawed and
the surface seules by 0.5 m (from Woo et al., 1992).

Il



•

•

•

develop. For example, the troughs above iee wedges often act as water eolleetors. espeeially

\vhere they interseet. and they may eoaIesee to form a beaded drainage panern \vhieh is

eharaeterized by "short straight sections separated by angular bends" (Washbum 1973)

(Figure 9). The water-filled depressions are aIso often the start ofthaw lakes, which grow as

surrounding ground ice thaws (Burn 1992). As thermokarst preferentially develops along

the iee wedges. the polygon centres are isolated. resulting in utherrnokarst mounds". Their

local topographie relief cao be up to 6 m. aIthough 1.5 m is more common in NoM America

(French 1975). In parts of Russia this preferential melting along iee wedge troughs is the

stan of a process which results in broad depressions ealled "alasses" that can be as large as

25 km:! (French 1996). Thermal erosion can result in the development of signifieant

gullying. Very linle research has been done on gullied surfaces and the contribution of

gullying to the further development of thermokarst.

Thennokarst often involves slope failures. One type of failure, tenned a retrogressive thaw

slump. is initiated when a particularly iee-rich soil or a massive ice body is exposed. The ie)'

material in the headwall of the slump rapidly melts and the overlying soil collapses. leaving

a crescent shaped sear. [n Canada. retrogressive thaw slumps are seen throughout the \vestem

.;\retie (Mackay 1963. Bum and Friele 1989. de Krom 1990, Harry et al. 1988) and the Aretic

islands (Pollard 1991. Lamothe and St-Onge 1961. Lewko\\iez 1987). The retreat rates of

the headwalls of retrogressive tha\\' slumps are generally from 7-16 m a year (Bum and

Le\\'ko\'viez 1990). but annual values up to 19.5 m have been recorded (de Krom 1990). In

one case on Ellesmere Island. subsurface water from a thaw pond flo\\ing into a thaw sl:.unp

resulted in retreat of 25 m in 38 days (Edlund et al. 1989). Retrogressive thaw slumps

eventually stabilize \\~hen the ice in the headwall has eompletely melted~ or when suffieient

overlying material faIls on the ice-rich face to insulate it from further melt; in the latter case~

subsequent exposure can re-activate the slump. Another type ofslope failure involves only

the active layer. This occurs when pore water pressures build up at the base of the active

layer ~fcRobens and ~forgenstem 1974), usually as the result ofrapid thaw or heavy raïns.

Shear strength drops and~ \\Iith the top of permafrost acting as the failure plane, the active

layer becomes detached and travels downslope, leaving long, shallow, ribbon-like scars.
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Figure 9. Beaded drainage pattern formed when water collects in coalescing ice wedge
troughs. Note the larger ponds where troughs intersect.
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These failures are referred to as active layer detachment slides when the material within the

active layer is relatively rigid and dry. and as skinflows or earth flows \vhen the active layer

is saturated (Lewkov.,icz 1990). Bath retrogressive thaw slurnps and active layer tàilures are

common throughout the Canadian :\rctic. A torm ofslope failure that is limited to coastlines

and riverbanks is block slumping. As a cliff is undercut by water, ice \vedges often act as

planes of weakness and large blacks of sail will tumble from the face.

1.2.3 Ground thennal reg:ime

In arder ta underst:lI1d how thermokarst will develop. it is necessary ta understand the ground

thermal regime in a pernlafrast areu. that is. ho\v temperature varies \vith depth. At any one

location. geothermal heat is relatively constant. sa active layer depth and permafrost

thickness are therefare prirnarily functions of the surface ternperature and the thermal

properties of the soil or rock. The most important thennal property is thermal conductivity:

a rneasure of the rate of heat transfer. Figure 10 shows ho\v surface temperature and thermal

conductivity can affect the thennal regime of the permafrost. As long as surface temperature

and sail properties are stable. the pennafrost remains in equilibrium. If they change.

however. the temperature gradient will adjust accordingly. The active layer can be affected

by changes in surface conditions \\ithin days or weeks. and therefore it tends to be the more

important geomorphic variable. Temperature changes at the surface may also affect the

upper portion of the permafrost. altering ho\\' much of it is subject te seasonal variations in

temperature. In areas of deep. continuous pennafrost. thennal changes at the ground surtàce

can take thousands of years to propagate dO\\TI through the ground and affect the base of the

permafrost.

Ground surface temperatures are directly related to air temperatures. but they can be

signiticant1y affected by severa! microclimatic variables~ \\'ith snow caver and vegetation

being the most significant (Smith and Riseborough 1996). Snow insulates the ground so

areas \\;ith thick and early snow cover remain \varmer. One modelling study indicates that

snow can increase the mean annual surface temperature by aImost 12°C (Goodrich 1982).

Vegetation shields the ground from incoming solar radiatio~ and therefore has a cooling
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Figure 10. Changes to the ground thermal regime and resulting permafrost
thickness a) when there is a difference in the thermal conductivity
of the surficial material and b) when there are differences in the
ground surface temperature.
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effect in summer: this effect is enhanced in areas where peat is present~ due ta its high

insulative value. Vegetation, however. aIso traps sno\v, which keeps heat from escaping in

winter. 50 its influence on ground temperatures is not a straightforVlard one. A number of

field studies have examined the influence of microclimatic variables on Ù1e ground thermal

regime (Nicholson and Granberg 1973, Brown 1978. Mackay 1995). in one case indicating

ground temperatures can vary bl' as much as 20°C (Smith 1975). In the high Arctk where

precipitation is low and vegetative caver is minimal. the eftècts of micraclimate are lessened

(Bro\\n 1974), and the properties ofÙ1e sail take on more signiticance in regulating ground

temperatures.

Heat can be transferred from the ground surface dO\\lTI through the soil by convection of

water. but water movement is limited in permafrost environments. As a result. convection

is usually negligible as a mechanism of heut transfer in permafrost. and heat conduction

predominates (Lunardini 1998. Nixon 1975). In analyzing changes in the ground thermal

regime and the penetration ofthaw. a cammonly used equation is the Stefan fonnul~ which

is based on heat conduction theor"y. The Stefan formula requires sorne simplifying

assumptions which tend ta overestimate the depth of thaw slightly. but in comparing it wiÙ1

other more complex solutions. several authors conclude that it nevertheless provides

reasonable results (Nixon and ~lcRoberts 1973. Johnston 1981). According ta the fonnula.

the depth of thaw is dependent on the square root of lime. the thermal conductivity of the

soil, and its volumetrie latent heat of fusion.

The thennal conductivity of a soil is the rate at which it transfers heat. Thermal conductivity

varies \\Iith the state of the soil, being higher in frozen than unfrozen soils, since the

conductivity of ice is 2.2 W/rncC, about four rimes that of water. Soils with a higher

moisture content \\i11 aiso have an increased thermal conductivity because the thermal

conductivity of water is greater than that of air. Other factors which can influence a soirs

thennaI conductivity are its structure, temperature~ solute content~ and freezing history

(Farouki 1981). A number ofdifferent methods exist for detennining thermal conductivity

and a detailed analysis ofthe benefits ofeach is given by Farouki (1981). One orthe better
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methods for field observations uses a thennal eonduetivity probe that is inserted inta the soil

and then heated. A temperature sensor within the probe measures the rate of the rise in

temperature. in effeet giving a measure of ho\v quickly the surrounding sail transfers heat

away. Using the theory ofa line heat source (see Wesehler (1966) for a good summary)~ the

soil's thermal conduetivity is then determined from a plot of the temperature rise of the probe

against the logarithm oftime elapsed.

A soil's volumetrie latent heat of fusion is the heut absorbed when the iee in the sail is

converted to liquid water. Since the latent heat of water is a constant. the latent heat of the

soil can be calculated from the total moisture content. However. it must be remembered that

liquid \vater cao exist below QOC, 50 allowanee must be made for the unfrozen water content

when determining the volumetrie latent heat of the soil. Another point to consider is that the

Stefan formula assumes that all the ice present in the soil melts at GeC. despite the fact that

high pressures. solutes and other impurities can lower the freezing temperature of water.

Nixon and ~lcRoberts (1973) have shovin. though. that any error introdueed by this

assumption is insigniticant.

1.1.4 Terrain disturbance

Changes in the ground thermal regime often occur tollo\ving surface disturbance. lVluch of

the research on terrain disturbance in Canada and Alaska has been prompted by oil and gas

exploration activities (e.g., Kurfurst 1973, van Everdingen 1979, Lawson et al. 1978. French

1981, Jorgenson 1997). although a number of investigations have concentrated on other types

of anthropogenic as weil as nalurai disturbances (e.g. Forbes 1996~ Radforth 1972., French

1975. ~fackay 1995). Good reviews of much of this research are provided by Lawson

(1986), Heginbottom (1973), Kurfurst (1973), and in two reports by the Cold Regions

Research and Engineering Laboratory (Bro"n and Grave 1979, Walker et al. 1987).

Regardless of the cause of surface disturbances~ Lawson (1986) notes that they take one of

four initial forms: 1) compaction of vegetation., 2) killing of vegetation., 3) removal of

vegetation., and 4) removal ofnear-surface sediments. Another fonn of disturbance which
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should be considered is the compaction of not just the vegetation~ but the soil itself

(Heginbottom 1973).

The most common effect of disturbance on the ground thermal regime is an increase in the

ground surface temperature. This is due to a decrease in the insulative value of the

vegetation. or a decrease in its albedo. that is~ its ability to refleet solar radiation (Kurfurst

1973). Removal of surficial sediment does not necessarily change the surface temperature,

but it \\'ill obviously affect the temperature profile with depth~ as previously frozen ground

is no\v much doser to the surface. Another important effect of surface disturbance on the

ground thermal regime is related to the soil's materiai properties: compaction of the ground

and consolidation during subsidence will alter the bulk density of the soil (Halvorson et al.

1998). changing its porosity and thermal conductivity (Farouki 1981). Disturbances can also

cause indirect changes to ground temperatures when drainage is altered or when water pools

in the ruts and thermokarst depressions fonned by a disturbance.

A number of factors intluence the leveI and extent ofan)' disturbance. rvlackay (1970) notes

that the most important one is the amount and distribution of various types of ground ice.

Soils that are ice-nch contain more excess ice. resulting in greater melt follo\\'ing

disturbance. Furthermore. if the disturbance exposes beds of massive ice or ice wedges. rapid

geomorphic change can OCCUf. The resulting changes in relief and drainage often perpetuate

the effects of the initial disturbance. Sediment type has aIso been found to be significant in

assessing susceptibility to disturbance, since coarse-grained materials are less subject to

erosion and mechanical tàilure than finer-grained ones (Lawson 1986). Areas ofhigher relief

are more likely to experience gullying and removal of thawed materiat leading to funher

instability. In flaner areas, the initial disturbance may be limited to thaw subsidence, but this

subsidence can nevertheless generate significant reliefover time. Disturbance can be greatly

minimized by restricting anthropogenic activities to periods of the year when the active layer

is frozen. Nevertheless, the effects of \\'inter disturbance can sometimes persist for many

years (Erners and Jorgenson 1997), particularly in areas where snow cover is low and does

not protect the underlying ground (Felix and Raynolds 1989).
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Recovery from disturbance cao only begin once the terrain achieves stability. Two kinds of

stability must come about: physical and thennal. Physical stability occurs when subsidence

and slope movement cease~ only once that has happened can the ground reach a nev.. thermal

stability. Vegetation \\i11 recolonize the area. alÙlough not necessarily v.,ith the same species

as were there originally (\Valker. 1987). Recovery rates will vary widely depending on the

extent of the disturbance and the nature of the site. but it cao take up to 30-50 years for a

retrogressive tha\v slump ta stabilize (French 1996).

1.2.5 Climate chanf!e and permafrost

Anthropogenic disturbance of pennafrost is limited to specific areas. ~(uch more \videspread

disturbance. ho\vever. can be expected if ground surface temperatures rise as a result of

global warming caused by an increase in atmospheric carbon dioxide (CO~). In the last

century. global temperatures have increased by approximately 0.5°C. General circulation

models (GC~l's) used to model future climates sho\v that there will be further temperatures

increases of 1 ta 4.5:::e by the year 2100 (IPCC 1996). \\'arming is projected ta be t\VO to

three times greater in the polar regions due ta a number of feedback mechanisms. including

changes in the surface albedo and the extent of sea ice (\Valsh 1995). ft should be noted.

however. that climate models are less accurate at higher latitudes. and cao show deviations

from observed temperatures of up to 1DoC (\Valsh and Crane 1992). This is due to a paucity

of baseline data and an incomplete understanding of the feedhack mechanisms. According

ta the climate models. temperature increases in the canadian Arctic are predicted to he from

3 to 1DoC. and \\i11 be greatest in late autumn and winter (rvlaxwell 1997). Precipitation is

also expected to rise. particularly in the \\"Ïnter.

Research into how permafrost can he expected to respond to changing climate often focusses

on the areal extent of permafrost degradation. Anisimov and Nelson (1997) predicted that

the area in me northem hemisphere underlain by pennafrost wouId he reduced by up to 22%

under a climate associated "ith a doubling of atmospheric CO!, In Canada. the boundary

between me continuous and discontinuous zone couId shift nonh by hundreds ofkilometres
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(Maxwell 1997). \Voo et al. (1991) suggest that up to half of the permafrost in the

discontinuous zone could disappear, aImough another study which accounts for factors which

affect permafrost response to warming suggests that as much as 70% of the discontinuous

zone is \ulnerable ta loss (Smith and Burgess 1999). The vertical distribution of permafrost

and its thermal regime \vill be altered by surface warming as weil. As me pennafrost wanns,

it will melt from the top. increasing me depth of the active layer; but melt will aIso oecur at

the bottom as weIl. decreasing the total pennafrost thickness. How quickly this occurs \vill

vary with site conditions. nevertheless, sorne studies give an indication of the magnitude of

change and the times involved. For example. Kane et ai. (1991) showed that a 4°C warming

at the surface would increase the active layer depth 50 cm to 97 cm over a 50 year period.

Lunardini (1996) showed that with a 2.5°C temperature increase. the total change in the

thickness of a relatively warm permafrost layer would be 18 m over 55 years. Ovec 185

years. this would increase to 25 m.

