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ABSTFVt~T 
Tr,I!o t"ef,ls ,.. ~'J. lates th\.. flature and distribution of ground Ice occurrences on the 

central Fa_~t-(o r "?,If' " ,'. " 'llesme/il ISland. and assesses the potentlal for thermokarst ln IIght 
of possible cil,' .' . 'g 

FlelJ u, ~ L .;\T'lducte,! ln 1990 and 1991 Involved geomorphologlcdl clild 
cryostratI0ra~hlc. " .. 1 jl 'of twe'.f\'-elght grcund Ice sections exposed ,n retrogr~sslve 
thaw slurnps a, ct groul1à l ni,) (adal 3urveys of two of the th.1W slumps S,mlples \i\pr€' 
ta"'en cf grour,,1lce d,j .,eu ,~I1tS expll',ed ln thaw !>::.::mp headwalls for laborcltory analysls 

SaJT'~te~ ""eft? é:,'( 'Î'il ~G tor mOlsture content, gram size dlstnbutlQn, and Atterberg 
limlts lira, Imet-,\:' 'ce cc: 'ap1' were calculated and .ln average Ice content profile was 
cc. lstrutted Yor tht': st~Jd). a~e3 

Ground Ice was f'" 
Penlnsula and "Jas w,('/ 

stratlgraohlc sp, tlf'lr'" 't 

deeper beneath m, ,~.,,' 

down ta ·hree mer" . , .,. 
Ground Je .lb\, .~ ~". ~." 

ablhty to dlscnmtna_~ '."". 

• 1 an Importaf't cornponent of permajro~t on the Foshelll1 
'" ,Holocene manne 5~dlments fhe Ice occurred ln two 

~a hv~' meters ln sM and clay and dt ten meter~ or 
s wem gererally found ta Increase rapldly wlth depth 

,,1'1; .," 'lntent v\as stabllazed 
'. ,6, "~ ',) be 'l IJ3eflii tool for permafrost research, glven ItS 
1 : ,-i .j ',j JII, as weil as between frozen and unfrozf Il water 
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R~SUMÉ 

Le présent mémoire porte sur la dlstnbutlon et la nature de la glace de sol dans le 
centre de la pénmsule de Foshelm (île Ellesmere) ainSI que sur l'apparitIOn probable de 
phénomènes de thermokarsts advenant un réchauffement climatique 

Les travaux sur le terram, effectués en 1 990 et en 1991, comprennent des relevés 
géomorphologlQues et cryost'atlgrapr,IQues au droit de 28 coupes mises au Jour par des 
affaissements causés par If' dégel ainSI Que le<; relevés géophysiques effectués au moyen d'un 
géoradar au droit de deux de ces affaissements Des échantillons de glace et de matériel 
minéral provenant de ces coupes ont fait l'obJet de dlverse~ analyses en laboratOire' contenu 
en eau, distribution de la taille des particules et limites d'Atterberg On a également détermmé 
le contenu en glace par gravimétrie pUiS lin profil de la zone d'étude Indiquant la valeur 
moyenne de contenu en glace 

La gl1ce de sol constitue une caractéristique Importantf:' des sédiments manns 
holocènes fJergéltsolôs de la pénll"sule de Foshelm. Elle 3' observe dans deux contextes 
stratlgraphlQues (1) dans des argiles et du i:mon, de 1 à 5 m de profondeur et (2) à plus de 
10 m de profondeur, sous des argiles massives. On observe une augmentation rapide des 
concentrations en glace Ju!.qu'à une profondeur de 3 mètres, où les valeurs se stabilisent. 

L'utilité du géoradar en tant Qu'outil de recherche en mlheu de pergélisol. vu sa capacité 
de séparer la glace du matériel minéral et de l'eau, a été confirmée . 

li 



• 

• 

ACKNOWLEDGEMENTS 

1 would IIke to thank my s~pervlsor Dr W H 'Pollard for hls enthuslastlc encouragement 
and generou3 support ln the field and dunng the wntmg of thls thesis 

This prOlect was sUDported by the Atmosl..lhenc Envlronment SerVice, Envlronment 
Canada, through thelf High Arctlc Research Support Opportunltv, the As~>ociation of Canadlan 
Unlversltles for Northern Studres (ACUNS) through the Eben Hopson Fellowshlp fo~ Northern 
Studles, the Northern SClentlflc Tralnrng Programme (DINA), and the Polè'r Contillentai Shelf 
Prolect (Dr. Pollard) Thanks IS also owed to DI Ala'. Judge of the Terram SCiences DIvIsion 
of the Geologlcal Survey of Canada, EMR, far \\he use of the Pulse E"KO III graund problllg 
radar, and for help wlth the data analysls; and 10 Dr Sylvia Edlund, also of Terrain SCiences, 
for support at the Hot Weather Creek Global Change Observa tory The Pulse EKKO IV-H 
prototype GPR was generously lent by Dr MIchel Allard of the Centre d'étude!> nordique at 
Laval University. 

Field assistance and technlcal help were offered by Mr Brran Moorman, Mr Craig 
Forcese, and Mr. Nell Carr,er, whlle technlcal ~,upport ln Montreal was provld8d by M3 PalJl,' 
Kestleman and Ms Llillan Lee of the McGl1i University Geography Denartrnent, and Mr Fr,mk 
Caporusclo of the Geotechnlcal Research Centre, McGrI: Unrverslty Ta these people 1 offer d 

Sin cere thank-you Thanks IS aise due the staff at Eureka weather station for thelr killd :" ..... t--ùrt 

and encourayement and great food. 
1 wish ta th:mk my fnends for thelr help (and commiseration), and my famlly for thelr 

patience and understandmg whlle 1 warked on thls thesls, none of thls would have been 
pOSSible wlthout thelr support . 

Iii 



• TABLE OF CONTENTS 

ABSTRACT 
RESUM~ Il 

ACKNOWLEDGEMENTS III 

TABLE OF CONTENTS IV 

PERSPECTIVE VI 

CHAPTER 1 INTRODUCTION AND LlTERATURE REVIEW , 
1 1 Thesls Objectives 1 
1 2 Permafrost <lnd Ground Ice 2 

1 2 1 Ongrns of Ground Ice 6 
1.3 Ground Ice Detection 6 

1 3 1 Conventlonal Methods 7 
1.3.2 Geophyslcal Techniques 9 

1 4 Ground Probmg Radar 10 
1.4.1 Prevlous Work 13 
1.4.2 Equlpment 15 
1 4.3 Radar Wave Propagation 16 
1 4.4 Depth Determination 17 
1 4.5 Depth of Penetration 22 
1.46 Spatial Resolution 23 
1 47 Data Processlng 25 
1.48 Interpretation 28 

1.5 Effects of Chmate Change on Permafrost 30 
1.6 Sum",,"ry 32 

CHAPTER 2 STUDY AREA 34 

2 1 The Foshelm Penrnsula 34 
2.1.1 Regional Senlng 34 
2.1 2 Bedrock Geology 34 
2.1.3 Surficlal Deposlts 37 
2.1.4 Physlography 38 
2.1.5 Chmatologlcal and Glacial History 39 
2. 1 6 Modern Chmate 41 

2.2 Study Sites 45 
2.2.1 Hot Weather Creek 45 
2.2.2 Eureka 49 
2.2.3 South Sltdre 51 
2.2.4 South Foshelm-1 51 
2.2.5 South Fosheim-2 52 

2.3 Summary 54 

• IV 



• 

• 

CHAPTER 3 MElHODOlOGY 

3.1 Introduction 
3 2 Ground Probmg Radar Survey Methodology 

3 2 1 PrepMatlon 
3 2 2 Execution 
3 2 3 Data Processmg 

3 3 Geologlcal Survey Methodology 
3 3 1 Field Program 
3 3.2 Sample MOlsture Contents and Chemlstry 
3 3.3 Atterberg Llmlts 
3.3 4 Grain Size Analysis 

CHAPTER 4 RESUl TS 

4.1 Organlzatlon of Results 
4 2 Ground Probmg Radar Surveys 

4 2.1 Hot Weather Creek 1990 
4 2 2 Eureka QII Tank Farm 1991 
4 2 3 Eureka Alfstnp 1991 

4.3 Geologlca! Field Survey 

4.4 Summary 

4.3.1 Retrogresslve l haw Siumps 
4.3.1 1 Past Thaw Siump Dlstnbutlon 
4.3 1 2 Present Thaw Siump Dlstnbutlon 
4.3 1 3 Thaw Siump Morphologlcal Relatronshlps 

4.3.2 Ice Wedges 
4.3.3 SOli Mechanlcs 
4.3.4 Stratigraphie Relattonshrps 
4.3.5 Ice Content and Chemrstry 

CHAPTER 5 DISCUSSION AND CONCLUSIONS 

5.1 Introduction 
5.2 Ground Ice Abundanee 

5.2.1 Possible Consequences of Cllmate Change 
5.3 Utrhty of Ground Problng Radar 
5.4 Future Research 

BIBLIOGRAPHY 

v 

56 

56 
5G 
58 
59 
Hl 
63 
GJ 
G~ï 

GG 
68 

69 

G~J 

69 
69 
78 
82 
87 
92 
92 
97 

101 
lOG 
108 
10H 
114 
120 

121 

121 
121 
123 
125 
127 

12r1 



• 

"Lemme get thls straight. Vou got a grant to go to the Arctic ta look for ice? 
Wlth a RADAR?!" 

-- One of the author's gainfully unemployed friends . 
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CHAPTER 1 INTRODUCTION AN!) LlTERATURE REVIEW 

1.' THESIS OBJECTIVES 

The pllmary alm 0 f thls research proJcct IS to Illvestigate tlle lléHUfP ot 

near surface ground Ice bodies, especlally massive grolllld Ice, 011 tlle FostWlill 

Penmsula usmg geolog,cal and geomorphologlcal technlQuPs and nround problnn 

radar (GPR), a geophyslcal tool. It therefore has two basIc thrusts, the 

detectlon of ground ice, and the analysls of ItS nature and distribution. 

To achleve thls alnl, thls prolect addresses two basIc hypotheses' 

1) Gmund Ice forms a common component of permafrost sedUT1ents on 
the Foshelm Penmsula below manne Innlt. 

2) The physlI;al dlfferences between sediment and Ice can be detectod 
by ground probmg radar, makmg It a useful and practlcal tool for 
permafrost investigations ln thls environ ment. 

The tirs.t hypothesls is tested usrng Information obtamed dunnn fl(!ld 

investigations of ground Ice exposures at locations on the Foshelrn PerllllslIla. 

This includes the analysis of physlographlc and strat luraphlC r(~léltlOllshlps. 

macro-scale Ice structure and Ice chemlstry. This section 15 based on field délIa 

collected in 1990 and 1991. 

The second hypothesls IS tested subjectlvely by companng thp quality of 

data returned versus the difflLulties experlenced uSlllg the GPR systems 

supplied by A. Judge (Terrain SCiences DIVISion, Geological Survey of Canada), 

and M. Allard (Université Laval). A major conSideration after the quality of 

output is the mechanical reliabliity of the equlpment and Its durablilty ln the 

, 
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face of long distance shlpping. Two separate units are tested in different 

operatmg conditions. 

1.2 PERMAFROST AND GROUND ICE 

Permafrost IS deflned as ground which remains below QOC for two or 

more years (Permafrost Subcommittee, 1988). It occurs in a large proportion 

nf Canada as continuo~.s or discontinuous coverage (Figure 1.1). As 

permafrost is definec' in a purely thermal sense, there need actually be no ice 

in the ground for permafrost to eXlst. Ice occurring in any form in permafrost 

is referred to as ground ice. It can have many forms, from microscopic crystals 

between soil particles in ice bonded materiûl, to massive ice bodies several 

cub.c metres in volume. Common forms of ground ice in order of generally 

increasing size and expression are: ice lenses and veins, ice wedges, pingo ice, 

and massive ice beds which can range in size from a few metres to tens of 

metres in thickness and can extend over several kilometres. 

Soil contains excess ice when the volume of moisture in the thawed soil 

is greater than the available pore space. Such soils are thaw sensitive because 

upon thawing, supernatant water is released causing subsidence of the surface 

proportional to the volume of the ice. When widespread, this effect is referred 

to as thermokarst, due to its superficial resemblance to limestone karst 

topography. 

When the volume of ice is very high compared to that of the soil, it is 

2 
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Figure 1.1 Wortd distribution of permafrost. (Péwé. 1983) 
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termed massive ice. More speciflcally, massive ice is deflned gravimetrically 

as Ice content greater than 250% ice to dry weight of soil (Mackay, 1989, 

p.6). 

The nature and distribution of ground Ice in the High Arctic ln general, 

and the Fosheim Peninsula in particular, is a subject which has received very 

little attention fram researchers. In Canada, ground ice research has tended to 

be concentrated in the western Arctic, as this is where most development, 

especlally petroleum exploration, has occurred. Recently, however, more work 

has been carried out in the islands of the Canadian Arctic Archipelat~o. Some 

of the most recent work has been spurred by concerns of global change and its 

potential impact on the high Arctic (B;lrry and Pollard, in press; Edlund et al., 

1989; Pollard, 1991) as has this project. 

Gr~l..nd ice research in the western Arctic focuses on defining different 

types of ground ice and assessing their distribution and abundances, as weil as 

exploring mechanisms of formation. Mackay, a pioneer researcher in the field, 

has investigated the mechanics of pingo development, ice wedge formation, th~ 

effect of tire on active layer development, and the aggradation of permafrost 

mto drained lakebeds (Mackay 1963, 1975b, 1977, 1982). His genetic system 

of ground ice classification div ides ground ice into ten types formed by four 

basic mechanisms of moisturd transfer (Mackay, 1972) (Figure 1.2). This 

classification system is used as the basis for Pollard and Dallimore' s (1989) 

work utilizing crystal structure and orientation . 

4 
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1.2.1 OR.GINS OF GROUND ICE 

The origins of massive ground ice have been a topic of debate for several 

decades. A buned glacier Ice ongm has been argued by Russian researchers 

(Solomatln, 1986) based on eVldence found in eastern and northern Siberia. 

Most North American researchers working in the western Arctic have 

c;'Jggested an ice segregation prooess which creates the ice in situ (Mackay, 

1972). This argument is based on several forms of observation, including 

stratigraphy / upper and lower cGntacts, and geochemical analyses of ice 

masses. These observations show that most massive ice is conformable with 

surrounding sediments. Other features indicative of an ice segregation process 

are: inclusions in the ice of local material, including plant and root material; non 

glacially-oeposited sediments containing massive ice; (Mackay, 1972/ 19891; 

and Ice crystallographic textures which are not consistent with buried glacier 

or snowbank ice (Pollard and Dallimore, 19891. However, recently some North 

American researchers have suggested that buried glacier ice may have a wider 

occurrence in the Canadian arctic than previously believed (French and Harry, 

19911. 

1.3 GROUND 'CE DETECTION 

Other than its origins, one of the major problems associated with ground 

ice is locating and delineating bodies of ice which have no obvious surface 

expression. These include massive segregated ice bodies, ice lenses, buried 

and/or inactive ice wedges, and areas of ice-rich permafrost. The fact that 

6 
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these features can have significant effects on topography If they melt IS 

especially important ln areas of development, where ~onstructlon and other 

human activitier, can (irastically alter ground thermal characteristlcs. 

1.3.1 CONVENTIONAL METHODS OF DETECTION 

Brown (1974) presents airphoto interpretations of several permafrost and 

thermal erosion features, some of which can be used as clues to the eXistence 

of hidden ice forms. For example, retrogressive thaw slumps, which can easily 

be identified from airphotos, often are ass0ciated wlth massive segregated ice 

or ice-rich permafrost. This method is employed by Poila rd (1991) and by Barry 

and Pollard for this and a related project. Unfortunately, the rnechanisms of 

thaw slump initiation are not fully understood, and the absence of thp.se 

features does not preclude the presence of ground Ice. 

Other features visible in airphotos include subSidence areas where ground 

ice has thawed, producing a chaotic terrain which IS easily Identified. While the 

absence of such features again does not preclude the existence of ground ice, 

they are of much greater spatial extent than retrogressive thaw slumps, and 

where they surround undisturbed terrain there is a good possibility that the 

terrain is ice-rich. Several undisturbed areas surrounded by chaotlc terrain can 

be identified in airphotos of the study region and these appear to be residual 

plains. One of the larger areas was found in 1992 ta have several massive 

ground ice exposures (Pollard, personal communication) . 

7 
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Drilling, especlally shallow exploratory drilling, is a common method of 

locatmg massive graund ice. The greatest advantage to drilling is ItS abihty to 

produce direct subsurface samples in the form of core flr chips. This allows 

accurate measurements of Ice content variations wlth depth and identification 

of sOli or sediment type. The Mackenzie Valley Geotechnical Database (EBA, 

1990) is an example of a computer based collection of shallow borehole 

records complled over many years fram the lower Mackenzie Valley and Delta 

area. Its usefulness for ground ice research has been demonstrated by POllard 

and French (1980) in their estimation of the amount of ground ice in near 

surface sediments on Richards Island, N.W.T., and by Gowan and Dallimore 

(1990) in their investigation of the occurrence of massive ice in granular 

deposits. 