1.3 Research goals and organization of the thesis

~lost of the research on climate change in the Arctic has focussed on atmospheric, oceanie.

or glacial systems. There has been much less research into how a warming climate \viII

affect permafrost and ground ice. and what changes this will bring about in the

geomorphology of the landscape. In Canada. the work that has been done on the response

of permafrost has been centred in the Yukon and the Northwest Territories. while vinually

none has been done in Nunavut. To fill this gap. the primary objective of this thesis is

therefore to evaluate how the terrain in Nunavut's high Arctie polar desert \vill respond

geomorphically to a wanning climate. This \\'ill be tested by making the assumption that the

landscape response to anthropogenic disturbances and to particularly warm periods in the

recent past can serve as analogues for global wanning. The following specifie research goals

have been identified:

1. Quantify the different types of ground ice present in the area near Eurek~ on Ellesmere

Island in the Canadian Arctic Archipelago,

2. assess the forms of thermokarst which have developed in the past in response to
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anthropogenic and naturai disturbances~

3. measure the ground thermal regime at a number of study sites.

4. model how the area's permafrost \vill respond to warmer climate scenarios.

Chapter 2 describes the physical setting of the srudy area and provides a more detailed

analysis of the region's permafrost. The methods used to measure the ground ice.

thermokarst. and ground thennal regimes in the study area are provided in Chapter 3. This

chapter also lays out the model used to detennine the change in climate that can be expected

for the area.. as well as a model ofthaw that will be used to assess the landscape response to

global wanning. Analyses ofground ice volumes. thennokarst activity. and thermal regimes

are included in Chapter 4. while Chapter 5 examines the responses to climate warming. based

on the output of the two models. A discussion of the study's findings is contained in the final

chapter. along \'iith conclusions dra\\n.
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CHAPTER 2 - STUDY AREA

2.1 Introduction

The study area is located on Ellesmere Island in the Canadian Arctic Archipelago. ~lore

speciflcally, it focuses on Eureka (800 00'N, 85°55'W), a site on the Fosheim Peninsula, in

the west central portion of the island (Figure Il). Anthropogenic activity in the area has been

ongoing for the last half century. A weather station run by the Canadian wleteorological

Centre (CMC) was established at Eureka in 1947 and has been in continuous operation ever

since. The airstrip built to enable re·supply of the weather station has dra\vn a number of

other players to the site as well. Since the 1960's, the Polar Continental Shelf Project (PCSP)

has operated an outpost for the support of scientitic research, and a number of northern

airlines have used Eureka as a base ofoperations or as a refueling stop. During the 1970's.

activity centred around the search for oil and gas. Since the start of the 1980's, the

Department of National Defence (DND) has maintained a summer presence there in order

to service communications equipment. and in the early 1990'5, a private facility for

atmospheric research \Vas built. The infrastructure in Eureka consists primarily of the airstrip.

a scattering of buildings, a limited number of roads. communications and po\\·er lines, and

fuel depots (Figure 12). AIl of these areas see heav)' vehicular trafflc. Grave! is spread

regularly on the roads and airstrip. and they are graded in summer and ploughed in \\inter.

There is linle or no vegetation in the inunediate vicinity of the roads and buildings. Acti\ity

declines \"ith distance from these areas, although people regularly travel across the tundra

on foot, by aIl terrain vehicle, or occasionally by truck.

Eureka's former airstrip is located approximately 5 km nonheast of the settlement. It was

originally built in 1947 to service the weather station, but was abandoned in 1951 because

of drifting snow in \\inter and problems created by tha\\ing permafrost in summer (Gadja

1949). Airstrip construction involved grading and rolling of the ground surface as well as

removal of the vegetation. The airstrip is still clearly visible on aerial photographs taken in

1998 (Figure 13). Another site of anthropogenic activity is an abandoned oil weil,

Panarctic's Gemini E... I0 \vell, located 35 km east of Eureka (79°59'N, 84°04'W) (Figure 14).
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Figure Il. Eureka on the Fosheim Peninsula, Ellesmere Island, Nunavut.
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Figure 12. Infrastructure at Eureka. Note the current airstrip, buildings,
roads beyond the buildings, and the fuel depot to the right of
the airstrip.

Figure 13. Eureka's former airstrip is still visible from the air. The strip
was built in 1947 and \vas abandoned in 1951 .
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Figure 14. Aerial photograph showing Panarctic' s Gemini E-I 0 wellsite.
The location of the wellhead is indicated by the X. Note the road
in the foreground on the left. The disturbed terrain around the
wellhead is the result of the drilling activities and the existence of
a surface sump.

Figure 15. One of the steep ridges characterizing the Eureka area. The
lower, lighter coloured pan of the ridge is blanketed \\tith
marine sediments, while the upper, darker coloured part is
mantled by weathered bedrock.
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Exploratory drilling operations began in October 1972 and were suspended in March 1973

(Panarctic ails Ltd. 1973). In addition to the drilling activities themselves. disturbance of

the area was caused by the construction of a road and an airstrip, and the storage of drilling

fluids in a surface sump adjacent to the weIlhead.

2.2 Physiography and surficial materials

The Fosheim Peninsul~ together \\ith portions ofneighbouring Axel Heiberg Island, consists

primanly of broad. rolling lowlands surrounded by mountains rising to 2200 metres above

sea level (m.a.s.l.). Several steep nonh-south running ridges \\;thin this intennontane region

rise above 500 m.a.s.l. (Figure 15). Poorly consolidated rocks of the Eureka Sound Group

underlie the area (Ricketts 1986). Reconstruction of the last glaciation of the region suggests

that it was limited to ice caps on regional uplands and cirque glaciers (Bell 1996). In the

early Holocene. about one third of the peninsula was inundated (Figure 16) and the marine

limit has been placed approximately 150 m above its current position (Hodgson 1985).

Below marine limit. a fine- or medium-grained marine sediment blankets the terrain. at limes

forming thick deposits (Hodgson et al. 1991). Outcrops of intact bedrock -- primarily

sandstone. siltstone and shale -- occur on the local ridges and at other points above marine

limite although in general. most of the area above the 150 m contour is mantled by weathered

bedrock (Bell 1992. Hodgson et al. 1991). ~lany short rh'ers and gullies dissect the terrain

throughout the study area. The area is relatively lush compared to others parts of the high

Arctic. with the mast common vegetation types being arctic willo\\' (SaIL'l: arctica) and

mountain avens (Dryas inregrifolia) (Edlund and Ait 1989).

2.3 Climate

The climate of the Fosheim Peninsula is influenced to a large degree by the surrounding

mountains, which limit the influx of cold air from the Arctie Ocean (Edlund and Alt 1989).

The mean annual temperature at the Eureka weather station is -19.6°C. February is the

coldest month \\ith a mean temperature of -38.2°C, while July is the warmest~ \\ith a mean

temperature of 5.6°C. Summer temperatures are exceptionally warm for this latitude (Edlund
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Figure 16. Map showing the Holocene marine limit on the
Fosheim Peninsula (from Bell 1996).
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et al. 1989), and have ranged as high as 19.4°C. There is generally a temperature inversion

at the Eureka \veather station which is located at la m.a.s.l., so temperatures increase sharply

at approximately 50 m.a.s.I. Additionally, a number of investigations suggest that the

location of the Eureka weather station on Slidre Fiord causes its temperature observations

to be cooler than ones further inland. One example cornes from a long term monitoring

station set up as part of a global change study by the Geological Survey of Canada (GSC)

at Hot \Veather Cleek~ 25 km east of Eureka. Summer temperatures at Hot Weather Creek

are consistently higher than at the Eureka weather station (Edlund et al. 1989, Young et al.

1997). From 1988 to 1994. the mean July temperature at Hot \Veather Creek was 9.4°C. fully

5.0eC warmer than Eureka during that same period. Only t\VO years of sporadic

meteorological data are available for the Gemini weIl site, which is 7 km east of Hot Weather

Creek. \Vhat data is available. however. agrees weil with information from Hot \Veather

Creek. sho\ving only a D.5°C difference between the t\\'o sites in summer.

~[ean annual precipitation at Eureka is only 68.0 mm~ making it one of the driest areas in

Canada. Only one quarter ofthis precipitation falls as rain (Environment Canada 1998): the

l'est tàlls as sno\\·. ~fuch of this snow is redistributed by the winds and accumulates in

ho11oW5. so that snow cover is often low~ if not virtually nil in sorne places. Snowmelt and

runoff generally begin in late ~(ay or early June, although a significant amount of the sno\v

also sublimates before then (\Voo and Young 1997).

2~4 Permafrost

Ellesmere Island is located well \\ithin the zone ofcontinuous permafrost and so permafrost

is found everywhere except beneath large bodies of water. A measurement of permafrost

thickness made at a borehole at the Gemini wellsite sho\vs it to be 502 m thick (Judge et al.

1981). This site is quite close to the Holocene marine limit and \vas one of the first areas

exposed to sub-aerial temperatures as the sea levellowered. Since this area bas been exposed

for a longer time than others, this value for permafrost thickness is probably close to the

maximum for the Fosheim Peninsula. Throughout the region, the active layer - the ground
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that thaws seasonally -- is relatively thin. and probing in a variety of terrains indicates a mean

active layer thickness of 57 cm~ depending on local microclimatic conditions, however. the

base of the active layer cao he as shallow as 30-40 cm. An investigation by the Geological

Survey of Canada using data from shallow cores determined that ground ice of aIl types

constitutes 53% by volume of the area's surticial materials (Hodgson and Nixon 1998). ft

should he noted. ho\vever. that this study focussed on areas suspeeted ofbeing ice-rieh.

Various forms of ground ice appear throughout the study area. Pore ice and thin lenses of

segregated ice are tound in abundance. although they are limited in areas of mantled bedrock

above marine limit. [ce wedges are ubiquitous over much of the peninsula. The \vedges

occur in a11 surticial materials and have been recorded to depths of 8 m and \vidths of 5 m

(Hod~son et al. 1991). although smaller dimensions are more usual. Thev varv in densitv....,.." .... ..
depending primarily on soil type. The polygons tonned by the troughs that occur at the tops

of the wedges range from lOto 25 m in diameter (Lewkowicz and Duguay 1999). Beds of

massive ice appear to be relativdy comman. based on the number of retrogressive tha\v

slump scars identitied on aenni photographs. [n addition. massive ice has been detected by

direct observation (e.g. Ediund et al. 1989. Hodgson et al. 1991. Pollard 1991. Robinson and

Pollard 1998). and the use of ground penetrating radar (Barry 1992. Robinson 1994). ~Iany

of these massive ice beds are considered to be of segregational origin. torming when water

is dra\\TI by cryotic suction to the freezing front (Pollard and Bell 1998). The occurrence

of massive ice has been closely iinked with fine-grained marine sediments, especially where

they forrn tlat to gently dipping terraces in othernise irregular terrain (Pollard 1991, Pollard

and Bell 1998). Thermokarst features include the retrogressive tha\v slumps caused by the

melting of massive ice. Robinson reeorded headwall retreats of 8-14 m/year at high angle

retrogressive thaw slumps near Hot \Veather Creek (Robinson in press). Active layer

detachment slides are common occurrences, particularly during warm summers (Edlund et

al. 1989~ Lewkowicz 1992). In faet Lewko\\icz notes mat the number of active layer

detachment slides on the Fosheim Peninsula is anomalously high compared to other regions

in the Canadian high Aretie (Lewko\\icz 1992).
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2.5 Study sites

In order to quantif)r ground ice on the Fosheim Peninsula, measurement of regional ground

ice volumes was conducted in an area of 1887 km~, centred on Eureka (Figure 17). This area

was selected because it is one for \vhich ground ice data is available and because it

encompasses representative subsurface units for the region. Additionally. two disturbed sites

were selected for a systematic examination of thermokarst development and ground thermal

regimes. The tirst site is the oId airstrip 5 km northeast of Eureka. The airstrip lies on a

plateau at 116 m.a.s.l. which consists of sandy clayey silt of marine ongin over poorly

consolidated clayey shale (Hodgson and Nixon 1998). The second site is Panarctic's

abandoned oil weIl -- Gemini E-l 0 -- 35 km east of Eureku. The site is 126 m.a.s.l. and is

on thick silt and sand marine-deItaic sediments (Hodgson and Nixon 1998). In addition to

these two primaI)" study sites. supplemental data was collected at a number of locations in

the immediate vieinity of Eureka. Preliminary fieldwork at Eureka was conducted from luly

2 te luly 27. 1997, v~ith the main body ofv.:ork taking place from June 29 to August 27.

1998. The Gemini site was visited n.vice: from June 30 to luly 3. 1998 and again on August

12.1998.

L

--- Studyarea

• Ice cap

/ Marine Iimit based
on 150 m. as!.

Figure 17. ~1ap delineating the study area around Eureka in which ground ice volumes
\vere measured.
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CHAPTER3-METHODOLOGY

3.1 Introduction

ln arder to assess the sensitivity of permafrost terrain in the Eureka area. a combination of

tieldwork. archivai data collection and laboratory analysis \vas used. One of the objectives

ofthis thesis is ta quanti!)' ground ice in the study areJ-o Kno\\ing the volume of the different

types of ground ice is important in arder to assess what forms ofthennokarst ta expect if the

graund ice were to mel!. To meet this goal. a tirst approximation of ground ice volume for

the region was conducted using topographic maps. aerial photographs and tield

measurements. The methods used are given in section 3.2. A second objective is ta assess

the forms of thennokarst that have developed in response to past disturbances. Since past

thermokarst is the result ofmelting ground ice (regardless ofwhether the trigger for meit was

a warm climatic period or an anthropogenic disturbance). the melting of ground ice as a

result of climate warming is likeiy ta produce the same geomorphic features. Existing

thermokarst fcatures were theretore surveyed in the field and measured trom air photos. and

details are provided in section 3.4. .-\nother objective is to measure the ground thermal

regimes at the study sites. This was achieved by taking direct field measurements of ground

temperatures. active layer thicknesses and thermal conductivity. ~leasuring the ground

thermal regime helps determine whether it changes as a result of disturbance and provides

the information necessary to determine how deeply heat from \Vanner predicted air

temperatures \\i11 penetrate into me ground. The techniques used to measure me elements

relating to the round thennal regime are pro\ided in Section 3.3. The tinal objective ofthis

study is to model ho\\" pennafrost \\i11 respond to a warmer climate. A rwo-step approach

is used here. First. the predicted temperature increases for the Eureka area are established

by using a climate model and supplementing it v.ith baseline climate data from the Eureka

\\*eather station. The clirnate model and the baseline data are described in Section 3.5. The

second step is to use the predicted air temperatures and the elements of the ground thermal

regime as inputs for a model of thaw depths. This model of thaw is based on Stefan's

formula. It and the parameters it uses are more fully described in section 3.6. Once aIl of

these elements are collected -- amount of ground ice. thermokarst features. predicted air
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tenlperatures, and predicted thaw -- it becomes possible to draw conclusions about ho\\"

climate change will affect this permafrost landscape.

3.2 Ground ice "olume

The total volume of ground ice is ealculated by estimating the areal extent ofvarious types

of ice-rieh terrain in the study area. Four different subsurface units are considered: 1) those

\vith pore iee. thin segregated ice lenses and a high density ofiee \\:edges. 2) those \\iith pore

ice. thin segregated ice lenses and a low density of ice wedges. 3) regions underlain by

massive ice. and 4) regions above marine limit that are mantled by \veathered bedrock. The

area of each type of subsurtàce unit is then multiplied by a percentage of ice content by

volume that is established for the unit. Excess ice values are also calculated for each

subsurface unit. Since exeess ice values represent the water that cannot be contained within

the soil pores and which would run off after thaw. they provide an indication of how much

ground subsidence cao be expected when ground ice melts. and the)' help in determining

what geomorphic response to expect.

3.2.1 Extent of Permafrost

This study considers the top 6.5 m of soil because this was the lo\ver limit of most of the

sarnple data. and also because the immediate effects of surface disturbance are unlikely to

penetrate to much greater depths. The total area of the stlldy region and the areas of the

different subsurface units \\'ere measured using a digital planimeter and 1:50.000 scaIe maps

from the National Topographie Series (NTS 490/14. 49G/15, 49G116. 3408/3 and 3408/4).

Severa! areas \vere considered to contain no ground ice and were therefore exclllded. For

instance. the assumption was made that fiords. large lakes and rh'ers are either deeper than

6.5 m. or that unfrozen zones (termed "taliks") exist beneath them to at least this depth.

Although some ground ice has been shown to exist in the sediments of shallow Arctie lakes

(Bum 1990). this assumption has liule effect on the study's overall results since shallow

water bodies cover only 1(% of the study area Another area excluded from the calculations

is the steep siopes of ridges where bedrock is intact or is covered by extremely coarse,

angular colluvium \vhich field observations sho\\' contains negligible ground ice. Robinson
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and Pollard (1998) describe an occurrence of ground ice in bedrock. but note that it is a rare

occurrence and occurs at considerable depth (>2û 01).

3.2.2 Pore and Segre1.!ated Ice

Much of the ice in frozen sediment occurs as pore lce and as thin lenses. usually of

segregated origin (Figure 18). For this study. data on pore ice and thin ice lenses are derived

from cores drilled by the Geologicai Sur'vey of Canada bet\\'een 1972 and 1974. and from

samples gathered from sediments ahove naturai exposures of massive ice during field work

in 1994 and 1995. :\ mean ice content value was calculated and was considered to be

representative tOI' areas in the study region below the Holocene marine limit. cxcept where

massive ice is present (discussed below). Ice contents for areas above marine limÎt rnantled

by weathered bedrock are averages based on published values .

Figure 18. Pore ice and thin segregated ice lenses.
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• 3.2.3 Ice Wedge Ice

!ce wedges fonn when water repeatedly tricIdes into thennal contraction cracks in the ground

and refreezes. On th~ Fosheim Peninsula. they are most abundant within fine-grained

sediment below marine limit. For the purposes of this study, the wedges are considered to

consist of pure ice. A single average dimension for ice wedges was derived from more than

100 measurements ofnaturally exposed ice wedges on the Fosheim Peninsula betweeg 1992

and 1995. If ice wedges are assumed to be roughly triangular in cross-section. then the

percentage of\vedge ice in a volume offrozen ground is calculated as:

[ 1] v ..... 0.5 • \\' • a· LXI00

•

•

where v.... = percentage volume ofwedge ice

\\" = mean wedoe widthe

cr == mean wedge depth

L == totallength of ice wedge troughs in a sample site

ds =depth of the sample site

A == area of the sample site

Based on field observations and examination of air photographs. estimation of the volume

of ice wedges is divided into {\\'O steps. First the percentage volumes are determined for

sample sites of high and lo~' density wedges.. then these percentages are extrapolated to the

larger study area. The troughs that run along the tops of the wedges are generally quite

visible on air photographs. The total lengtb of ice wedges and the area for each sample site

are therefore measured from large-scale air photographs, and the percentage volume of

wedge ice for each site is calculated using Equation [1]. Areas of high density ice wedge

polygons are then estimated from small scale air photographs of the entire study region.

Given the ubiquitousness ofice wedges, the remaining area below marine limit is assumed

to be covered by low density ice wedges.
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3.2.4 ~fassive lce

Using measurements from samples taken at natural exposures ofmassive iee on the Fosheim

Peninsula. a mean volumetrie ice content was ealeulated for shallo\\' «6 m) massive ice.

The depth to the top of massive ice beds is variable. so a mean depth is calculated based on

published values. Using the ice content for sediment above massive ice calculated earlier and

the measured volumetric ice content of massive ice itself. volumetrie iee content for the top

5.9 m of permafrost in areas underlain by shallow massive ice is calculated. As mentioned

earlier. the distribution of such ice has been closely linked \\ith tine-grained marine

sediments. especially where they form terrace structures. Air photos of three areas below

manne limit were examined (National Air Photo Library AI6676-53. AI6734-6I. A27038­

24) for such terraces and the area they caver is assumed ta correspond ta that of massive ice

beds.

3.2.5 Excess ice

Values for excess iee depend on total ice content and the porosity of the sail. Using mean

values of sail porosity (33%) for gra\'el. 380/0 for sand. 44% for silt and 50% for clay). excess

ice val ues for each subsurface unit were calculated using the equation:

[1] PEI= (PIV/l.09) - IOOe + PIVe

(PIV/L09) - IODe + PIVe + 100 - PlV

•

where PEI = percentage of excess ice

PlV = percentage ice volume

e = porosity

3.3 Sun'e~' of tbermokarst features

During the 1998 field season.. topographic surveys \vere carried out at the two primary study

sites - the abandoned airstrip at Eureka and the Gemini E-10 weIl site. A Sokkia B3C

engineer's level ~'as used to determine the amount of ground subsidence compared to the

surrounding terrain, and ta establish the areal extent of thennokarst features. Survey

readings were made at any break in slope, or when features such as ice wedge troughs were
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encountered. At the abandoned Eureka airstrïp, a 1973 survey made by the Geological

Survey ofCanada was replicated, using notes and charts of the survey points provided by the

GSe. A comparison of air photographs from 1973 with the 1998 field observations showed

virtually no change in the pattern of ice \\iedge troughs. so these features \vere also used to

ensure that the survey lines matched the 1973 ones. At the Gemini \vell site, three lines

ranging from 62 to 100 m long were surveyed across the airstrip. Four additionallines

radiating out from the wellhead were aIso surveyed. These were at 90° from one another and

ranged from 113 to 172 m in length. Less detailed SUl"Veys were aIso conducted at four other

disturbed sites where thermokarst activity was evident. Qualitative observations of general

thermokarst conditions in the larger study area \Vere also made.

3.-& G round thermal regimes

In order to understand how ground thermal regimes might change following disturbance.

measurements of severa! thennal parameters were made at disturbed sites as well as at nearby

undisturbed locations. which were generally \\ithin a few metres ofone another. Sail samples

were also taken to provide other relevant data. SampIes were \veighed in the tield and. upon

the return to the university, were analyzed for moisture content. grain size. specifie gravit)·

and bulk density. Although data \vere collected from several different areas. the focus \Vas

once again on the (\\:0 primary sites.

3.4.1 Ground temperatures

Ground temperatures were measured at regular intervals throughout the summer of 1998

using a temperature probe. Recordings were made at the surface, at depths of 5, 10, 20, 25,

and 30 cm. and thereafter at 10 cm intervals until the base of the active layer was reached.

Additionally, a Brancker XL-SOO data logger was set up at the abandoned airstrip site to

make continuous measurements from July Il to August 23 (Figure 19). It recorded air and

surface temperatures, as weil as ground temperatures in two areas (on the strip and off the

strip) at depths of 10, 25 and 50 cm. Technical problems caused 10ss of data on three of the

eight channels shortly after installation, but t\.vo of the channels were repaired and resumed

recording on July 17. At the Gemini site, three "Onset StowAway" data loggers were
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Figure 19. Study site at the abandoned Eureka airstrip. A Brancker data
logger recorded air and ground temperatures at various depths.
The acea to the left is the disturbed surface of the strip. while the
area to the right is in undisturbed terrain.

Figure 20. Thermal conductivity probe inserted horizontally into soil.
The probe is heated and its temperature measured over time.
How quickly the temperature of the probe rises is an
indication of how quickly the soil transmits heat away.
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installed on July 1 at the surface, and at depths of25 and 38 cm (the base of the active layer

on that date). These \vere removed on August 12.

3.4.2 Active laver

The development of the active layer over the 1998 summer season was monitored by

periodically measuring its thickness. At aIl sites~ this was detennined by probing \\'lth a steel

rod until refusaI. Generally. five measurements were made and averaged. In order to

examine the spatial variability of the active layer. several transects were set up. At the

abandoned Eureka airstrip. three transects \vere made along lines corresponding to cross­

sections in the 1973 GSC survey. One measurement of active layer depth was made every

5 m. At the Gemini weIl. one measurement of the active layer was made every 2 m along

the survey lines across the airstrip. and every 5 m aiong the survey lines radiating from the

wellhead.

There is a Circumpolar Active Layer rvlonitoring (CALM) site just south of the abandoned

airstrip at Eureka and. in 1998. the author collected data from the site for the monitoring

program. This involved taking measurements of the active layer at what was beIieved to he

its maximum thickness for the season. Two probings of active layer thickness were made at

100 points in a 1 km: grid. These data are used to supplement the data collected at the

abandoned airstrip. ~(easurementswere made bet\veen August 6 and 13. 1998. The CAL~I

site also has a frost tube. a \vater-filled tube anchored in the pennafrost which cantains a

bead marker. The bead is checked the year after it is put in place and provides a measure of

the actual depth to which the thaw progressed the previous fall. \\-ben the Eureka CALM

site's l'l'ost tube was checked in the spring of 1999, it indicated that the 1998 tha\v had

progressed 2 cm deeper than when the measurements at the grid points were made in August

1998.

3.4.3 Thermal conductivitv

The thennal conductivity of active layer soiIs was measured ""ith a conducti~ity probe that

was constructed based on information provided by Wechsler (1966) and by Slusarchuk and
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• Foulger (1973). The probe is a stainless steel sheath with a heater nInning its length and a

thermistor placed at the halt\vay point. Power is supplied to the heater by a 12V gel cell

battery. A multimeter measures the resistance of the thermistor, which is then converted to

a Temperature. \Vhen the battery is connected to the probe, heat is conducted through the

probe to the surrounding soil. The Temperature of the probe is measured at regular intervals.

How quickly the probe temperature rises provides an indication of the ability of the

surrounding sail to conduct heat away. in other words. it is a measure of the soil's thermal

conductivity. The actual thermal conductivity is determined by the equation:

[2] k= 9 In~~

41t (Tl - TI) t l

•

•

where k =soil thermal conductivity

q = heat tlux per unit length of probe

Tl. T~ = temperature at times 1 and 2

tl. t1 = times 1and 2

At the study sites. soil thennal conductivity was measured by inserting the probe horizontally

into the wall of a pit at a depth of either 15 cm or 25 cm (Figure 20). The probe was allowed

to equilibrate to the soil temperature for 20 minutes. after which the test was started. The

battery was connected to the heater and the probe temperature was recorded every 30

seconds. Although the temperature rise of the probe generally leveled off after approximately

10 minutes. the total test times ranged from 15 to 20 minutes.

3.5 Climate "'arming

T0 detennine ho\\! permafrost in the Eureka area \\ill respond ta a wanner climate. it is first

necessary to estimate the predicted wanning for the region. Data on future climate wanning

are based on projections from the Canadian Centre for Climate !vlodelling and Analysis

(CCC~tA). T~'o scenarios are examined. The fust uses output from the Canadian Global
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Coupled Model (CGC~tI)which has both an atmospheric and an oceanic component (Boer

et al. 2000). ~{onthly data is available for the period 1900 to 2100. as is daily data for a

number of ditTerent time \\indows. Six of the model's grid cells which overlap the Fosheim

Peninsula (79.78N-83.48N, 82.50\V-90.00\V) have mean monthly values which agree

reasonably \vell \'~ith observed temperatures at Eureka between 1975 and 1995 (Figure 21).

~tean daily temperatures from these ceIls were compared with those trom the period 2040­

2060 (corresponding to a doubling of CO:! relative to 1975-1995). The temperature

differences between the ("10 periods were then added to actua1 mean values from the Eureka

weather station record to arrive at an estimate of future Eureka temperatures. The model's

grid cells are large (3.75° latitude by 3.75° longitude) and the number of ceUs used is small

so it may not provide the best representation of a future climate. A second climate scenario

is therefore examined. The values used are regional temperature increases based on the

CCC~tA's second generation general circulation moder~ which consists of the atmospheric

component only of CGC~lI (Figure 22). Once again. these values are added to actual mean

Comparison of mean monthly temperatures
at Eureka 1975-1995

• CCCMA tirst generation climate
model (Scenario 1)

o Eureka weather station
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Figure 21. Comparison ofTemperatures from the CCCl\1A first generation general circulation
model (Scenario 1) and actual values measured at the Eureka weather station
bet\\"een 1975 and 1995.
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Figure 22, Projected change in mean temperatures based on the CCC GCM
( 1992) for a doubling of atmospheric CO2 for a) spring, b) summer, c}
autumn. and d) winter (from Maxwell 1997).
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• values from the weather station to estimate future temperatures.

3.6 i\'lodel of thaw

Having predicted what air temperatures can be expected in the Eureka area under c1imate

warming. the next step is to see how these increased temperatures will affect the depth of

thaw. The Stetàn fonnula is used to calculate this depths. The formula is as follows:

[3 ]

•

where z = depth of tha\\" (m)

k\l = thermal conductivity of the unfrozen soil (W m-I °C·1
)

T, = step change in surface temperature (OC)

t = time (5)

L :::::: soil's volumetrie latent heat of fusion (1 m- j
) •

[n reality. a ground surface \\111 not experience a step change in temperature over a thaw

season. 50 Ts and tare replaced by the total number oftha\ving degrec days (OC days) in the

season. Tha\\ing degree days provide a measure of the magnitude and duration ofconditions

above freezing. For instance. if the mean daily air temperature is 4°C for 3 days. the total

numher of tha\\·ing degree days for that period would be 12. The predicted air temperatures

from the climate model described in the previous section provide the information needed to

establish the number oftha\\1ng degree days. The other variables in Equation 3 are thermal

properties of the soil and they \\111 be constant for a given soil at a given time. The equation

can now be re-\\onnen as:

[4] z = b (TDD) L"2~

•
where b =thermal constant

TDD = number ofthawing degree days in the thaw season
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Thermal constants for the soils in the study area are derived l'rom data on thaw depths and

thaVling degree days that were measured during the 1998 season.
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CH.~TER 4 - RESULTS: NATURE OF GROUND ICE AND PERMAFROST

CONDITIONS

4.1 Introduction

In arder to assess ho\v sensitive permafrost terrain is to changes in surface conditions and

how it will respond to those changes. three elements must be examined: the volume and

stratigraphie distribution of ground ice. the type and extent of thennokarst features which cao

develop, and the nature of the ground thennal regime. This chapter examines the nature and

range of these variables in the Eureka areà. Section 4.2 documents the percentages ofground

ice volumes in different types of subsurface units in the overall study area.. including both

the total volume of ground ice and the volume of excess ice. In section 4.3. existing

thermokarst is measured ta provide an indication of the magnitude of the features that can

develop when ground ice thaws. and the rate at which this occurs. Section 4.4 examines the

various elements that comprise the ground thennal regime and uses values from the 1998

season ta arrive at thermal constants that are used in predictions of future thaw depths.