The high quality of drill core data is offset by the difficulty in drilling, the 

environmental disruption (depending on the scale of drilling), the high cost, and 

the limited spatial relevance of what is essentially point source data. Unless 

one is prepared to drill a large number of ho les, it is unrealistic to expect ta 

make anything more than a statlstical estimate of ground ice abundance. 

Ground ice bodies can be discrete, irregular, and limited in extent in such a way 

as to make interpolation between widely spaced boreholes extremely uncertain 

(Kovacs and Morey, 1979) . 

8 
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1.3.2 GEOPHYSICAL TECHNIQUES 

Several geophyslcal techniques offer a promlslng alternative for detecting 

and delineatlng massive ground Ice and icy permafrost. When used ln 

conjunctlon with, or as a guide to, a dnllmg program, some of these methods 

can produce reliable data on ground ice conditions over a relatlvely large area 

(100s of metres) in a short time. Geophyslcal techniques can be used alone, 

but with less exact results, as the y measure only the effects and not the 

substance of subsurface anomalies. If drill data IS not avatlable, then It may be 

possible to extrapolate from local natural exposures, such as stream banks or 

thaw slump faces. This method is ernployed in thls proJect. 

Gravit y surveys were performed by Rampton and Walcott (1974) at 

Involuted Hill, N.W.T. Their results indicated the presence of massive Ice 

bodies (Iater confirmed by drilling) which appeared as negative gravit y 

anomalies due to their lower density relative to the surrounding sediments. 

Unfortunately, gravit y surveys provide little or no information on depth or 

thickness of ice masses and require very precise topographical corrections, 

making them laborious and expensive to conduct. Thus the method IS not 

widely used. 

Another method which has been explored involves dual channel thermal 

infrared sensors mounted on an aircraft (Leschack et al., 1973; Lougeay, 1973, 

Leschack and Del Grande, 1976), or satellite thermal imagery (Lougeay, 1981). 

These detect ground ice by sensing the reduced thermal emission of areas 

9 
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underlam by ice. The system does not give mformation on ice thickness, but 

/t might be useful for reconnaissance surveys to identify areas underlain by Ice. 

Reslstivity and VlF surveys have been used to detect conductivity 

contrasts between ice and sediment as weil as to detect freeze/thaw 

boundanes withtn sediments (Kinney, 1986; Mackay, 1975b). These surveys 

are ground based and can be carned out fairly eastly, ylelding data that is not 

difflcult to interpret. 

Reflectlon seismic methods are generally not used for shallow ( < 100 m) 

investigations due to the relatively low frequencies of the energy sources used 

(50 - 150 Hz) and due to poor air/ground acoustic coupling. New energy 

sources such as high frequency spnrkers may improve shallow performance in 

the near future if costs can be kept down (McCann et al., 1988). In contrast, 

refraction seismlc sur,,~ys (eg. hammer seismic) can be successful in detecting 

ground ice bodies at shallow depths (McCann et al., 1988). An important 

advantage thls system has over some electrical systems (including GPA) is that 

elevated soil moisture contents actually improve performance, instead of 

attenuating the signal and reducing penetration depths. 

1.4 GROUND PROBING RADAR 

Ground probing radar is used to detect and locate variations in di..::lectric 

properties beneath the ground. The method is similar to reflection seismic 

techniques, except that electromagnetic waves are used in place of mechanical 

10 
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shock waves. A short, very high frequency electromagnetlc pulse IS 

transmitted into the ground. As it propagates downward, some of the energy 

is reflected back ta the surf3ce fram boundaries of hlgh dlelectnc contrast. The 

two-way travel time required for the transmitted pulse to be reflected back to 

the receiver on the surface is recorded and later converted to dp.pth values. In 

a reflection survey, this procedure is repeated at regular Intervals along a sllrvey 

line to generate a profile of the underlying structure (Figure 1.3) . 

11 
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1.4.1 PREVIOUS WORK 

Ground problng radar, both as alrborne and ground based systems, Ilas 

seen increased use ln recent years. Alrborne GPR has ttle advélflta~le of lar~le 

area coverage at hlgh speeds over any terrain. However, alrborne GPR b:ks 

the horizontal location control of ground based systems, and suffers from cl 

much greater degree of attenuatlon due to a large alr/ground ülectrlc,ii 

mismatch (Hall et al., 1980). This results ln signai loss and reduced depth of 

penetration. Airborne surveys are also much more expenslve to conduct than 

ground surveys due to alrcraft costs. 

Ground based GPR overcomes many of these dlfflcultles. Developments 

in computers and electronics in the late 1980s have resulted in systems whlch 

are light, uncompllcated to operate, and portable (le. a two person survey crew 

on foot). Some processing can be carried out ln the field allowlng for changes 

to be made to a survey or to a dnlllng program. 

Ground probing radar investigations of permafrost and, ln partlcular, of 

massive ground ice have been carried out sporadically throughout the 19705 

and 1980s. The pnnciple research groups have been the Geologlcal Survey of 

Canada and the Co Id Regions Research and Engmeerlng Laboratory (CRREL) of 

the US Army Corps of Engmeers. Most of the work has been carned out III the 

western Canadian Arctlc and in Alaska ln connectlon wlth petroleum 

exploration and related development. 

ln 1976, Davis et al. conducted some of the earliest GPR surveys ln 

13 
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permafrost wlth an annlogue Impulse radar system. They attempted to map 

massive ground Ice bodies at Involuted Hill near Tuktoyaktuk, N.W.T. They 

found that radar wave penetraTion was reduced by the presence of a surface 

layer of conductlve clay. Where th,s clay was mtersected by ice wedges, 

however, penetration was greatly enhanced, and they were able to detect 

massive Ice bodies beneath the clay. Their conclusion was that Ice wedges can 

act as windows through radar-opaque matenals. This phenomenon was also 

observed at Hot Weather Creek ln 1990. Penetration at 50 MHz was enhanced 

over ice wedges, Increasing penetration from 10 metres down to 15 metres. 

Kovacs and Morey (1979) IJsed an analogue GPR to map the presence 

of massive ground ice along the Alyeska pipeline in Alaska, where they were 

able to detect the tops and bottoms of ice bodies at up to 10 metres depth. 

The GPR data was found to be consistent wlth nearby shallow borehole logs. 

ThiS study illustrated the early potentlal of GPR as an investigative tool for 

engineering. 

Ulnksen (1982) Investigated various civil engineering applications of GPR 

for his Doctoral thesis at Lund University in Sweden. His studies Included 

profiling soils and bedrock, peat, Îce and snow, as weil as locating buried pipes 

and cables and detecting hidden damage in roads. He also offers an overview 

of the princlples behlnd GPR. In hls work with snow and ice, Ulriksen found 

that radar wave velocity increases with snow or ice density and decreases 

drastically with mcreased unfrozen water content . 

14 
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Similar flndings are reported by Patterson and Smith (1981) ln Tlme 

Domain Reflectometry (TOR) laboratory expenments. Thelr flndlllgs II1dlcate 

that slnce Ice and soli partlcles do not dlffer greatly ln thfm dlelpctrle constémts 

(K 6lce = 3.2, Kil sOli = 2.2-3.5) when compared ta that of water (Kft"'~l"r = 80), 

it is the unfrozen water content wh/ch most strongly Influences radar wave 

veloclty, and not the ratio of ice ta SOlI. Thus a change III gralll size resultlllÇJ 

in a variation in unfrozen water content can produce a stronger reflectlon than 

a soil/ice interface. Nevertheless, strong reflectlons have been recorded at 

soil/lee interfaces (Dallimore and DaVIS, 1987). 

GPR investigations of massive Ice ln clayey sands near Rae, N.W.T. by 

LaFleehe and others (1988) prO\lIded valuable data for roadway repairs. USlIlg 

a Pulse EKKO III digital GPR (the same Unit whieh was used for thls prolect at 

Hot Weather Creek ln 1990), massive ground lee was detected wlthm three 

metres of the surface. Stratlgraphlc structure was also dellneated III conditions 

similar to those at Hot Weather Creek. A SIX metre borehole was used to 

confirm the GPR findings. 

1.4.2 EQUIPMENT 

A typieal GPR system ineludes a transmittlng unit, a receivlIlg Unit, and 

a reeording and display unit. The transmltting unit generates a hlgh voltage, 

short duration (1-20 ns) electromagnetlc pulse and transmlts It through a 

broadband antenna. The receiving unit picks up the reflected pulse us mg either 

15 
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the same antenna (in a monostatic system), or a separate one (in a bistatic 

system). This unit measures the signal amplitude versus the delay tlme 

counted from the transmit pulse. The trace of the reflected signai is then 

dlsplayed on a screen or as a hardcopy, and is saved to a storage medium (tape 

or dlsk) for later processing and analysis (A Cubed Inc., 1986). 