4.2 G round ice "olumes

[n this section. mean volumes of ground ice are caIculated for the four different types of

subsurface units found in the Eureka area. The calculations are based on sample data

collected from archives. pre\;ously published sources and air photo analysis. The level of

confidence in the meiliods ofcollection ranges from high for samples trom natural exposures.

to medium for borehole samples. ta low for those based on air photo analysis. The sample

sites and methods of collection are sho\\n in Figure 23. In considering ground ice contents,

a caveat to consider is that ground ice has high spatial variability. Ice contents are dependent

on a number of factors that can differ over shon distances. For instance. the drainage and soif

or rock type can govem the initial supply of water available for freezing~ or relief and aspect

can influence the snow caver and hence the ground temperatures. These and other site·

specifie factors \\';11 determine what the exact ground ice content ~ilI be at any one spo~ 50

the values calculated here are based on averages for each subsurface unit.
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Figure 23. ~Iap of study area sho\\ing sampling sites for natural exposures of
massive ice and borehole drilling sites. Sample areas where ice wedge
lengths were measured are also indicated. See text for additional
details.
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By definition.. the active layer freezes and thaws each year. redistributing water and ice

throughout the annual cycle. As a result. since the estimates of ground ice volume concem

only the volume of perenniaIly frozen materials. the average active layer thickness of0.6 m

for the Eureka area is subtracted from the selected 6.5 m depth sa that the thickness of

materials actually used in calculations is 5.9 m. Zones beneath large \vater bodies and steep

bedrock slopes were assumed to have no ground ice or to contain amounts that are

insignificant for the purposes of this study. Once they \vere exc1uded from the initial 1887

km:!. the total area where ground ice might occur was 1456.8 km:!. Since the thickness of

frozen !;!round examined is 5.9 m. the total volume of frozen materials in the studv area is
~ ..

therefore 8.6 km}.

Ta begin with. the volumetrie ice content due to pore and thin segregated lenses was

calculated for areas bdow marine limit. Soil moisture measurements from natural exposures

and boreholes at 35 sites yielded 72 values of gravimetric ice content. Although a number

of visual estimates of ice content \Vere made as weIl. they are not used here because visual

estimation often understates the volume of ice in a sample (PolIard and French 1980). In

order ta obtain a bener estimate of the subsidence that can he expected from the thaw of pore

ice and thin segregated ice lenses. the moisture contents were converted to volumetric ice

content values using the method developed by Pollard and French (1980). The volumetrie

ice contents thus obtained are plotted against depth (Figure 24) and polynomials up to the

6th order were tested for goodness-of-fit. generating a maximum value ofr == 0.1265. Since

this does not provide a strong indication of correlation bet\veen ice content and depth.. the

samples' mean volume of 48.6~~ was assumed to adequately represent the entire profile. The

scaner of the data points about the mean (standard deviation = 17.0) reflects the expected

spatial variability of ground ice.

In areas above marine limit that are manùed by \veathered bedrock.. Pollard (in press) reports

ice contents of 3-100/0. Hodgson et al. (1991) estimate the ice content to be 5-50% \\'ithin

1-1.5 m of the ground surface, and to be much lo\ver or non-existent fuMer do\VD in the

profile. For the purposes ofthis study.. Hodgson et al.'s mean value of27.5% is used for the
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Figure 24. Ground ice volume vs depth in areas of pore ice and thin segregated

ice lenses. The mean value of 48.60/0 is sho\\'n.

•
Figure 25. NaturaJ exposure of massive ice in the headwall of a retrogressive thaw

slump near Eureka. Approximately 3-6 m of sediment overlies this bed
of massive ice which is approximately 2 m high and 15 m across.
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top 1.5 m of the soil profile. and Pollard's mean value of 6.50/0 is used belo\v 1.5 m.

On the Fosheim Peninsula. the mean depth ofiee wedges is 323 cm (SD==87) and the mean

\\'edge 'Width is 146 cm (5D=56). giving a depth-to-\'~idth ratio of2.2:1. This ratio is similar

to ones found by Harry et al. (1985) in the Yukon Coastal Plain (2.6: 1) and by Bro\\-TI (1967)

in Alaska (2: 1). Two sample sites near Eureka \vere selected for measurement of ice wedge

lengths from air photographs. one with a high density of ice wedges (NAPL A30860-173.

scale 1:1860) and the other \\-lth a lower density (NAPL 30860-164. seale 1:1984). Using

Equation [1]. the pereentage ice volumes \\'ere calculated to be 3.50/0 in areas ofhigh densit)"

wedges and 1.80/0 where the density ofwedges was low.

\Ieasurements from samples taken at 73 natura! exposures of massive ice on the Fosheim

Peninsula between 1990 and 1995 indicate a mean ice content of 88.5~/0 (5D=13.50/0) for

shallow «6 m) massive ice. The top of massive ice beds as reported by Hodgson and Nixon

(1998). Pollard (1991) and Robinson (1994) typically varies betv;een 1 and 6 m on the

Fosheim Peninsula (Figure 25). 50 the mean depth of 3.5 m is used. Using the ice content

tor sediment above massive ice calculated earlier and the volumetric ice content of massive

ice itself. the top 5.9 m of permafrost in areas underlain by shallow m~sive ice is calculated

to contain 69.0% ice by volume.

fueal coverage and the percentage of ground ice volume for the different subsurface units

are summarized in Table 1. The highest ice volume (69.00/0) is. as expected~ in areas

underlain by shallo\v massive ice. Pore ice and thin segregated ice lenses comprise 48.6%

by volume of frozen materials below marine limit~ while in areas ofbedrock mantle above

marine limit~ they account for 9.7%. The lo\vest ice volume is associated \\-ith \\'edge ice;

it accounts for 3.50/0 of the volume of frozen ground in areas of high density wedges~ and

1.80/0 of volume in areas oflow density. Ground iee in all its fonns comprises 30.8% of the

upper 5.9 m of permafrost in the study region. This is lower than the value of 530/0 found by

Hodgson and Nixon (1998)~ but they intentionally sampled in areas known to have high

ground ice contents.
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• Table 1. Absolute value and percentage of ground ice, by subsurface unit.

Area Frozen Ice volume Ice content
(km:!) materials (km3

) (km~) (%)

tvlassive ice 44.0 0.23 0.179 69.0
Pore/segregated 702.1 4.14 1.970 48.6

ice lenses
Bedrock mantle 710.7 4.19 0.407 9.7
Ice wedges

High density 138.3 1 0.82 1 0.028 3.5
Lo\v density 563.8 1

~ ~., 1 0.060 1.8,).--'-

Total 1456.8 8.56 2.644

1 Not included in total since ice wedges and pore/segregated ice
lenses occur in same subsurface units.

•

•

Table 2 Percentage by ground ice type, and amount of excess ice.

Iee volume Percentage of Excess ice
(km}) total ice ('Va) (0/0 of subsurface unit)

tvlassive ice 0.179 6.8 61.1
Pareisegregated 1.970 74.5 29.9

ice lenses
Bedrock mantle 0.407 15.4 0.0
Ice wedges

High density 0.028 1.0 33.0 1

Lo\v density 0.060 ., ~ 31.5 1_ . .J

Total 2.644 100.0

1 Ineludes the 29.90/0 due to pore ice and segregated iee lenses since they occur in the
same subsurface units as ice \vedges.
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The contribution of the different ice types ta the total ice volume is sho\\'TI in Table 2. Pore

ice and thin segregated ice lenses above and below marine limit comprise 89.9% of the total.

while massive ice accounts for 6.80/0. and wedge ice for 3.3%. The values for excess ice

represent how much volume \vould be lost if the ice \vere to melt~ since the resulting water

is that which is in excess of what can be contained in the soil voids. In areas of pore ice and

thin segregated ice lenses only, the value for excess ice is 29.90/0. This value is in the medium

range for excess Îce. Although thaw of the entire soil column is unlikely, if aIl 5.9 m of the

permafrost under consideration were to thaw. this would mean that the ground surface could

subside by up to 1.8 m. \\llen both lowand high density iee wedge polygons are eonsidered

along \\,;th the pore and segregated ice lenses, excess ice accounts for 31.5 to 33% of the

frozen materials over the entire subsurtàce unit. Greater subsidence would occur due to the

higher excess ice content of the subsurtàce unit~ ho\vever it \vould he eoncentrated over the

iee wedges themselves. Although ice wedges nonnally contain sorne sediment which washes

into the thermal contraction cracks when water trickles into them. they are assumed to be

pure ice for the purposes of this approximation of ground ice volume. It would be

speculative to estimate the exact amount of subsidence that would occur over the wedges.

although theoretically. it could be as much as the entire depth under consideration: 5.9 m.

[n subsurface units where massive ice is present, exeess ice values are high~ \\ith 61.1% of

the iee being considered excess. This represents a potential ground subsidence of3.6 m. If

the excess ice values for each of the different subsurtàce units are weighted by are~ excess

ice comprises 57.2% of the total ice volume. or 17.7% of the total volume of frozen materials

in the study area.

4.3 Thermokarst

The values for excess ice mentioned above provide an indication of the theoretical potential

for ground subsidence. The geomorphologic response to a disturbance, however, is not

limited to simple subsidence. An examination ol past thermokarst activity at bath the

primary study sites and other, secondary sites offers a more complete view of what kind of

terrain response to expect.
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Figure 26. Vegetation surrounding a tundra pond on the old Eureka airstrip.

4.3.1 Abandoned airstrip at Eureka

Close to a half century mer the abandonment of the airstrip at Eurek~ it still shows evidence

of the disturbance caused by ils construction and use. [t is c1early distinguishable on air

photographs (see Figure 13). primarily due to differences in ice wedge troughs and

vegetation on and off the airstrip. Depressions above ice-wedge troughs on the strip are wider

than in the adjacent.. undisturbed terrain and are often water-filled. The immediate area

surrounding these depressions is generally quite lush (Figure 26), consisting mainly of

grasses. inc1uding cottongrass (Eriophorum spp.). Omer plant species -- primarily Arctic

willow (Sa/à arctica) and mountain avens (Dryas inregrifo/ia) - are found both on and off

the strip. but coverage tends to be about 30% sparser in the disturbed areas.

Three profiles of the oid airstrip at Eureka were surveyed in 1998, replicating those made by

the Geological Survey of Canada in 1973 (Hodgson and Nixon 1998) (Figure 27). Much of

the observed response to disturbance involves \\idespread simple subsidence due to the

melting of ground ice. The 1973 survey found that the ground surface on the strip itself had
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Figure 27a. Plan of the south end of the abandoned Eureka airstrip showing the
location of the surveyed profiles (from Hodgson and Nixon 1998).
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Figure 27b. Profiles across the abandoned Eureka airstrip sho"ing changes in surface

elevation between 1973 and 1998.
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subsided fram lOto 60 cm belaw adjacent undisturbed terrain (Hodgsan and Nixon 1998).

Since the excess ice content in areas which contain only pore ice and segregated lenses is
•calculated to be 29.9%. this suggests that bet\veen 33 and 201 cm of the original pennafrost

thawed in the period bet\veen the initial disturbance in 1947 and the 1973 survey.

Differences in the amount ofsubsidence may be explained by site-specifie features that affect

the amount of heat being transferred into the ground. such as differences in water or sno\\'

accumulation. However. since 29.9(% is an average ground ice value for the entire subsurface

unit. the differences in subsidence may aiso be due ta differences in the actual ground ice

contents aiong the surveyed profiles.

Subsidence above ice \vedges measured up to 120 cm in the 1973 survey. This is to be

expected given the high excess ice content ofice \vedges. Ho\vever. if the maximum thaw

was indeed 201 cm and the ice content of the wedges is 100% as this study assumes. then

201 cm of subsidence should have occurred.. ramer than only 120 cm. At first glance. mis

appears te confirm the notion mat ice wedges do contain at Ieast sorne sediment. One further

element that must be taken into consideration in examining subsidence above ice wedges is

brought up by the results of the airstrip survey done in 1998. The observations indicate that.

from 1973 to 1998. the airstrip surface had subsided up to 10 additional cm in sorne

locations. most notably in the \icinity of ice wedges. but the depressions immediately above

the wedges were shallower than they \Vere in 1973 (Figure 27b). The initial relief created

by the greater subsidence o'ler the ice wedges appears ta have caused a general reworking

of adjacent materials dOVvn into the depressions above the wedges, resulting in a smoother

profile than existed in 1973. It is possible that sorne of this reworking had already occurred

before the 1973 survey. which is why the subsidence was ooly 120 cm. It is difficult say if

this slope movement has ceased completely~ but the smoothing of the profiles does indicate

that the site is on its way to physical stability.

Active layer depths were measured along the survey profiles and at severa! nearby sites in

both undisturbed and disturbed terrain. The mean active layer depth off the airstrip is 47.8

cm, which is significantly different fram the mean of 53.5 cm on the airstrip. This difference
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in the depth of tha\\: appears to he due to the slightly higher moisture contents found in the

disturbed terrain on the airstrip, since soils \\ith higher moisrure contents concluct heat better.

This is supported by measurements \\ith the thermal conductivity probe. which show that

the disturbed terrain on the airstrip had a thermal conductivity of 1.66 W/m oC, which is over

three limes higher than the 0.49 W/m oC recorded in undisturbed terrain.

Between 1947 and 1998. there was no major changes in the climate of the Eureka are~ so

the melt of the permafrost appears te be due to the removal of part of the active layer and to

an increase in the soil thermal regime, which itself results from the interplay of several

variables. The roUing and compaction of the airstrip during construction would have

compressed the soil. increasing its thermal conductivity. These activities, together \vith any

grading or scraping of the surtàce would have killed or removed the vegetation. which

nonnally shields the ground surface from wann summer air temperarures. The albedo of the

surface presumably increased as weIl. meaning that more solar radiation was absorbed.

Finally. water most probably played a dual role follo\\ing the stan of permafrost tha\\'. As

the permafrost began to melt. the moisture content of the active layer directly above it would

have risen. once again increasing the soil's thermal conductivity. Additionally. \vhen the

ground started to subside. water began to pond in ice wedge troughs and most likely in other

topographic 10ws. This would have increased the mean annual surface temperature of the

soil at the bouom of the ponds.

4.3.2 Gemini E-IO well site

Exploratory drilling \\'ork was conducted at Panarctic's Gemini E-I0 well site during the

\\mter of 1972-73. The effects of the disturbance are most evident in the area surrounding

the wellhead. in what appears to have been the area used as a sump for the drilling fluids.

At this particular \\·ell site. the fluids were dumped ooto the ground surface and were

contained by sno\\· dams. In ~1arch 1973, the drilling fluid leaked into a oearby stream and

thaw of ground ice is suspected as having contributed to the failure of the sump (Hodgson

and Nixon 1998). During fieldwork in 1998, three profiles were surveyed across the airstrip

and adjacent road. and four more radiating out from the \\·ellhead (Figure 28). The most
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Figure 28. Aerial photo ofGemini weBsite showing location of survey!ines.
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Figure 29. One of the many depressions near the wellhead al the Gemini wellsite. This
depression was likely caused by the melting of permafrost \Vith an ice
content greater than 30°A».

obvious thermokarst features are large depressions surrounding the wellhead ranging l'rom

approximately 7 to 80 m wide~ many of which contain standing water (Figure 29).

Subsidence within these depressions is from 15 cm to 3.15 ffi. Using the excess ice content

calculated for areas containing pore ice and segregated ice lenses of29.9%~ this corresponds

to thaw ofbetween 50 cm and 10.5 m of pennafrost. ~fuch ofthis tha\v would be for similar

reasons to those mentioned for the Eureka airstrip: removal ofsediment and vegetation. and

changes in the ground thermal regime. The surface sump obviously played a role in altering

the thermal regime~ since the most obvious thermokarst features are in the area where the

sump appears to have been located. Thermal conductivities at the Gemini site were 3.0 W/m

oC for the disturbed site and 4.7 W/m oC for the undisturbed site. The difference in thermal

conductivity between undisturbed and disturbed areas is not as great as al the Eureka site..

therefore changes to the moisture content of the soil and the ponding ofwater appear to have

been of greater importance than thermal conductivity itself in effecting change at the Gemini
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wellsite. Nevertheless. it is unlikely that disturbance caused enough changes in the vegetation

or albedo at the ground surface, or in the thermal conductivity or moisture content of the soi!

column to have thaw penetrate more than 10 m. This suggests that the ground ice content

for the areas where the deepest depressions are found was locally much higher than 29.9%.

Active layer depths within the broader depressions are generally greater (although not

signiticantly) than for undisturbed terrain, which has an average active layer depth of 62 cm

in August. However. the active layer can be as deep as 1.22 fi in the depressions with

standing water. Sorne of the narrower. dry depressions have the shallowest active layers of

any terrain at the Gemini site (46 cm in August), possibly due to the persistence of snow

\\'ithin them in the spring which \....ould insulate them l'rom wanner summer air temperatures.

Disturbance along the airstrip profiles is less dramatic. The soils on the strip contain more

sand and gravel than those surrounding the wellhead and since they are therefore better

drained. they likely have a lower ground ice content. Overall ground subsidence is

approximately 10 cm on the airstrip compared to the surrounding undisturbed terrain. This

increases by a further 5 to 10 cm above ice wedges on the airstrip itself and in the \vheel ruts

of the road beside the airstrip where compaction and changes to the albedo and vegetation

\vere greater. Active layer depths are tàirly constant across the profiles with a mean depth of

52 cm in August. The one exception to this is the area surrounding a pond at the west end

of profile 2. where the active layer deepens to 77 cm in August.

4.3.3 Gther therrnokarst sites

In addition to the t\VO primary study sites -- the abandoned Eureka airstrip and the Gemini

weil site - less detailed observations of thermokarst features were made at a number ofother

locations in the Eureka acea. Sorne of these features are obviously the result of

anthropogenic activities, sorne of natural processes, while others appear to be caused by a

combination of the 1\\"0 types of disturbance.

The most intense land use in Eureka occurs on the airstrip~ the roads~ and in the areas

surrounding the various buildings, all of which see heavy vehicular traffic. This results in
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compaction of the soil. kiiling of vegetation and changes to the surface albedo, aIl ofwhich

can raise the ground thermal regime substantially. An illustration of how dramatically soit

temperatures can be atTected is provided by an example from August 21 when a disturbed

site next to the weather station had a ground surface temperature that was 10.Soe warmer

than at the abandoned airstrip. despite me tàct that the air temperature was 1.1°C cooler. The

active layer at this site \Vas difficult to measure due to the presence of gravel and cobbles.

but other. similarlv disturbed sites close to Eureka had active lavers ~reater than 1 m. This• <1 _

is twice the mean thickness of 53.5 cm found at the disturbed location on the abandoned

airstrip. Thaw of 1 m in an area \\ith a mean excess ice content of 29.90/0 would result in an

initial ground subsidence of29.9 cm. while subsidence could he up to 1 m above ice wedges

with an excess ice content of 100%
• These are only initial values and even more of the

pennafrost would thaw in subsequent years. since the lowering of me ground surface means

that ùIe top of the permafrost would again be subject to tha\v. Il is difficult to assess the

extent of thermokarst in these most highly disturbed areas near Eureka since any depressions

or surface irregularities in high tranic areas are regularly tilled with sand and grave!.

However. a number of formerly disturbed areas that are no longer in use show the classic

ropography of thermokarst terrain. with numerous depressions (Figure 30). A survey of an

old dumpsite just to the northwest of Eureka's current airstrip showed that these depressions

can be up to 1.8 m deep. The natural drainage of such areas has been disrupted and runoff

tends to be directed along ice wedge troughs. leading to thermal erosion of the wedges.

Vegetative patterns. too~ have been altered. as most of the disturbed area has very sparse

vegetation except for in the immediate vicinity of tundra ponds. which are surrounded by

thick grasses.

Another form of thermokarst seen near Eureka is gullying. One region where it is

particularly evident is in the area south of the current airstrip on the slope leading down te

Slidre Fiord (Figure 31). Much of the gullying here is due to thermal erosion as a result of

natural drainage. however in certain places this is compounded by runoff from the water

systems ofbuildings in Eureka A majority of the gullies appear to originate along ice wedge

troughs. although they do not continue to follow the troughs further do\\nslope. Profiles
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Figure 30. Thermokarst terrain to the northeast of Eureka' s current airstrip.

Figure 31. Significant gullying along the slope south of the Eureka airstrip. Many
of the gullies originale along ice wedge troughs.
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surveyed across the slope show that the gullies are approximately 1.5 to 2 m deep. Active

layer depths are qllite variable and ranged from 25 ta 85 cm in the last week of Jllly. The

deepest active layers are near the outlet of the buildings' water systems where the moisture

likely l'aises the sail thermal conductivities. The shallowest active layers tend to he in the

centers of the gullies. This may be because. as at the Gemini wellsite. sno\v is more likely

to accumulate in these depressions and ta persist for a longer time in the spring.

Active layer detachment slides are common thennokarst features on the Fosheim Peninsula.

The slides occur when pore water pressure builds up at the base of the active layer, usually

\"hen the top of the permafrost melts rapidly due to an especially wann period. or follo\ving

heav)" precipitation. Le\vkowicz observed that the frequency of occurrence in the Eureka

area ranges from 0.2 ta 75 slides/year in the period 1959·1988 (Lewkowicz 1990). During

the laner half of July 1998. at least (wo dozen active layer detachment slides \Vere observed

on slopes in the immediate Eureka area. primarily bet\veen the weather station and the

airstrip. and ta the southeast of the strip. The primary trigger for the active layer detachment

slides appears to have been a sharp temperature increase in the third week of July. ~Iost of

these slides were approximately 8-15 m \vide and 25-50 m long. Active layer detachment

slides are significant in that the entire active layer is removed. subjecting the underlying

permafrost to melt. How much of that permafrost meits depends on the time of the slide in

relation to the end of the thaw season. however, at least 60 cm ofthaw can be expected the

follo,,\'ing summer, given the average active layer depth for the area. If the mean excess ice

content of29.9~~ is assumed, this would engender subsidence of the ground surface of 18

cm. although this could be even greater if an ice wedge or massive ice is exposed by the

active layer detachment siide. The occurrence of aCùve layer detachment slides on any

particular slope does not necessarily follow every warm spell or rainstorm, since slopes that

have recently failed achieve a ne\v equilibrium. Lewkowicz estimates that it takes at least

6 years.. and more commonly 15 years, before a slope will fail again (Le\\'·ko",icz 1990).

Retrogressive thaw slumps develop when a particularly ice-rich zone or a body of massive

ice is exposed and begins to tha\\'·. As the ground ice melts, the overburden of soil slides
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down the icy head\vall or collapses at its base and~ as melt progresses, the headwall retreats.

leaving a crescent-shaped scar. Such slumps occur regularly around Eureka and throughout

the Fosheim Peninsula and over 150 stabilized slumps were identified by aerial

reconnaissance in 1994 (Pollard in press). In 1998. only one retrogressive thaw slump \\laS

active in the immediate vicinity of Eureka. The slump~ on the west side of a stream knO\\TI

as Sapper's Creek. was approximately 20 fi wide and was located near me top ofa 30 m high

slope. It appears to have been initiated by the exposure of a 4-5 m thick body of massive ice

halfway up the slope. The exposure was recent. as there was very linle retreat of the

headwall and most of the debris had accumulated in the stream at the base of the slope itself.

Unfonunately. this slump was discovered near the end of the field season 50 its development

could not be followed. Another retrogressive thaw slump. this one stabilized~ is located just

north of the current airstrip in Eureka. It is multi-lobed and 50 appears to result from the melt

of more than one body of massive ice. The slump is approximately 5 m deep and affects an

area 70 m wide and 40 m long. Previous research in the area shows that retrogressive thaw

slumps can vary from lOto >90 m in width and from lOto 210 m in length (Barry 1992•

Robinson 1993). In his 1993 study. Robinson found several individual slumps which

covered more than 5000:m and he noted that 12% of his 80 km1 study area had been affected

by thermokarst. primarily in the form of retrogressive thaw slumping (Robinson 1993).

..... Ground thermal regimes

During the 1998 field season. three soil properties relating to the ground thermal regime were

measured at a number of sites: variations in ground temperatures with depth.. active layer

depths. and thermal conductivities. These propenies provide an indication of ho\v heat

travels through the sail column. and it was hoped to use them to estimate how it might do so

under the different surface conditions that would prevail under a wanning c1imate. To gauge

the expected changes to the landscape that would arise when permafrost melts, it is essential

ta know what the depth of seasonal thaw will be. Stefan's fonnula is used to estiroate future

tha\v depths and, as explained in Section 3.6 (equation 4), two input variables are needed for

Stefan's fonnula: the number of tha\\'ing degree days (TDD) al the ground surface and a

thermal constant for the soils in questions. The following two sections describe how these
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variables are derived from the ground surface temperatures and the thaw depths recorded at

Eureka. Soil thennal conductivity values are incorporated into the thennal constant used in

the formula sa the actuaI measured values were not used except to aid in interpretation of

variations in tha\v depths.

4.4.1 Thawing deQree davs in 1998

The tirst input variable needed for Stefan's fonnula is the number of ùla\\'ing degree days

(TDD) at the ground surface. The thaw season is considered to begin once temperatures rise

above ace on four consecutive days. and is considered ta end after three consecutive days

bdo\\" freezing. Unfortunately, the ground temperatures measured in 1998 at Eureka's

abandoned airstrip and at the Gemini weil site did not encompass the entire thaw season. Ta

overcome this. the number of tha\\ing degree days at the ground surtàce had to tirst be

extrapolated from the Eureka weather station air temperature records.

Figure 32 shows the air temperatures measured at the Eureka weather station for the 1998

thaw season. The tha\\" season (for air temperatures) began on Julian day 151 (~Iay 31) and

ended on Julian day 150 (September 7). Table 3 provides an indication of ho\v the 1998

temperatures compared \\ith the average for the entire period of record at Ùle weather station.

In 1998. June. July. August and September were all \\'armer than the nonn and, as a result,

the tha\\" season \Vas 19~'O longer than usual (100 days versus an average of 87 for 1948­

1997). and there were 33% more tha\\ing degree days than usual (486 TDD rather than the

mean of 343 TDD).

Power laws were fined to both sets of measured lemperatures -- air temperature al the

weather station and ground temperature al the study sites -- and Figure 33 shows that the

correlation bet\\'een the t\vo sets oftemperatures was high, producing an R2 value of0.85 for

the abandoned airstrip and 0.83 for the Gemini site. The weather station temperatures were

then input into the equations generated by the power laws to calculate ground surface

temperatures for the two primary study sites for the entire tha"" season. Figure 34 shows the

air and ground temperatures for the sites from Julian day 151 ~Iay 31) to Julian day 250
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Figure 32. Air temperatures at the Eureka weather station during the 1998 thaw
season which began on ~Iay 31 and ended September 7.

Table 3. 1998 temperatures at the Eureka weather station compared \v1th the average
temperatures for the entire period of record.

•

Mean May tempo
Mean June tempo
Mt:an July tempo
Mean Aug. tempo
Mean Sept. temp

Thawing degree days
Length of tha\\' season
Stan of tha\\' season
End of thaw season

1948-1997

-10.6., ..
_ •.J

5.6
3.0

-7.7

343
87

Julian day 1S8 (June 7)
Julian day 244 (Sept. 1)
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1998

-10.5
5.4
6.9
3.4

-0.8

486
100

Julian day 151 (May 31)
Julian day 250 (Sept. 7)
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Figure 33. Correlation of of air temperatures at the Eureka weather station with
ground surface temperatures at the two primary study sites.
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Figure 34. A comparison of air temperatures at the Eureka weather station with
the ground surface temperature at a) the abandoned Eureka airstrip
and b) the Gemini wellsite.
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(September 7) and indicates what portion of the ground thaw season was measured and what

portion was extrapolated from air temperatures. This method assumes that air and surface

temperatures rise above freezing at the same time. even though ground temperatures are

2enerallv slightlv wanner. As a result~ thawing de2ree davs at the ground surface mav be..... ....... . '-" ~ ., "'- ..
slightly underestimated~ but if one assumes that ground temperatures are on average 2°C

wanner than air temperatures~ then the error is less than 20/0 over the thaw season. Using

these extrapolated ground surface temperatures, the total number of tha\ving degree days at

the ground surface \vas calculated to he 633 TDD at the abandoned airstrip and 597 at

Gemini~ compared with 486 TDD at the Eureka weather station. The higher number of

tha\\ing degree days at the study sites is a ret1ection of the fact that ground temperatures are

usually wanner than air temperatures. and that locations on the Fosheim Peninsula which are

further inland than Eureka often see wanner temperatures.