Ideally, antennas should have a fiat frequency response across at least 

a bandwldth equal ta the centre frequency, but this is almost impossible ta 

achieve in a field-use antenna. Most GPRs use resistively loaded dipole 

éintennas. These antennas are not very efficient, but they are robust, light­

weight, easy to manufacture, and have a reasonably fiat frequency response 

(A Cubed Inc., 1986). 

Centre frequency is controlled by dipole length, with shorter antennas yielding 

higher frequencies. 

Antenna coupling with the ground is one of the weaknesses of GPR. 

This problem is reduced in ground based systems where the maximum 

transferal of energy into the ground is attained when the antennas are kept 

within a tenth of a wavelength of the surface (A Cubed Ine., 1986). 

1.4.3 RADAR WAVE PROPAGATION 

Once the transmitted radio pulse leaves the antenna and enters the 

ground, it is attenuated by wavefront spreading and ohmie lasses. Wavefront 

spreading los ses are affeeted by variations in EM wave velocities in the 
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subsurface which cause refraction. If the velocltles increase substantially with 

depth, the radar waves will be refracted away from the vertical. This will 

mcrease the illuminated area and reduce the intenslty of the reflected signai 

(Ulriksen, 1982). 

Ohmic losses are more significant and occur when the pulse passes 

through a conductive matorial, such as saline ground water. This creates 

electrical eddy currents which drain energy from the pulse. Saline or manne 

clays and fine silts are thus a major Impediment to GPR surveys (Jensen, 

personal communication). 

1.4.4 DEPTH DETERMINATION 

Since ground probing radar data is recorded as signal strength versus 

two way travel time, the radar in the reflection mode does not provlde any 

information on the actual depths of the reflectors. 

Radar waves propagate through a material at a veloclty related to the 

dielectric constant as shown in equation 1.1 (Annan & Davis, 1976). 

where 

v=c!VK; 

K. = apparent dielectric constant 

c = 0.3 m/ns 

11.1 J 

Once dielectric properties are known and the radar wave velocities calculated, 

reflector depths can be found using the following equatlon (Kovacs & Morey, 

1979). 
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o - V ti2 

where 0 = depth (m) 

V = effective velocity (m/ns) 

td = two-way travel time (ns) 

[1.2] 

Velocity and dielectric "alues must be deduced fram drill core data, or 

fram Wide Angle Reflection and Refraction (WARR) or Common Mid Point 

(CMP) surveys. WARR and CMP surveys allow one to estimate the bulk 

dielectric praperties of the subsurface without drilling holes by comparing radar 

wave travel times fram a given reflector as antenna separation is increased 

(Annan et al., 1975). 

A CMP survey is carried out in a representative level area with relatively 

fiat underlying strata. The survey is begun with the transmitter and the 

receiver antennas adjacent to each other. They are then moved apart at a 

constant rate as pulses are transmitted into the ground. The path from the 

transmitter to the reflecting layer and back to the receiver is weil defined and 

varies predictably as the antennas are moved. The data is recorded as two-way 

travel time versus antenna separation (Figure 1.4). Waves which travel directlv 

fram the transmitter to the receiver generate a straight line of arrivai times, the 

slope of which if. inversely proportional to the velocity. 

Since the s~eed of electromagnetic waves in air is precisely known, the 

exact antenna separation is found from the arriva! time at the receiver of the 

transmitted air wave through the following equation (Annan et al., 1975) . 
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t. = xIe [1.31 

where ta = arrivai time of air wave (ns) 

c = speed in air (m/ns) 

x = antenna separation (m) 

The near surface ground wave velocity is related to the antenna separation 

through equation 1.4 (Annan et al., 1975). 

t. = xIV. 

where tg = direct ground wave arrivai 

V g = effective velocity in ground 

(1.41 

From equation 1.1, equation 1.5 is derived which gives the apparent dielectric 

constant near the surface: 

K _ e2 /V 2 
• • (1.51 

where Ka = apparent bulk dielectric constant 

For reflected pulses, arrivai times generate a hyperbolic curve. Arrivai 

time squared is plotted versus the square of antenna separation (T2 vs X 2
), 

resulting in a straight line, the slope of which is inversely proportional to the 

square of the velocity at that depth. The procedure is repeated for each deeper 

layer to create a velocity profile for the area which can be used to assign depth 

values to the reflection profiles (A Cubed, 1986). 

A major drawback to this system is that a thln layer of materlal witll very 

different electrical characteristics will bias the average ground velocity (Annan 

et al., 1975). For example, a thin layer of clay (high K.l over the target site will 
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Figure 1.4b 
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LAYER 2 (VZ<V 1) 

Possible nly paths between transmitting and recelving antennas. 
1 - Direct air wave 3 - Direct ground wave 
2 - Critically refracteJ wave 4 - Reflected ground wave 
(A Cubli!d, 1986) 
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Figure 1.4C Ideallzed CMP results shaNing etfects of four waYe paths ln Figure 1.4b. Xc -

Critlcal antenna separation for refractlon. (A Cubed. 1986) 
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artificially reduce the velocity and cause reflector depths to be underestimated . 

Errors ln CMP surveys Increase with depth ann with a decrease in 

transmltted frequency. Lower radar frequencies penetrate more deeply into the 

ground, but the,r longer wave length makes defining the leading edge of the 

pulse dlfficult. This creates uncertainties in determining event times (Annan et 

al., 1975). 

1.4.5 OEPTH OF PENETRATION 

Radar wave ground penetration is enhanced by utilizing lower radar 

frequencies. Terrains with high conductivity and electrical permeability 

decrease penetration, as do those with low dielectric constant. Radar 

frequency is the only parameter controllable by the surveyor, thus it is an 

important consideration when setting up a survey. Also, as lower frequencies 

require larger antennas, field conditions become an important consideration in 

system set-up for ground based GPR. 

Attenuation can also result fram scattering by, for example, snow 

crystals. Backscattering near the surface by multiple point sources attenuates 

the pulse as weil as severely cluttering the signal. It is often reduced by using 

a bistatic system instead of a single transmit/receive antenna. Backscattered 

pulses usually reflect directly back to the transmitting antenna. If the receiving 

antenna is located away from it as in a bistatic set up, signal cluttering ~s 

reduced (Ulriksen, 1982). This phenomenon was apparent in some of the early 
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data collected at Eureka in October, 1991. The problem was partlally resolved 

by increasing the antenna separation. 

1.4.6 SPATIAL RESOLUTION 

The resolving power of the radar is dependant on both the radar system 

and on ground conditions. Resolutron is usually quoted in terms of vertical and 

horizontal resolution, as these are dependant on different parameters. 

Vertical resolution is determined by the frequency and the length 

(duration) of the transmltted pulse, as weil as on the veloclty of the pulse ln the 

ground. As a general rule, vertical resolutlon increases with frequency. For a 

given frequency, the verticai resolution can not be less than the distance 

travelled by the pulse in hait the time of the pulse duratlon. If two reflectors 

are closer together in the vertical direction than ha If of the pulse length, they 

will be merged together on the radar display. Thus, the optimum vertical 

resolution for a given frequency is defined in equation 1.6. 

Rv - t V/2 [1.61 

where t = pulse duration (ns) 

V = velocity in ground (m/ns) 

Vertical resolution is related to the apparent bulk dielectric constant by 

combining equation 1.6 with equation 1.5 in the following: 

Rv = tc/ 2'IiÇ [1.7) 

A pulse length of 10 ns, for example, results in an optimum vertical resolution 
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of 84 cm in ice (KI) = 3.2). At lower frequencies this figure is increased, as it 

becomes more dlfficult to aceL!rately Identify the leading edge of the pulse. 

This results ln a 'fuzzy' return, and produees errors in arrivai tlme readings. 

These errors are usually small and ineonsequential in regular profiles, but in 

CMP surveys they can cause errors of up to five percent ln estlmates of K. 

(Annan et al., 1975). Digital compression of the reeorded data rl9duces the 

percelved pulse length and sharpens the Image, reducing the error. Using a 

higher frequeney also reduces error and Improves resolution, but depth 

penetration suffers (A Cubed Ine., 1986). 