-1.4.1 Thermal constants

In arder ta use Stefan's fonnula to estimate the depth of thaw in a soiL the second input

variable needed is a thermal constant for that sail. For each of the study sites. thermal

constants are calculated From 1998 thaw depths and the number of cumulative tha\ving

degree days for the date on which the measurements \vere taken. Table 4 shows thaw depths

at different times of the season. the number ofcumulative tha\\;ng degree days on that date.

and thermal constants for a number of undisturbed and disturbed sites in the Eureka are~

including the abandoned airstrip and the Gemini weIl site. In the spring of 1999~ a fiost tube

at the Circumpolar Active Layer ~Ionitoring site showed that the maximum thaw depth was

2 cm deeper than the final measurement taken there in 1998. This value was therefore added

to the final 1998 measurement at all other sites to get an estimate ofall other maximum thaw

depths. Table 4 shows that in general~ the more disturbed soils have higher thermal constants~

reflecting the variations in moisture content, thennal conductivity, and bulk density of the

soils. This is supported by the thennal conductivity measurements made ~;th the probe,

which showed that at the abandoned airstrip for instance, the disturbed site had a thermal

conductivity of 1.66 \V/m oC versus 0.49 W/m oC at the undisturbed site. At each individual

study site, th~ thermal constant generally decreases throughout the season, by about 0.5.
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• Table 4.Tha\\r depths throughout the summer of 1998, including the number of
cumulative tha\ving degree days on that date. and thennal constants for a
number of undisturbed and disturbed sites in the Eureka area. See tex! for
details.

• estimated value based on frost tube data
# measured from frost tube in spring 1999

•

•

Site

G 1 (July 1)
GI (Aug. 12)
G 1 (Sept. 1)

G2 (July 1)

E2 (July Il)
E2 (July 11)
E2 (July 31,
E:! (Aug. 1)
E:! (Aug. 13)
E2 (Aug. 23)
E2 (Sept. 7)

Center (Aug. 7)

Center l.-\ug. 13)
Center lAug. ~3)
Center (Sept. 7)

E3 (July Il)
E3 (July 31)
E3 (Aug. 7)
E3 (Aug. 13)
E3 (Aug. 23)
E3 (Sept. i)

CAL~t (luly 3)
CALM (1uly 31)
CAL~t (Aug. 7)
CAL~t (Aug. II)
CAL~t (Aug. (3)
CAL:-.t (Aug.23)
CALM (Sept. 7 )

El (Aug. 19)
El (Sept. 7)

E7 (Aug. 21)
E7 (Sept. T)

ES (Aug. 21)
ES (Sept. 7)

E9 (Aug. 21)
E9 (Sept. 7)

EIO (Aug. 22)
EIO (Sept. 7)

Thaw depth (cm)

~5.0

6~.0

66.0 •

50.0

~8.0

50.0
54.0
53.5
55.5
5~.5

56.5 •

58.0
57.5
59.0
61.0 •

50.0
65.0
65.0
64.0
6.2.0
64.0 •

~O.O

53.5
50.5
51.0
51.5
50.5
52.5 #

67.5
69.5 •

83.0
85.0 •

105.0
107.0 •

53.5
55.0 •

47.0

49.0 •

TDD

208
522
597

208

286
341
51~

5
"'"
.J_

566
610
633

535
566
610
633

286
514
535
566
610
633

239
51~

535
556
566
610
633

593
633

601
633

601
633

605
633

605
633

Thennal constant

3.1
2.8
2.7

3.5

2.8
2.7
2A., .._ •.J

2.3
2.2
2.2

2.5
2A
204
2,4

3.0
2.9
2.8
2.7
2.5
2.5

2.6
2A
2.2
2.2
2.2
2.0
2.1

2.8
2.8

3.~

3.4

~.3

~.3

2.2
2.2

1.9
1.9
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Condition

Disturbed

Undisturbed

Undisturbed

Slightly disturbed

Disturbed

Undisturbed

Disturbed

Undisturbed

Disturbed

Undisturbed

Disturbed
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This is indicative of a decrease in thermal conductivity as runoff and especially evaporation

progressively lower the moisture content in the tha\ved layer. The end-of-the-season

constants therefore represent an integration of the moisture content values over the entire

season. They range in value from 1.9 ta 4.3 and represent the differing propenies of the

vanous sail types in the Eureka area.
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CH.<\PTER 5 - RESULTS: RESPONSES TO CLIMATE W ARMING

5.1 Introduction

Chapter 4 provided data on the nature ofground ice and thennokarst conditions in the Eureka

area. Based on that data.. this chapter examines how the pennafrost terrain in the Eureka area

is likely to change as a result of increased air temperatures associated with global \varming.

A three step process is employed. which is depicted graphically in Figure 35. First of aIl.

it is necessary to predict what temperatures can be expected for me area under global

warming. This is done in section 5.2. where {\\·o possible climate change scenarios for the

Eureka area are developed. These scenarios are based on current air temperatures for Eureka.

which are then supplemented \\;th data from the Canadian Centre for Clîmate ~fodelling and

Analysis (CCC~L-\). The second step is to examine how much of the permafrost \vill tha\v

as a result of the predicted \varming. and this is detailed in section 5.3. To begin \\ith. me

air temperatures for the t\\"o possible cliroate scenarios are translated into ground

temperatures using the same pov.:er laws developed in section 4.4.1 to correlate the air

temperatures at the Eureka weather station \'~ith the ground temperatures at the primary study

sites. \Vith me ground surface temperatures in hand. the number of thawing degree days at

the surface that can be expected under the 1\\'0 climate scenarios can be calculated. These

thawing degree days then becorne inputs for Stefan's formula. The other input for the

formula is a soil thermal constant. and a range of thermal constants is used here to simulate

the varying soi.l types and states that could be expected. The output of Stefan's formula is

a number of different possible thaw depths for each of the two climate scenarios. The final

step in predicting landscape response to wanning is to predict what thennokarst activity \vill

be induced by these increased tha\v depths. This is developed in section 5.4 and is based on

the ground ice volumes and thermokarst features characteristic of the Eureka area.

5.2 Predicted air temperatures

T0 predict air temperatures for the Eureka area under global warming, the output of two

models from the Canadian Centre for Climate ~fodel1ing and Analysis (CCCMA) were used.

One of the models (Scenario 1) likely pro"ides more accurate results in that it includes both
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• INPUTS OUTPUTS

Eureka weather station data

Scenario 1 and 2
air temperatures

CCCMA modelling data Scenario 2

Predicted temperatures __..... CCCMA modellin.g data Scenario 1 -.
(Section 5.2) ----.- . "- ---J

Scenario 1 and 2 air temperatures

------t...~ 1 Thaw depths 1

+

Thermal constants

Scenario 1 and 2
-. ground temperalurespower7 ...,

1Scenario 1 and 2 ground temperatures l--ta-{ TOO al ground surface 1

.-----.-=------~
TDD al ground surface

Predicted tbaw
(Section 5.3)

• Stefan's formula

Predicted response
(Section 5.4)

Thaw depths-----1.... +
ground ice volume

------...... \ Subsidence 1

Figure 35. Three step process indicating how air temperatures are used to
predict the response of permafrost terrain ta warming.
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• Table 5. Predicted changes in mean monthly and annual air temperatures at the Eureka
weather station under {wo different modelIed climate warming scenarios.

1948-1997 Scenario 1 Scenario 1
(OC) (OC) (OC)

January -36.8 -31.6 -18.2
February -38.1 -34.1 -29.6
March -37.1 -32.8 -32.7
April -17.5 -22.5 -22.9
May -10.6 -8.2 -6.0
June .., ... 4.3 7.2_ •.J

July 5.6 8.3 10.6
August 3.0 5.1 7.9
September -7.7 -5.1 0.4
October -22.0 -15.3 -14.1
November -31.0 -21.0 -23.0
December -34.9 -23.2 -26.2

~Iean annual -19.6 -14.7 -13.0
Thawing degree days 343 --.., 856,,-
Length ofthaw season 87 98 113• Start afthaw season Julian day 158 Julian day 153 Julian day 150

Oune 7) (lune 1) (May 30)
End oftha\\'" season Julian day 244 Julian 250 Julian day 262

(Sept. 1) (Sept. 7) (Sept. 19)

•

an atrnospheric and an oceanic component. however. its grid cells are large and oruy a small

number of them cm be considered representative of the Eureka area. For this reason~ a

second model \\àS also examined (Scenario 2). It pro'\ides seasonal estimates of temperature

increases for the region. The resuIts for the period 2040-2060 (\\l'hen atmospheric CO2 is

expected to have doubled) are presented in Table 5. The change in mean annual temperature

under Scenario 1 is +4.9°C, while under Scenario 2 it is +6.5°C. Temperatures are predicted

to increase in all seasons~ although bath scenarios indicate that warming will be greatest in

the fall and '\\-inter months. Thislengthens the thaw season considerably, as it would begin

5 to 8 days earlier and end 6 to 18 days later. It currently lasts an average of 87 days, but this

would increase to between 98 and 113 days. The number of thawing degree days would rise

from the current average of343 to 552 TDD tmder Scenario l, and 856 IDD under Scenario
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2. How these temperature increases will affect the thaw season is ShO\\l1 graphically in

Figure 36a.. while Figure 36b shows how the cumulative tha\\ing degree days \\li11 change

as a result of the warmer temperatures. The changing slope in Figure 36b represents an

increase in the rate ofthaw.

5.3 Predicted thaw

Ta estimate the ground surface temperatures for the abandoned Eureka airstrip and the

Gemini \\'ellsite that could be expected under global wanning. the power laws developed in

Section 4.4.1 using 1998 data are applied to the predicted air temperatures for the Eureka

weather station. Once the predicted ground temperatures for each of the sites has been

established. the number oftha\\'ing degree days can be calculated. Table 6 shows what the

thaw seasons would be like at the abandoned airstrip and Gemini under the two ditIerent

climate scenarios. The number of thuv.ing degree days at the abandoned airstrip would be

bet\veen 746 and 1271 TDD. a substantial increase from the 1998 value of 633 TDD. At

Gemini. the number oftha\ving degree days \vould be between 686 and 1106. as compared

ta 597 IDO in 1998.

The predicted depths ofthaw for the two climate warming scenarios were calculated using

Stefan's solution. The estimated tha\\ing degree days at the ground surface of the t\VO

primaI)' sites constitute one input variable. and a sail thennal constant constitutes the other.

The constants used range from 2 ta 4.5; these are based on the calculated 1998 values and

should represent the various soil conditions that can be expected in the Eureka area. Table

7 compares the resulting thaw depths for the two climate scenarios \\ith the average values

for the 1948-1997 periode At the abandoned airstrip. the thaw depth could increase by 15 to

70 cm. resulting in a maximum active layer thickness of 160 cm. At the Gemini \vellsite,

changes in tha",,' depth could range from 12 ta 59 cm, for a maximum active layer of 150 cm.

Although these values pro\ide a bracketing indication ofhow a warming climate could affect

the active layer, it must be remembered that site-specifie factors \\111 also influence how

increased temperatures will affect the terrain. For example, areas "ith thicker vegetative or

73



•
a)

15.0

10.0

-u
~ 5.0
ID
~

:=-tai 0.0
E
~

-5.0

-- Current tha\\' season
..---- Scenario 1 thaw season
- Scenario 2 tha"v season

-10.0
150 160 1ïO 180 190 200 210 220 230 240 250

~ullan aay

b)

-- Current thaw season
._._-.- Scenario 1 tha\v season
- Scenario 2 thaw season

o -L.-..:~~~ ---J

150 1S0 170 1S0 190 200 210 220 230 240 250

1000
en
>-
~ SOO
ID
!
Cft

~ SOO
Cftc
'i
~ 400
o
.!-ca
-; 200
E
:=u

•

Julian day

•
Figure 36. Changes to a) the length and magnitude of the thaw season and b) the

number of cumulative tha\\ling degree days under !wo different climate
\varming scenarios.
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Table 6. Expected changes in the thaw season at the t\\'o study sites. based on t\VO

different climate warming scenarios.

Abandoned air strip ground temperature
Scenario 1 Scenario ::!

Gemini ground temperature
Scenario 1 Scenario 2

Thawing degree days
Length ofthaw season
Start of thaw season

End of thaw season

746
98

Julian day 153
(June 2)

Julian day 250
(Sept. 7)

1271
113

Julian day 150
(1\lay 30)

Julian day 262
(Sept. 19)

686
98

Julian day 153
(June 2)

Julian day 250
(Sept. i)

1106
113

Julian day 150
(l\tlay 30)

Julian day 262
(Sept. 19)

• Table 7. Predicted thaw depths (in cm) for the t\\'O primary study sites based on a range
of thermal constants.

Th~nnal Abandon~d airsrrip G~mini

Constant Averag~ 19~8-97 Scenario 1 Scenario 2 Averag~ 1948-97 Sc~nario 1 Scenario 2

2 40 55 71 40 52 67
2.5 50 68 89 50 65 83

3 60 82 107 61 79 100
3.5 70 96 125 71 92 116
4 80 109 I·B 81 105 1.......

~.J

~.5 90 P'" 160 91 118 150_J
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spring snow caver \vill be insulated from the warmer temperatures and sa thaw \vill not

pe~etrateas deeply. Conversely, those \vith higher moisture contents willlikely see greater

tha\v than what is predicted. Additionally, the thermal constants used here were derived from

measurements in relatively similar soils. primarily fine-grained marine sediments. In

coarser-grained soil::; or bedrock, the thermal constants \vould be higher and therefore 50

\vould tha\v depths.

5.4 Predicted response

ln the Eureka area. the geomorphic response of the different subsurface units to the increased

thaw depths expected under global warming is largely dependent on the ground ice content

and. more specitically. on the arnount of excess ice. The only certain response to greater

thaw depths that can be evaluated is the amount of ground subsidence due ta the melting of

this exeess îce. Areas ofbedrock mantle contain no excess iee. so no subsidence is expected

there. Table 8 shows what the total subsidence would be in subsurtàce units \\ith ditTering

amounts of exeess iee if the minimum and maximum predicted tha\vs were to occur over a

period of 50 years. The initial thaw ranges from l:! cm to 70 cm. As the ground surface

subsides each year. the permafrost table cornes doser ta the surface. [n subsequent years.

tha\\' can therefore once again penetrate into the permafrost. As a result. it can take a number

of years for pennafrost terrain to arrive at equilibrium 'With a ne\\' depth of seasonal thaw.

The first three columns in Table 8 represent the excess ice contents for the subsurtàce units

as calculated in Chapter 4. [n areas of pore ice and thin segregated ice lenses \vhere the

density of ice wedges is low, the excess ice content is 31.50/0. The total ground subsidence

could range from 5 to 32 cm and stability would be achieved within 6 years. Where the

density of wedges is high, the excess ice content is 33%. Subsidence would be slightly

higher -- from 6 to 34 cm -- and the time frame for reaching stability would he the same.

\\'bere pore ice and segregated ice lenses are underlain by massive ice. the excess ice content

rises to 610/0. Here, subsidence would range from a 10"" of 19 cm to a high of 109 cm, and

it would take 14 years for the ground surface to stabilize. It must he remembered that these

excess ice contents, ho\vever, are integrated throughout the entire subsurface unit and can

only give an indication of the large-scale response that couId he expected. The last three
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Table 8. Predicted ground subsidence for different subsurface units. based on [Wo possible thaw depths.
Terrain unit P&S+low density 1P&S+high denslty· P&S+ massive ice ; pas only Wedge ice only Massive ice only

wedges . wedges
,

• Excesslce 31.5 31.5 33 33 61 1 61 29.9 30 1 99 99 86.8 86.8
volume (%)

Initial thaw 12 70 12 70 12 70 12 70 12 70 12 70
(cm)

Subsidence (cm) . Subsidence (cm) SubSidence (cm) SubSidence (cm) , SubSidence (cm) Subslder.ce (cm)

Year 1 3.8 22.' 4.0 23.1 7.3 42.7 3.6 .20.9 11.9 69.3 10.4 60.8
2 1.2 6.9 1.3 7.6 4.5 26.0 1.1 63 11.8 68.6 9.0 52.7
3 0.4 2.2 0.4 2.5 2.7 15.9 0.3 , .9 11.6 67.9 78 45.8
4 0.7 01 0.8 1.7 9.7 0.1 06 11.5 67.2 68 39.7
5 0.2 0.3 1.0 5.9 0.2 , 1.4 66.6 5.9 345
6 0.1 0.1 0.6 3.6 0.1 11.3 65.9 5.1 299
7 0.4 2.2 11.2 652 4.5 260
8 0.2 1.3 11.1 64.6 39 22.6
9 0.1 0.8 l' .0 63.9 3.4 196
10 0.1 0.5 10.9 63.3 2.9 170

11 o1 0.3 10.7 62.7 2.5 148

12 0.2 106 62.0 2.2 12.8
13 0.1 10.5 614 1 9 111
14 0.1 10.4 60.8 1.7 96
15 10.3 602 14 84
16 10.2 59.6 1.2 73
17 10.1 59.0 11 63
18 100 584 0.9 55
19 9.9 578 08 48

20 98 57.3 0.7 41
21 9.7 56.7 06 3.6
22 96 56.1 05 31

23 95 55.6 05 27

• 24 9.4 55.0 OA 2.3

25 9.3 544 03 2.0

26 92 53.9 03 18

27 9.1 53.4 0.3 1.5

28 9.1 52.8 02 13

29 90 52.3 0.2 1.2

30 6.9 51 a 0.2 1.0

31 8.8 513 0.1 0.9

32 6.7 50.7 01 OS
33 8.6 50.2 01 0.7
34 8.5 49.7 0.1 0.6

35 8.4 49.2 ' 0.1 0.5
36 8.4 48.7 0.1 0.4

37 8.3 48.3 0.1 0.4

38 8.2 47.8 0.1 0.3

39 6. , 47.3 0.3
40 8.0 46.6 0.2
41 79 46.4 0.2

42 7.9 r 45.9 0.2
43 7.6 1 45.4 0.2

44 7.7 ' 45.0 0.1

45 7.6 44.5 01

46 7.6 44.1 0.1

47 7.5 43.6 0.1
48 7.4 43.2 0.1

49 7.3 42.8 0.1

50 7.3 42.4 Q.1

Total 5 32 6 34 t9 109 5 30 469 2737 ; 79 460

• subsidence i
(cm)
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columns in Table 8 are included to provide a better picture ofwhat might happen at a smaller

scale. For instance. the geomorphic response in a polygon centre would be due to the

melting of pore ice and segregated lenses only. The volumetrie ice content ofthis small area

would be 48.60/0. with an excess ice content of 29.9%. Total subsidence here would he

similar to what it would be for the entire subsurface unit if ice wedges are included: 5 to 30

cm over a six year period. However, this is considerably ditIerent from what \'iould occur

directly above an ice wedge, which we have assumed to be virtually pure ice. Theoretically,

ground subsidence could be over 27 m and it could take more than hall' a century for the

surtàce ta stabilize. Practically. this is unreaIistic since ice wedges on the Fosheim Peninsula

generally do not penetrate deeper than 8 m. Additionally. field studies have shO\\TI that the

relief generated by the increased melt over an ice wedge results in re·\vorking of the adjacent

surtàce materials do\vn into the ice wedge trough. so that the surface of the \vedge becomes

insulated trom funher tha'.\". The final column in Table 8 shows what the subsidence would

be if a body of massive ice (\\;th an excess ice content of 86.8'%) were directly exposed. The

ground surface could subside by over 4 m and would only stabilize mer approximately 50

years. However. this assumes that the horizontal surface of the massive iee is direetly

exposed. while field experience indicates that such ice bodies on the Fosheim Peninsula

usuaIly have an overburden of from 1 to 6 m and exposure is usuaIly in a vertical head\vall.

Nevenheless. these values do underline the importance of ground ice content in evaluating

the terrain response to increased thaw.
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CHAPTER 6 • DISCUSSION ..\ND CONCLUSIONS

6.1 Discussion

Past investigations of how permafrost landscapes respond to climate change have either

omined the polar desert environment, or have only focussed on specifie features within the

landseape. This study is one of the few that examines overalliandseape response to climate

change in Nunavut. The investigation of ground ice volumes and past thermokarst activity

allows for a more complete understanding of ho\v different subsurfaee units y,,'ithin the

landseape will evolve under a warmer climate.

[n order to develop an understanding ofhow the landscape might change~ the tirst objective

of this thesis \vas to quantify the amount and types of ground iee in the Eureka area. The

total pereentage volume of ground ice in the region calculated by this study is 30.80/0 tor all

subsurface units. This is comparable to volumes determined for Richards Island (~7 .5%)

(Pollard and French 1980). Alaska (46.6%») (Bro\,"n 1967), and ~Ielville Island (30 ta 70°-/0)

(French et al. 1986). but is less than a previous value reported for the Fosheim Peninsula

(530/0) (Hodgson and Nixon 1998). However. Hodgson and Nixon's \vork intentionally

focussed on areas suspeeted of being ice-rich. \vhereas the present study ineorporates data

from aIl terrain types so the lower pereentage obtained for ground iee volume is not

surprising. The percentage of wedge ice estimated for the Eureka area is 3.5% in areas of

high density wedges and 1.8% in areus where me density of wedges is lo\\'. This is mueh

smaller than a value of 160/0 found in me western Aretie (Pollard and French 1980), but is

similar to one found on ~felville Island (French et al. 1986). In comparing ground ice

volumes from the various studies (including this one), it must be remembered that such

investigations. almost by their very nature, will tend to focus on regions where ground ice

is prevalent. The standard errors for many of the values for ground ice volume in this study

are indicative of the high natura! spatial variability of ground ice and the limited size of the

available database. Therefore, titis study does not attempt to go beyond a frrst approximation

of the volume of ground ice in the Eureka area. Additionally, the results of this study must

be considered in light of the various assumptions made. The iee wedge dimensions used
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shouid he considered minimum values, since only the depth of wedge ice visible in exposures

was considered, although \vedges often appeared to extend to greater depths. A second

assumption concerning ice \vedges is that they aIl have a surface expression, which tield

observations show is not the case, so wedge ice may be more prevalent than indicated by this

study. Another assumption is that massive ice underlies only raised marine terraces.

However, small bodies of massive ice have been observed in areas where the topography is

more irregular (Pollard in press). Because there \vas no way to systematically identify

massive ice in these regions of irregular topography, such areas were not included in this

study. It is therefore likely that the total volume of massive ice is underestimated. Given the

high percentage of pore ice and thin segregated ice lenses in the permafrost, the most likely

source oferror in the estimate of total ice volume is the conclusion that me mean ice content

cau be applied ta the entire thickness of frozen materials under consideration. However.

sorne support lor this contention is provided by a previous study in the region (Hodgson and

Nixon 1998) which noted that mean ground ice content remains relatively constant \\ith

depth. Overall. these estimates of ground ice volume rely on conservative assumptions.

Accordingly. the estimate tor total ground ice (30.8%) should be considered a minimum

estimate.

Of major importance in attempting to predict tùture terrain response to climate change is

assessing how the terrain has responded ta past disturbances. The results show that the

degree of response is a function of the ground ice volume and especially of the volume of

excess ice. At bath of the primary study sites -- the abandoned airstrip at Eureka and the

Gemini wellsite -- the main geomorphic response to disturbance involves ground subsidence

due ta the melting of pore ice and thin lenses of segregated ice. Above ice wedges.

subsidence is greater than elsewhere in the disturbed areas since the wedges have a higher

percentage of excess ice. The deeper depressions at the Gemini weIl site (>3m) are likely

due to the presence of small bodies of massive ice, a supposition supported by the findings

of Hodgson and Nixon (1998), who reported massive ice in the vicinity of the wellhead.

Ground subsidence ofalmost 2 m in the old dumpsite near Eureka aiso suggests that small

bodies of massive ice \vere present. Subsidence and changes to the active layer are not as
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evident at the Gemini airstrip as they are in the area surrounding the wellhead at Gemini. the

abandoned airstrip at Eureka" and other disturbed sites; this may be accounted for by the

sandier soil at the Gemini airstrip, which \vould limit the amount of pore ice and thin

segregated ice lens~s. Terrain underlain by massive ice has the highest volume of excess ice

and shows the most dramatic response to disturbance, primarily in the fonn of retrogressive

thaw slumping which can affect aceas greater than 50002m. The headwall retreat of these

slumps on the Fosheim Peninsula has been calculated ta be 8-14 m/year for high angle

slumps (Robinson in press), although in one case. a slump head\vall retreated 25 m in 38

days (Edlund et al. 1989). The high ice content of ice wedges means that the troughs that

form above them tend to act as natural conduits, as evidenced by the concentration ofgullies

along such traughs. Anather significant fonn afthermakarst observed in the tield is active

layer detachment sliding. which has occurred regularly on slopes throughout the Fosheim

Peninsula in the pasto The mere existence of these slides is evidence of the presence of

enough ice at the base of the active layer for pore water pressures to increase signiticantly

\vhen this ice melts. How the underlying permafrost responds ta expasure at the surface once

the active layer has been removed depends on the ground ice content in the subsurface unit

in which the slides accur. The sur'vey of the abandoned airstrip at Eureka demonstrates that

the effects of a disturbance that ended in 1951 are still evident after almost 50 years. rvlost

of the subsidence of the ground surface appears ta have taken place in the first several years,

however, re-working of surface materials in the vicinity of the ice wedges \Vas not complete

by the time of the 1973 survey, 22 years later. Deeper active iayers and the accumulation

of standing water in sorne of the troughs above ice wedges at the Eureka airstrip and in the

iarge depressions at the Gemini site suggests that there \\li11 probably be further changes ta

the sites.

The ultimate goal of this study is to assess the sensitivity of pennafrost terrain to

disturbances at the ground surface resulting from global \\'arming. The projected warming

scenarios for the Eureka area show that the mean annual air temperature could increase by

4.9°C to 6.SoC. Predicted thaw depths as a result ofthese temperature increases could be as

little as 12 cm, based on a conservative thennal constant, but could range as high as 70 cm.
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Based on past thermokarst activity, the response of the terrain in the Eureka area to thaw is

highly dependent on ground ice content. Of the subsurface units examined, only areas of

bedrock mantle above marine limit are likely to rernain unaffected. AlI other arens have a

high enough ice content and. more specifically, a high enough excess ice content, so that at

least sorne ground subsidence \\;11 occur. In subsurface units ~ith pore ice, thin segregated

lenses and wedge ice. maximum ground subsidence as a result of the predicted warming will

be approximately 30 cm. This is very similar to the subsidence that was seen at the

abandoned airstrip and at the Gemini wellsite. These study sites therefore serve as

appropriate snapshots for ho\v the terrain might look following global wanning. \Vedge ice

and massive ice comprise only a small percentage of the total ice in the study area. but

because of their high excess ice content, signiticant local subsidence is likely to occur and

could continue for close to 50 years. Note that the predictions of thaw in areas of wedge ice

in Table 8 are somewhat misleading for several reasons: Firstly. although we have made the

assumption that wedge ice is vinually pure. the wedges generally contain sorne sediment.

Secondly. the size of the ice wedges is limited and ùle wedges are more likely to melt out

before all the subsidence indicated in Table 8 could take place. Finally, the geornetry of the

wedges is such that surrounding sediment willlikely tumble on to the top of the wedge as

it melts. insulating it from further thaw. ~lany of the predicted changes to the landscape can

be expected to occur \vithin 10 to 15 years of the initial disturbance. Ho\vever, it is important

to remember mat the values ofsubsidence modelled in this study are based on the assumption

that the temperature changes will occur in a step-like fashion over one season, rather than in

a graduaI fashion. Additionally, the initial geomorphic responses may be smoothed out over

rime by the re-working of sediment frorn areas of high to lo\v topography. A final note to

consider is that since the warming will be relatively uniform in any one area~ ground

subsidence \\'i11 be \videspread and relative changes in the ground surface will not be as

dramatic as they are in the case of a limited disturbance.

Increased tha\v in areas of massive ice willlikely result in more exposures of the ice bodies

themselves~ leading to a rise in the number of retrogressive tha\v slumps. Given warmer

temperatures, it \vould be expected that headwall retreat rates would also rise. In fact,
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Robinson (1993) recorded good correlation between headwall retreat and thawing degree

days. Ho\vever, Lewkowicz notes that solar radiation plays a large role in retreat rates

(Lewkowicz 1987). Since solar radiation budgets will not increase under global warming,

it would be un\'~ise to predict headwall retreat rates based on the expected number oftha\ving

degree days. Woo at al. propose a 250/0 increase in the rate of headwall retreat (Woo et al.

1992). Using Robinson's current value for the Fosheim Peninsula of8.. 14 mlyear, this \vould

mean that under global wanning, retrogressive thaw slumps could progress at the rate of 10..