HOrizontal resolution is not strongly affected by subsurfaee 

charaeteristics, rather it is more a function of the distance between successive 

readings. GPR systems commonly employa method ca lied stacking whereby 

many repetltive pulses are transmitted and received and the average of the 

results is displayed and recorded (Hatton et al., 1986). If the antennas are in 

motion, as in a continuous profile, then the averaged result includes data for a 

length along i:he traverse, not a point. Diffieulties are Increased when the 

speed of transit is not constant, as is common in ground based surveys in 

rough terrain. 

Sorne of these problems are overcome by adopting a discrete profiling 

system whereby each reading is taken at a station, and the radar is moved a 

set distance between readings. This allows for more accu rate positioning of 

the radar along the traverse line, as weil as allowing th€' operator to carefully 
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position the antennas ta ensure maximum coupling wlth the ground. This 

method is somewhat slower, but it greatly Improves the quallty of the data, 

especially on uneven terrain. 

As explained earlier, subsurface electncal charactenstlcs affect the lateral 

spreading of the pulse through refraction. This influences the hOrizontal 

resolution by changmg the illumlnated area. Where veloclty Increases wlth 

depth (moist silt and clay overlying ice for example), the pulse IS refracted 

outwards, increasing the Illuminated area and reducing both the hOrizontal 

resolution and the strength of reflected signais. The reverse is true where 

velocity decreases wlth depth. 

1 .4. 7 DATA PROCESSING 

Radar data is recorded in the time domaln. This creates sorne special 

problems which must be dealt with through processing before the data can be 

fully used. 

Since the basic principles of GPR are slmilar ta reflectlon selsmic theory, 

GPR data can be processed using the same methods. There are several 

computer software packages available which allow the digital data ta be 

processed quickly and accurately. 

The time domain character of the data results in a variety of features ln 

the images produced. Individual point reflectors, such as rocks or pipes Iying 

at right angles across the survey line, produce inverted hyperbollc reflectlons 
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in the raw data, wlth the retlector position coinciding with the apex of the 

hyperbola. This effect IS produced when radar (or seismlc) pulses which 

propagate outwards as weil as downwards encounter a reflector which is not 

dlrectly below the transmitter (Figure 1.3 earller page). The system records the 

reflected pulse as having come tram directly below the transmitter. As one 

approaches, passes over, and leaves the reflector; subsequent traces show the 

refle~tor at Increasingly shallow depths and then increasingly greater depths. 

Such hyperbolas can be resolved into point reflectors through a process 

called migration. ThiS converts the data fram a temporal representation to a 

spatial one. Migration is defined as the correct lateral positloning of reflector 

elements (Prakla-Selsmos, 1978). It employs wave propagation and reflection 

equatlons to interpret reflections and deduce the often complex geometries that 

created them. 

Deconvolution is a process by which the signature of a theoretical radar 

pulse is mathematically removed from the refleccion data (Hatton et al., 1986). 

Ideally, a transmitted pulse should consist of a single sharp spike of extremely 

short duration, but this is usuallv not the case. Overlap and interference 

between reflected pulses with multiple spikes obscures the record of thf' 

boundaries of changing dielectric character in the earth. These boundaries 

become clearer if an idealized pulse (not a single spike, but one which is 

generated by a transmitter under ideal conditions) is subtracted fram each point 

in the reflection trace. This deconvolution leaves the original characteristic 
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trace of the subsurface reflector, assuming that the transmltter created i:l near 

ideal pulse in the first place (Hatton et al., 1986). 

Filtering 15 a very Important tool in data enhancement. TYPlcally, signal 

to noise ratios are reduced at very low and very hlgh freQlIencles. Digital fllters 

can be used to remove these portions of the reflected spectrum ta Improve thn 

image. High frequency nOise can be smoothed by averaglng over a wmdow 

containing several points and moving the wtndow down each trace. Notch 

filters, which remove a speclfic frequency (or a very narrow bandwldth) can be 

used to remove speciflc noise events. These can reslIlt trom rmgmg wlth 

railway tracks or overhead power lines, for exarnple (Hatton et al., 1986). Law 

frequency interference IS removed by a process called de-wowing. Other 

simple techniques can be used to emphaslze certain features ln a profile. For 

example, comparing adjacent traces or averaging across several traces 

enhances horizontal features. Simllarly, plotting the dlfferences between 

adjacent traces enhances steeply inclined features. 

Since attenuation usually increases wlth depth, radar systems often 

employ "time variable gain" or automatic gain control (AGC) Instead of a 

constar'lt gain function Signais reflected from greater depths arrive after a 

greater time delay, 50 these signais are ampllfied more than those whlch arrive 

earlier. This serves ta reduce the dynamic range of signai strengths to a range 

that the digital recording system can display (Annan & DaVIS, 1976). AGC gam 

is also used to enhance later reflectors without overpowenng the early ones; 
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however, informatinn on relative reflector strengths is lost. Constant gain 

functlons multlply ail pOints on a trace by the same selected value, thereby 

preservlng relative reflector stre ngths. 

Beyond flltering and gain application, displayingonly selected parts of the 

traces greatly alds Interpretation. For example, if a high frequency record with 

traces trom zero to 128 ns is plotted on paper or on a screen, fine details near 

the surface are usually lost. However, if only pOints tram zero to 40 ns are 

dlsplayed, the image is "stretched", revealing the detalls. This functlon also 

speeds processmg, as filters and gain need only be applied to the selected 

segment. 

, .4.8 INTERPRETATION 

Pure massive ice bodies appear "clear" ta radar and are easily detected. 

Impurities in the Ice, such as sediment layers or air bubbles, affect the electrical 

charactenstlcs of the ice. Annan and Davis (1976) conducted CMP surveys at 

Involuted Hill, N.W.T. They found the dieleetnc constant for the massive 

ground Ice ta be 2.6 instead of 3.2, the expected value. Inspection of 

recovered drill core revealed a high bubble content in the ice, which reduced its 

bulk density to .67 g/em 3 tram .92 g/cm3
• These results agreed with the 

empincal relation (Annan & Davis, 1976; after Robin et al., 1969): 

K. = 1 + 2.36p [1.9] 

where p :; bulk density of ice 
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It can be seen then, that ln some Instances, the presence of air bubbles 

throughout ground Ice bodies could lead to slgnlflcant errors 111 veloclty 

estlmates and depth plots. This could result ln the overestlmatlon of thH 

thlckness and therefore the volume of ground Ice. Agaln the need for drill core 

data is underllned. 

As was mentioned earlier, frequency affects depth of penetration as weil 

as vertical resolutlon. The frequency chosen should reflect the aml of the 

survey. For example, to gain information on the tops of ground Ice bodies neélr 

the surface (le. those susceptible to thermokarst eroslon), a hlgh frequency 

(200 MHz) is sUltable. This results ln Increased resolutlon near the surface, and 

reduced tr~nsmltter washout. That IS, events closer to tlme zero can be 

recorded at higher frequencles wlthout be.ng overpowered by the transmltted 

pulse. At low frequencles (25 MHz), thls becomes a problem, thus thesn 

frequencles are more suitable for deeper investigations. This IS especlally true 

in view of the Increased depth of penetration at these frequencies. Multiple 

surveys at different frequencles over the same area are usefulln maxlmlling the 

information returned, but are tlme consuming. 

The most Important stage of interpretation IS the visuailnspection of the 

GPR profiles. This step can be somethlng of an artform, and reqUires 

experience and at least a baSIC understandlng of the local g~ology to be done 

weil. It IS at thls stage that other data from the investlgated site, such as drill 

cores, becomes important. While one can Inter somethlng about what klnds of 
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matenals glve rise to specific radar reflections from their shape or relation to 

each other, GPR does not actually identify what is creating the reflections. 

1 .5 EFFECTS OF CUMA TE CHANGE ON PERMAFROST 

Potential changes ln permafrost conditions due to possible climatic 

warming have been Investigated ta sorne extent in the western Canadian Arctic 

and Alaska, but little has been done ln the high Arctic. Edlund and others 

(1989) offer the Increased incidence of active layer detachment si ides and the 

reactlvatlon of ground Ice slumps observed during the abnormally warm 

summer of 1988 as possible consequences of global warming. 

Mackay (1975a) suggests that past cllmatic fluctuations have left 

observable features in permafrost such as truncated ice wedges, young 

thermokarst lakes, mass movements, cryoturbation features, etc. Gold and 

Lachenbruch (1973) show from deep borehole temperature profiles of the North 

Siope of Alaska that ground tempe ratures have increased by about 2 oC in the 

la st century. A similar study on the Fosheim Peninsula, Ellesmere Island, 

suggests an increase of 2 ° to 5 oC in ground temperatures since the Little Ice 

Age, and a 4.2°C increase between about the 1870s and 1971 (Taylor, 1991). 

Osterkamp (1984) estimates that a 3°C increase ln mean annual air and 

ground temperatures in Alaska will result in thawing of permafrost in the 

discontlnuous zone, and in widespread changes in the continuous zone in 

Alaska. Goodwin, Brown, and Outcalt (1984) employ Stefan's solution in a 
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model to estimate the effects of both a 3°C and a 6°C increase in mean an nuai 

air temperatures at Fairbanks and at Barrow, Alaska. They calculate that a 3°C 

temperature rise would result ln a 41 % increase in active layer depth and a 11 () 

metre decrease in permafrost thickness at 8arrow over a period of ten years. 

ln contrast to these researchers, Shamanova and Parmuzin (1988) ln 

Russia state that climate change serves only as a backdrop against which local 

variations in heat exchange between the ground and the atmosphere (caused 

by changes in vegetation, snow depth, etc.) are the driving forces behind 

thermokarst. Their work is based in the Kolyma lowlands of northeastern 

Siberia. It should be noted that they do not include thaw slumps or active layer 

detachments as thermokarst because they are small, tranSlent features. Rather, 

they are concerned with larger-scale phenomena IIke thaw lakes, alas 

landscapes, and major taliks; features which have not been widely observed or 

at least described in the Canadian high Arctic. This position is supported by 

Smith and Riseborough (1983) whose computer models suggest that site 

factors such as precipitation (especially snow cover), soil moisture, vegetation, 

lithology, etc., can be as important as climate in determining ground 

temperature and permafrost response to climate variabllity . 
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1.6 SUMMARY 

A pressing need for more research into ground ice conditions and the 

potential for thermal degradation exists in the high Arctic, especially in view of 

possible cllmate change. Specifically, the distribution and abundance of ground 

ice should be explored ta gain insight into mechanisms of its formation. 

Airphoto surveys can be used ta identify areas likely to be underlain by ground 

ice, but they glve little information on the depth and thickness of the ice. 

Several techniques for detecting ground ice in local area surveys currently exist, 

but none have been developed to the point where synoptic scale surveys could 

be carrled out rellably and affordably. Until they are, knowledge of ground ice 

conditions in the high Arctic wlillikely remain limited. 

Ground probing radar is a useful geophysical tool for shallow subsurface 

investigations where it compliments other types of subsurface information, 

such as drill core logs. The technology and the techniques are continuing to 

evolve, and GPR has the potential to bt:;;come an indispensable part of 

geomorphological research in general, and of permafrost research in particular. 

Recent developments in antenna design will make higher frequencies available 

to users, resulting in much higher spatial resolution and allowing detailed 

studies of the active layer. The regional coverage possible witn airborne GPR 

may be combined with the penetration and resolution of ground based systems 

in the near future as the technology improves. Synoptic scale coverage may 

also one day be available if an orbit based system is developed. Such a system 
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would allow widespread monitoring of changes in permafrost and active layer 

conditions. For the present, ground probmg radar remains a valuable site 

investigative tool to be used in conjunctlon with other techniques of permafrost 

research . 
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CHAPTER 2 STUDY AREA 

2.1 THE FOSHEIM PENINSUlA 

The Foshelm Penlnsula is located on the west central slde of Ellesmere Island, 

N.W.T., ln the Canadian Arctic Archipelago (Figure 2.1). The peninsuJa is 

approxlmately 150 km along its northwest - southeast axis and ;s bounded by 

Eureka Sound to the west and southwest, by Greely Fiord to the north, by Bay 

Fiord to the s(.uth, and by Canon Fiord to the east. The peninsula has a 

surface area of approximately 11 DOC km 2
• 

Like ail of the Queen Elizabeth 1~lands, Ellesmere lies weil w;thin the zone 

of continuolls permafrost. Thermal measurements from three boreholes within 

, 00 km of Eureka indicate that permafrost extends to about 500 m depth 

(Judge et al., 1981). 

The study area ) ~/ithin a 30 km radius of Siidre Fiord and was 

selected for its high Arctic location, the reported presence of ground ice 

exposures (Edlund et al., 1989; Pollard, 1991), and the proximity of logistical 

and technical support through the Eureka weather station and the GSC camp 

at Hot Weather Creek. 

2. 1. 1 REGIONAL SETTING 

The northwest and centrê,1 Fosheim Peninsula, containing the study area, 

is located in the northern Sverdrup Basin ,:m the Queen Elizabeth Islands 

Subplate while the southeast portion extends onto the ~ranklinian Geosyncline 
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(Kerr, 1981). The Sverdrup Basin is marginal to the northwestern Canadian 

Arctic and contains up to 13 000 metres of mostly conformable sediments of 

lower Carbor.iferaus to upper Cretaceous age. The structural axis matches the 

deposltional aXIs fairly closely, but there is evidence that the basin was 

deformed during the Eureka Orogeny after the deposition of Cenozoic sediments 

(Thorstelnsson and Tozer, 1970). 

2.1.2 BEDROCK GEOLOGY 

There is some question as to whether or not ground ice exist!'; in any 

significant quantity within the bedrock of this area. Thus far, none has been 

reported in the literature; however, observations by Pollard in 1992 (personal 

communication) confirm ItS presence. The area is underlain by mostly 

conformable, poorly lithified clastic units which strike roughly north to south 

with late Cretaceous to Tertiary rocks of the eastwardly dipping Eureka Sound 

Group located to the east of Siidre Fiord. Ta the west, centred on Slidre Fiord 

and separated fram the Euraka Sound Group by the Black Top Anticline, lie 

older sediments of Triassic and Jurassic age surrounding younger rocks of 

Jurassic and Cretaceous age located in the Weather Station Syncline 

(Thorsteinsson, 1971) . 
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2.1.3 SURFICIAL DEPOSITS 

Subsurface units are mostly overlain by a relatively thin layer of colluvial 

silts and fine sands developed from weathered bedrock. Weathenng proceeds 

through the physical breakup of the parent material by frost action and possibly 

by the growth of segregated tce below the frost table. 8edrock 15 often 

weathered to several metres depth, indlcating that weathering occurs below the 

active layer, or that the active layer was once much thlcker and that glaciation 

did not erode the weathered rock as deeply in sorne arf as dS in others 

(Hodgson, 1989a). Detailed mapping of surficial geology in thls area has not 

yet appeared in the literature, but an unpublished map of surficlal deposits at 

1 :250 000 scale has been compiled by Bell (1992) which tndicates the 

widespread presence of marine sediments as a thtn veneer over bedrock and as 

delta, beach, and nearshore deposits in much of the study area. 

A large portion of the Fosheim Peninsula was submerged dunng the late 

Pleistocene and early Holocene. According to the literature (Hodgson, 1989a), 

marine sediments deposited during Pleistocene transgressions form the only 

widespread non-glacial deposits. However, recent evidence discovered by Bell 

suggests a wider distribution of Holocene marine sediments (Pollard, personal 

communication) . 

Low areas near coasts may show beach deposlts from marine off lap 

composed of coarse sand and gravaI. These tend not to extend to manne limit 

as initial emergence was rapid and beaches had little time to form. The low 
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level of wave actlvity due to the probable presence of shorefast ice through 

much of the year would also have limlted beach formation. Regressive 

sequences compnsed of silt or sllt and clay up to 30 metres thlck locally are 

often overlatn by shallow water facies of sand and gravel up to 10 metres thick 

near deltas. Where upland sources are composed of very fine textured rock, 

the shallow facies are difflcult ta distinguish from deep water facies. 

Transgressive sequences, though expected, have yet ta be identified (Hodgson, 

1989a) . 

Glacial deposits occur locally, usually proximal to existing glaciers which 

are known to have been active in the ear!y Holocene. It has been suggested 

that the past glaciations may only have deposited a thin, discontinuous layer 

of materlal whlch is indistinguishable fram weathered bedrock, or that such a 

layer has been largely eroded since deglaciation (Hodgson, 1989a). 

2.1.4 PHYSIOGRAPHY 

Most of the peninsula is composed of ridge and valley terrain and 

dissected plateaus (Bostock, 1970 GSC map 1245A). These plateaus may 

represent an erosional surface underlying beds of Miocene age on western 

Ellesmere and eastern Axel Heiberg Islands. This surface lies between 150 and 

700 metres elevation, while the inter island channels are 200 to 500 m deep 

(Hodgson, 1989b, after Balkwill and Bustin, 1975. and Bustin, 1982). Minor 

lowlands are generally restricted to coastal areas and to an area south east of 
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Siidre Fiord. The Sawtooth Mountains form a glaclated highland to the south 

east which runs NNE - SSW and features peaks up to 1200 m high. Other 

highlands with ridges up to 640m - 760 + m high defme the northern and 

western edges of the peninsula. Between the highlands Iles a rolling lowland 

cut by many short river channels and ice wedge polygons. 