17.5 m/year.

The number of active layer detachment slides on the Fosheim Peninsula is anamalously high

compared to other regions in the Canadian high Arctic (Lewkowicz 1992). Since their

initiation is based to a large degree on the buildup of pore water pressures at the base of the

active layer. the rate at which the thaw season progresses \vould likely have a greater

influence on their development than would the total thaw depth. As noted in Figure 36b,

thaw rates are expected to increase under the two predicteà climate wanning scenarios. This.

combined \vith the thaw of the ice-rich upper layers of permafrost. should [ead to an even

greater number of active layer detachment si ides in the early stages of global warming.

However. because slope recovery time between si ides is on the order of 6 to 15 years. the

increased frequency of slides would not be a sustained one.

Finally, a note on climate modelling. The predicted temperature increases for Eurek~ based

on data from the Canadian Centre for Climate Modelling and Analysis. are in line \vith those

projected by the Intergovemmental Panel on Clîmate Change. In considering the climate

model used in this study. however. a number of factors must be kept in mind. First is the

high uncertainty associated with ail modelling of temperatures in polar c1imates.

Additionally. the current study ooly examines changes in temperature, but a number ofother

environmental variables need to he considered when assessing changes to ground

temperatures under a climate \varming scenario. For instance, current climate models suggest

that sail moisture in the polar regions will increase in winter, but that there will be little

difference in summer (IPCC 1996). Again, there is a high degree of uncertainty associated
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with these predictions (Fitzharris 1996). The dependence of the thermal constants used in

this study on thennal conductivity and soil moisture underlines ho\\' important it is to assess

soil moisture accurately. The timing and amount of snowfall can also signiticantly change

the number of thawing degree days that can be expected at the ground surface, and

predictions of change in this variable too, are still speculative.

6.2 Conclusions

The initial goal of this study was to assess how sensitive permafrost terrain in the Eureka

area might be to changes in climate. The primary result of the research is that signiticant

geomorphic changes can be expected. panicularly in the immediate vicinity of ice wedges

and bodies of massive ice. In addition tG this conclusion. the following secondaI)' ones can

be dra\vn:

1. Ground ice is sho\\TI to be a signiticant component of the surficial materials near Eureka.

comprising 30.8% of the top 5.9 m of permafrost. Pore ice and thin segregated ice lenses

make up the bulk of ground ice and the excess ice content is sufficiently high for ground

subsidence to oecur. Although massive ground ice and wedge iee comprise a small

percentage of the total ground ice, they may dominate ice content at specifie sites and

have a signiticant effect on terrain stability and response to thermal disturbance.

2. Investigations of past disturbance indieate that the level of disturbance is directly related

to the amount of exeess ice present. Thermokarst features include subsidence of the

ground surtàce by up ta 3.2 m, degradation of iee wedges, and the development of

retrogressive thaw slumps, active layer detachment slides, and gullies.

3. Under a doubling of atmospheric CO2, air temperatures in the Eureka area will increase

by 4.9 to 6.5°C. This williengthen the thaw season by Il to 26 days and increase the

number ofthawing degree days at the ground surface.

4. The landscape response to predicted global wanning will he a function of the ground ice
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and excess ice contents. As a result, areas of \veathered bedrock \\ith no excess ice will

sho\v virtually no response to warming. In areas of pore ice and thin segregated ice

lenses \Vith a lo\v density of ice wedges, excess ice contents are 31.5% and ground

subsidence may be as much as 32 cm. In areas with a high density of ice \vedges, excess

ice is 330/0 and subsidence \"i11 be slightly higher at 3-1 cm. \\'llere massive ice is present,

excess ice accounts for 61 % of the subsurface unit and subsidence \vill be greater than

1 m. The frequency and rate of retrogressive tha\v slumping is expected ta increase and

active layer detachment slides \\i·ill be more common in the initial stages of warming.

5. The geomorphic response to a change in the ground surface temperature can take a

number of years. Although the model of ground subsidence indicates that the response

occurs over a 3 to 14 year range. actual measured changes suggest that it can be longer.

6.3 Future research

There are a number of factors that could reduce the uncertainties associated with the results

presented here. The tirst is a more extensive database of ground ice contents. Any drilling

or sampling program should focus on whether the ice content at any one location shows

variation \\ith depth. The actual ice content of wedge ice should also be examined in greater

detail. Given the importance of the larger ice bodies in assessing geomorphic changes. it is

imperative to arrive at a bener understanding of the density of ice wedges (perhaps through

more effective remote sensing techniques) and the location of massive ice beds.

CHmate modellers continue to refine the techniques they use to acc0W1t for as many

environmental variables and feedhack mechanisms as possible. Hopefu11y, such

improvements in the models \\i11 provide better results of air temperature, soil moisture and

sno\\:fall in the polar regions, which \\ill allow us ta retine our understanding of ho\\"

landscapes in these parts of the globe ~ill be affected by changing climate.
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APPENDIX - SURVEY RESULTS FOR THE PRIMARY STUDY SITES

Abandoned airstrip at Eureka - Profile 1
1973 1998

Station Distance trom Relative elevation (cm) Distance fram Relative elevation (cm)
west end (m) west end (m)

Al 0.00 1000.0 0.00 1000.0
A2 10.74 982.4 10.74 965.4
A3 15.74 961.6 15.74 969.1
A4 26.07 992.5 26.07 963.3
A5 32.80 991.6 32.80 993.5

A17 39.40 971.6 39.40 967.0
A18 42.80 965.4 42.80 951.6
A19 44.76 958.1 44.76 952.4
A20 46.95 942.2 46.95 947.6
A21 56.89 936.3 56.89 937.3
A22 68.35 930.1 68.35 909.6
A23 70.90 888.1 ïO.90 900.7
A24 74.80 925.4 74.80 924.0
A25 77.03 916.6 77.03 911.1
A26 86.03 921.1 86.03 915.5
A42 91.31 942.9 91.31 935.6
A43 94.10 954.5 94.10 947.9
A44 96.40 961.3 96.40 958.3
A45 106.83 957.6 106.83 958.4
A46 118.03 952.1 118.03 952.8
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Abandoned airstrip at Eureka • Profile 2
1973 1998

Station Distance tram Relative elevation (cm) Distance tram Relative elevation (cm)
west end (m) west end (m)

834 9.29 985.3 9.29 994.3
833 18.94 990.7 18.94 977.8
832 28.62 991.2 28.62 995.7
B31 39.82 984.3 39.82 989.8
830 43.29 958.9 43.29 943.4
829 46.08 926.3 46.08 930.5
828 48.56 902.9 48.56 898.8
B13 49.81 933.7 49.81 911.4
B12 60.35 933.1 60.35 931.1
B11 71.45 923.2 71.45 910.2
810 75.00 871.1 75.00 895.6
89 78.32 918.1 77.00 906.1

B7a 82.80 860.6 78.32 913.1
88 82.80 860.6 84.40 890.0
87 90.22 917.6 90.22 908.0
86 92.54 945.1 92.54 943.5
85 94.42 957.0 94.42 957.0
84 98.92 962.9 98.92 957.2
83 108.70 969.3 108.70 972.3
82 111.02 948.6 111.02 949.6
81 120.00 949.6 120.00 950.0
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Abandoned airstrip at Eureka • Profile 3
1973 1998

Station Distance trom Relative elevation (cm) Distance trom Relative elevation (cm)
west end (m) west end (m)

C1 0.00 970.1 0.00 970.0
C2 10.65 977.5 10.65 975.1
C4 18.08 972.6 18.08 967.8
C3 19.28 953.6 19.28 949.2
C5 23.91 968.1 23.91 960.6
C6 30.26 965.3 30.26 965.4
C7 32.08 961.4 32.08 962.5
C8 34.78 956.1 34.78 961.6
Cg 43.16 948.2 43.16 941.5

C10 45.05 917.1 45.05 930.4
C11 46.77 950.1 46.77 945.5
C12 57.57 952.6 57.57 945.0
C33 67.44 937.5 67.44 942.1
C34 75.47 934.3 75.47 931.9
C35 78.1 911.4 78.10 919.7
C36 80.36 932.5 80.36 933.8
C37 81.88 967.1 81.00 951.0
C38 88.94 967.9 81.88 971.3
C39 96.86 967.5 96.86 966.5
C40 106.86 939.9 106.86 943.9
C41 107.91 949.1 107.91 954.2
C42 118.22 948.2 118.22 934.3
C43 129.24 928.9 129.24 928.7
C44 134.86 895.7 134.86 894.5
C45 135.66 905.0 135.66 907.5
C46 161.26 868.5 161.26 863.0
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Gemini E·10 wellsite
Airstrip Profile 1 Airstrip Profile 2

Station Distance tram Relative Station Distance from Relative
west end (m) elevation (cm) west end (m) elevation (cm)

1 0.00 971.5 1 0.00 1000.0
2 2.00 974.6 2 2.90 983.9

-
3 4.00 976.9 3 6.00 976.8
4 7.80 980.2 4 7.90 972.8
5 8.40 977.3 5 10.00 963.8
6 10.00 1000.0 6 11.70 943.5
7 12.30 1010.7 7 26.70 930.7
8 14.00 1018.8 8 27.80 939.0
9 16.20 1022.0 9 30.00 932.8
10 18.00 1016.9 10 31.50 940.1
11 20.00 1012.0 11 33.70 953.1
12 20.30 1007.8 12 35.40 945.4
13 22.00 1014.8 13 37.80 946.5
14 24.10 1018.7 14 38.30 933.1
15 26.00 1018.0 15 39.10 938.0
16 28.20 1029.8 16 40.20 925.3
17 29.90 1047.8 17 1 41.60 932.0
18 32.00 1052.6 18 43.70 933.2
19 34.00 1038.9 19 45.50 935.1
20 35.80 1052.7 20 48.00 941.5
21 38.00 1077.7 21 50.00 942.5
22 40.00 1072.0 22 51.50 931.1
23 41.80 1086.3 23 54.00 940.0
24 43.90 1087.8 24 55.80 941.2
25 46.00 1090.6 25 57.80 940.5
26 48.00 1091.7 26 59.80 944.5
27 49.80 1093.3 27 61.40 947.0
28 52.00 1095.8 28 64.00 948.8
29 54.00 1099.7 29 66.00 949.8
30 56.00 1101.0 30 67.80 949.3
31 58.00 1102.9 31 69.70 944.1
32 58.50 1108.5 32 72.00 946.8
33 62.20 1105.7 33 73.30 955.0
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Gemini E·10 wellsite
Airstrip Profile 3

Station Distance tram Relative Station Distance from Relative
west end (m) elevation (cm) west end (m) elevation (cm), 0.00 1000.0 28 50.00 1023.8

2 1.70 997.5 29 52.80 1026.4
3 4.00 979.3 30 54.00 1036.7
4 5.30 1001.3 31 56.00 1030.9
5 8.00 1009.7 32 58.00 1034.0
6 9.80 1013.0 33 59.80 1030.8
7 11.60 1013.7 34 62.00 1032.0
8 13.70 1014.8 35 64.00 1033.5
9 15.00 1014.2 36 66.00 1035.3
10 17.80 1011.0 37 68.00 1025.0
11 19.90 1022.6 38 70.00 1029.7
12 21.90 1021.7 39 71.60 1034.3
13 23.60 1019.2 40 73.50 1035.5
14 25.80 1018.6 41 75.30 1038.3
15 27.90 1018.4 42 77.70 1031.5
16 30.00 1019.7 43 80.00 1042.5
17 31.90 1017.7 44 81.70 1042.3
18 32.60 1009.7 45 83.60 1044.3
19 34.00 1018.1 46 85.50 1048.8
20 34.50 1009.5 47 87.70 1046.8
21 35.70 1017.0 48 89.70 1048.8
22 38.00 1017.6 49 91.70 1051.7
23 40.00 1017.8 50 93.60 1044.0
24 42.00 1020.6 51 95.70 1051.0
25 43.90 1031.7 52 97.60 1045.3
26 45.90 1031.1 53 100.00 1044.5
27 47.80 1038.4
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Gemini E·10 wellhead
Profile 1 (to north of wellhead) Profile 2 (to east of wellhead)

Station Distance from Relative elevation Station Distance tram Relative elevation
weil head {ml (cm) weil head {ml (cm)

1 0.00 1000.0 1 0.00 1000.0
2 3.20 1001.4 2 1.10 980.2
3 5.90 974.7 3 10.80 767.3
4 9.00 925.8 4 18.80 758.3
5 12.10 962.9 5 20.00 890.7
6 16.10 945.7 6 23.50 806.0
7 20.20 970.9 7 31.40 749.5
8 25.50 992.9 8 47.50 735.0
9 30.60 1000.2 9 58.10 712.3
la 35.50 1040.3 10 66.20 753.7
11 41.00 1027.1 11 69.40 940.6
12 42.80 1036.5 12 SO.OO 788.0
13 44.80 1031.8 13 86.00 884.0
14 49.00 1015.5 14 103.00 799.0
15 50.50 983.0 15 114.00 771.0
16 53.20 993.0 16 127.00 750.5
17 55.10 1047.5 17 147.50 643.5
18 59.60 1032.0 18 172.00 464.5
19 63.50 1055.0
20 68.30 1032.7
21 71.30 1069.6
22 77.00 1060.6
23 78.50 1036.2
24 80.00 1048.0
25 81.40 1083.2
26 89.40 1104.1
27 90.60 1075.5
28 94.10 1088.1
29 96.S0 1117.3
30 106.00 1119.5
31 107.60 1093.8
32 113.40 1143.5
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Gemini E-10 wellhead
Profile 3 (to south of wellhead) Profile 4 (to west of wellhead)

Station Distance trom Relative elevation Station Distance trom Relative elevation
weil head (m) (cm) weil head (m) (cm)

1 0.00 1000.0 1 0.00 1000.0
2 3.60 1005.3 2 5.90 1008.8
3 10.20 999.2 3 10.10 981.7
4 21.50 997.1 4 15.60 1002.3
5 30.00 956.7 5 24.10 992.3
6 35.50 878.5 6 30.90 974.6
7 39.10 781.3 7 36.20 962.9
8 45.80 861.1 8 40.40 938.2
9 51.20 828.7 9 48.00 900.9
la 58.00 574.5 la 53.50 925.6
11 63.00 682.4 11 56.70 877.3
12 74.00 556.0 12 59.50 912.8
13 83.00 651.5 13 67.70 907.2
14 98.00 547.0 14 73.80 749.5
15 100.50 710.5 15 81.60 729.5
16 112.50 663.0 16 90.40 764.3
17 117.00 556.5 17 102.60 703.7

18 116.60 700.9
19 120.90 788.8
20 124.60 809.0
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