2.1.5 CLiMATOLOGICAL AND GLACIAL HISTORY 

The marine limit in the central Fosheim near Siidre Fiord IS estimated to be 

approximately 140 metres above sea level, but this area lies beyond (to the 

west of) the maximum ice extent of the late Wisconsin glaciation at about 

8700 - 8800 BP (Hodgson, 1985). Areas north west and south east of the 

penim:'Jla show evidence of lower marine limits, possibly Indlcating that the 

Fosheim was ice free while the rest of the area was still bemg glaclated. Upllft 

would then have started earlier in the central region which shows a typical hlgh 

Arctic reemergence curve: rapid and then diminishing uplift (Hodgson, 1985). 

Earlier models of glacial extent based on emergence rates of the eastern 

Queen Elizabeth Islands postulated the existence of an archipelago-wide 

Innuitian ice sheet which broke up about 5000 BP (England, 1976 after Blake, 

1970). However, England maintains that crustal depresslon can be caused by 

local ice masses, such that several independent ice caps could produce the 

observed emergence record. Changes in the Greenland ice she9t would also be 

reflected on Ellesmere Island. Tectonic uplift related to any of the several nfts 
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ln the Arctic would obscure isostatic rebound signatures as weil (England, 

1983). Therefore the emergence record is misleadmg. England proposes that 

the increa5ed growth of the laurentlan Ice Sheet 33 000 to 28 000 BP would 

have created a topographlc barrier to southerly cyclonic air flow, starving the 

Arctic ice mass of moisture (En gland and Bradley, 1978). This would lead to 

a reduction ln Ice mass to form the- convergent but not coalescent Franklin Ice 

Complex of the late Wisconsin (En gland, 1976). Evidence of such an event 

may be seen in the presence of lake sediments dating from 20 000 BP in 

central Ellesmere Island whlch would not have survived a widespread ice sheet, 

and the presence of heavily weathered moraines and Greenland erratics on 

northeastern Ellesmere Island (England, 1978). 

Warm periods six and four thousand years aga are proposed by Stewart 

and England (1983) to explain maximum driftwood penetrations of fiords on 

Ellesmere Island. A warmer penod might have resulted in a larger seasonally 

ice free area, allowing driftwood fram Arctic rivers to penetrate the fiords. 

Oxygen isotope ratios from a 1979 core on the Agassiz Ice Cap îndicate 

that temperatures 800 to 100 years ago during the Little Ice Age were 2-3°C 

lower than today. This agrees with temperature-depth measurements tram 

boreholes within 1 60 km of the corehole which suggest graund temperature 

increases of 2-5 oC since the Little Ice Age. This discrepancy is likely due to 

an air temperature increase of 2-3°C coupled with increased snowfall which 

would tend to insulate the ground from the winter co Id (Taylor, 1991) . 
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Other apparent evidence of past ground temperature fluctuations were 

observed as thermal erosional surfaces (thaw unconformlties) in ground Ice 

exposures on the Foshelm Peninsula ln 1990 and 1991. These features are 

characterized by abrupt, non-conformable changes ln Ice texture and ln 5011 

volumetric Ice content and were observed as much as three metres below the 

surface. Depth variations in some of the thaw eroslonal surfaces over only a 

few metres distance imply that they may have been caused by local effects, 

instead of regional climate changes. 

2.1.6 MODERN CLiMATE 

The Fosheim Peninsula enjoys warmer average summer temperatures 

than the surrounding regions, giving ri se to the motto of Eureka Weather 

Station: "Garden Spot of the Arctic". (The station staff especially enjoy 

hearing the weather reports from the slster station Mould Bayon Prince Patrick 

Island which is not known for its sun bathing weather.) Eureka IS located on 

the north shore of Siidre Fiord at 80 0 0Q'N 85 ° 56'W. The average annual air 

temperature at Eureka is ~ 19. 7°C (for 1951 to 1980) whlle the average daily 

temperature in July is 5.4°C. The station experiences an average 100 day long 

melt season (T max> OOC) and 299 days of frost (T min < QOC) (Edlund, 1983, 

after AES, 1975). As the station is located on the shore of the fiord at an 

altitude of only 10 metres, a low altitude thermal inversion ln the summer (due 

possibly to co Id air drainagr" ,"esults in these tempe ratures being somewhat 
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TABLS 2.1 
FOSBEIM PENINSULA CLlMATE DATA 

MEAN MONTHLY AIR TEMPERATURE (OC) 

Eureka (1951-1980) 

Hot Weather Creek 
1988 
1989 
1990 

February 

-38.0 

-38.5 

July 

5.4 

12.7 
6.5 
8.3 

Year Source 

-19.7 AES, 1982 

AES, 
-16.0 courtesy 

Edlund. 
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lower than the mland temperatures. This IS especlally true on calm, sunny days 

when temperatures one ta two kllometres mland may be as m'lch as flve ta ten 

degrees warmer. At the Hot Weather Creek Geologlcal Survey of Canada camp 

30 km to the east, for example, the average datly temperature for July 1988 

was 5.5 oC warmer than the same pertod at Eureka IEdlund et al., 1989), and 

for 1989 and 1990 was 2.3° and 2. 7°C warmer respectlw~ly (AES, courtesy 

of Edlund). Not ail Inland temperatures are warmer, however Broad upland 

plains to the south of Slldre Fiord can be calder and wtndler than Eureka, Itkely 

due to thelr greater altitude and lack of wlnd breaks. Whlle no temperature 

records exist for these areas, field observations made ln June and July of 1991 

recorded snow on days that Eureka recorded raln, and ventlfacts were found 

to be plentlful in rocky areas. Also, sorne of these areas were observed to have 

large deflation surfaces Indicative of a dry, wtndy envlronment 

The relatlvely warm temperatures at Eureka resulted m active layer 

depths of between 30 and 60 cm ln early July 1991, whtle Ice wedge tops 

were measured at depths of 40 to 60 cm, whlch are consistent wlth active 

layer observations made in 1992 (Pollard, personal communication). Active 

layer thicknesses of between 50 and 80 cm for most areas near Hot Weathm 

Creek were measured in early July 1990 whlle extreme active layer depths of 

100 cm were recorded ln mOlst, low Iying areas and thaw slump fluors. At Hot 

Weather Creek in July, 1990, tops of Ice wedges exposed ln stream banks 

were measured at 50 cm depths, correspondlng ta current average active layer 
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Figure 2 2 Ice wedge top exposed at Eureka showlng shallower growth ln recent times. The 
youngest part of the wedge ln the centre IS 30 cm below the surface while the aider flanks 
are 40 cm deep This Implies that average ground temperatures have decreased in recent 
decades 



• 

• 

depths for that particular site, while ice wedge tops at Eureka were found at 

30 cm depths in 1991. Given the semi-annual nature of ice wedge growth, 

these depths correspond to recent maximum active layer depths. Sorne Ice 

wedges at Eureka showed tops at 40 cm depth with a central spike several 

centimetres across reaching 30 cm depth (FIgure 2.2), indicating that thaw 

depths were greater in the recent pasto 

Precipitation at both Eureka and Hot Weather Creek is very !imited, 

Eureka receives an average of 64 mm per year, 44.1 mm as snow and 23.4 

mm as rain (AES, 1982). Summer precipitation events tend to be isolated with 

only an average of 16 days out of June, July and August having rain or snow. 

2.2 STUDY SITES 

The study area is divided into five sections (Figure 2.3): Hot Weather 

Creek, Eureka, South Slidre, and South Fosheim-1 and -2. In ail, 28 sites were 

investigated, with ground probing radar surveys carricd out at Hot Weather 

Creek and Eureka. 

2.2.1 HOT WEATHER CREEK 

The 1990 study site at Hot Weather Creek (79°58'N, 84°28'\1\1) is 

characterized by rolling lowlands with above average temperatures and by 

relatively lush vegetation (Edlund et al., 1989). It is the location of a Global 

Change Terrestrial Observatory operated by the Terrain Sciences Division of the 
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Figure 2.3 Study raglon showing flve study areas and location of thaw slumps activa in 
1991 . 
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Figure 2.4 The thaw slump at Hot Weather Creek Iles wlthin an older, stabihzed slump with 
an eroded headwall (marked) 

Figure 2.5 Close-up of headwall .;e at Hot Weather Creek showlng banded Ice and siit 
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Geological Survey of Canada. 

Two points of Investigation were a bimodal thaw slump and a small thaw 

depresslon. 

The blmodal retrogressive thaw slump (described in Edlund et al., 1989) 

is located within what appears to be the stabilized scar of an older thaw slump 

(Figure 2.4). It was the main target of field studies carried out at Hot Weather 

Creek. The active slump and the stabilized scar occur on the outer bank of a 

meander in the creek. Other thermal erosion features on the outer bank in this 

area Included exposed ice wedges and a thermal erosional niche at the base of 

the stream bank. 

Massive ground ice and icy sediments were exposed in the headwall of 

the retrogresslve thaw slump. In June 1990, the east bowl of the active slump 

displayed a three meter headwall showing silty-sand overlying 1.6-1.9 + m of 

massive Ice containing silty bands. In places the banding was contorted and 

faulted. The contact between the massive ice and overlying clay was abrupt 

and unconformable. It truncated ice/sediment bands and elongated gas bubbles 

whlch were cloudy in appearance (Pollard, 1990) (Figure 2.5). 

Ice wedges up to 1.7 m wide and 3 m deep outcropped at various 

locations in the side of the stream channel and in the slump headwall. These 

displayed relatively fIat tops at depths of about 50 cm. 

The small sedge and cottongrass-filled thaw depression is located about 

25 metres 4South west of the Hot Weather Creek automatic weather station on 
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an elevated plain just west of the creek valley. The area features high centred 

ice wedge polygons five to ten metres in diameter and IS somewhat wlndler and 

cooler than the slump site according to field observations. 

Ground ice conditions described at Hot Weather Creek are simllar ta 

those encountered at most of the other study sites, except that thls site IS 

relatively small and isolated. 

2.2.2 EUREKA 

The area in the vicinity of the Eureka study site features a gently 

southward sloping plain which is cut by several southward flowing streams, of 

which Station Creek and Black Top Creek are the largest. As is seen at lower 

elevations elsewhere on the Fosheim, marine silts and fine sands form a blanket 

over poorly consolidated bedrock below 137 to 152 m (450 to 500 teet) 

e!c'.'at:o~. It is within this ~Ianket that ground ice has been most frequently 

observed (Figure 2.6). 

Most of the eight exposures of icy sediments and massive ice at Eureka 

occur on the shallow, north facing slope of an asymmetrical valley just north 

of the AES airstrip, unofficially named Stnp Creek. These exposures occur ln 

relatively shallow thaw slumps which, given the local abundance of vehlcle 

tracks and scarring by bulldozers, may be anthropogenically Induced. 

The largest active slumps in this study area occur on Station Creek and 

farther north on Strip Creek. These are located on steop southwest and east 
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Figure 2.6 Two thaw slumps in the Eureka area whlch IS charactenzed by rolling lowlands 
cut by asymmetncal valleys Black Top RIdge, a locallandmark, Iles ln the background . 
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facing slopes in areas undisturbed by vehicles. However, in ail cases, the 

presence of the streams nearby suggests that fluvial erosion may play a part 

in slump initiation. 

No ground ice exposures were observed more than a few kilometres from 

Eureka, despite extensive ground and air reconnaissance north of the whole 

length of the fiord. The olevations of these sites range from 29 to 82 m a.s.l., 

averaging 48 m a.s.1. 

2.2.3 SOUTH SLiDRE 

Seven ground ice sections were identified on two northward flowing 

creeks on the sloping plains south of Slidre Fiord. These exposures faced 

roughly east and north of east, and layon the steep slopes of two asymmetncal 

valleys between 61 m and 98 m a.s.l., averaging 84 m a.s.1. Several inactive 

slumps (displaying headwalls but no active thaw) and slump scars (with 

stabilized headwalls and Hoors) were also seen on other steep creek banks ln 

the vicinity of the active slumps, indicating that fluvial erosion may expose icy 

sediments, leading to thermal erosion. 

2.2.4 SOUTH FOSHEIM-1 

This area is characterized as a rolling lowland cut by deep and often 

asymmetrical valleys controlled in part by the underlying geological structure. 

A sediment blanket of variable thickness covers poorly consolidated bedrock 
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below about 150 m a.s.1. Surficial materials consist of fine sand and silt with 

shell fragments in several locations. Beach deposits of silts and rounded 

pebbles form terraces up to one kilometre inland at altitudes of up to 110 m 

a.s.1. (Figure 2.7). These deposits merge with colluvial silts and boulders 

eroded fram rocky ridges upslope. 

Vegetation is generally sparse in this dry, windswept region. Locally, 

sorne valleys support relatively lush vegetation along their floors and on their 

shallower slopes. These amas are noticeably wetter and are quite hummocky. 

Aerial and ground reconnaissance revealed seven active retrogressive 

thaw slumps and several stabilized slump scars of various sizes and orientations 

between 28 m and 101 m a.s.l., averaging 56 m a.s.l, and within five 

kilometres of the southern coast. Both the active and the stabilized slumps 

occurred in relatively steep creek banks, som3 of which showed signs of fluvial 

undercutting and bank collapse. In sorne areas, creek bank collapse was seen 

ta increase bank slopes along extensive lengths. Thermal-erosional 

undercutting was not observed ta be actively occurring in this area, however. 

2.2.5 SOUTH FOSHE~M-2 

This area ;s similar ta South Fosheim-1 in terms of physiography, but it 

is slightly damper and hummocky vegetated areas are more widespread. 

Six active and several inactive sites were identified within a few 

kilometres of the coast. Several of the stabilized slumps contained damp spots 
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Figure 27 Vlew trom a ralsed beach ndge located one kilometre mland and 110 metres 
above Eureka Sound ln the South Foshelm-1 area Beach deposits slope straight dcwn to 
sea level. Note distant river valley at lower left 

Figure 2.8 A large (50 m wlde) thaw slump ln the SF-1 area showing ice nch sllt overtying 
massive ice. 
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and were known to have been active in 1990 (Pollard, personal 

communication). In many cases, slumps may become stabilized for several 

years and then be reactivated or may show limited activity in late summer. The 

presence of damp spots or seepage indicates meltlng of ICy matenal and a 

potential for massive ground ice. The active slumps were found between 41 

and 60 m a.s.\. at an average altitude of 48 m a.s.1. on relatively steep valley 

slopes facing south and east. 

Surprisingly, no thaw slumps or other ground ice exposures were seen 

in the extensive lowlands to the north of this area. As this area IS geologically 

similar to where slumps have been seen, ground ice may be present but is not 

expcriencing thaw. If so, this will bias any ground ice distribution survey that 

relies on naturally occurring thaw-related exposures. 

2.3 SUMMARY 

The Fosheim Peninsula features ridges and valleys with plateaus and 

minor lowlands blanketed by unconsolidated fine grained marine sediments of 

varying thickness. These overlie poorly consolidated fine grained clastic 

bedrock of Triassic to Jurassic age to the west, and of late Cretaceous to 

Tertiary age to the east. The area appears to have undergone deglaciation prior 

to surrounding regions, or to have escaped late Wisconsinan glaciation 

completely 1 which would imply a long period of cold conditions. Crustal 

depression due to ice masses adjacent to this arC3a resulted in a present marine 
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limit at 137 m a.s.1. in the central Fosheim, with slightly lower values ta the 

south. 

This marine regression and the subsequent aggradation of permafrost ta 

its present thickness of about 500 metres may have resulted ln the widespread 

formation of ice rich sediment and massive ground ice ln areas below 137 m 

elevation (Pollard, 1990). 

Ground ice is exposed primarily by retrogressive thaw slumps which may 

be initiated by fluvial erosion or anthropogenic factors such as vehicle actlvlty. 

Numerous active layer detachment slides may not be deep enough to initiate 

thaw slumping. Thus far, massive ground ice has been observed pnmanly ln 

unconsolidated overburden, and only in one location in bedrock (Pollard, 1992, 

personal communication 1. 

However, ground ice distribution has been mapped solely on the basls of 

natural exposures in features whose initiating factors are not clearly 

understood. Thus the present knowledge of ground ice distribution is biased 

by the distribution of retrogressive thaw slumps, 50 that only areas where 

ground ice is degrading have been identified . 
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CHAPTER 3 METHODOlOGY 

3.1 INTRODUCTION 

This project was primarily a field study supported by laboratory analysis. 

Field work was carried out over three periods in summer 1990 and 1991 and 

autumn 1991. Two compllmentary survey methods were used ln the field to 

gather data on ground ice. A geoJ,jhysical method using ground probing radar 

(GPR) was employed at three sites in an effort ta determine the local extent of 

ground ice and to evaluate the GPR system as a tool for high Arctic permafrost 

research. In conjunctlon with this survey technique, standard geological and 

geomorphological techniques were adopted to map ground ice occurrences and 

their stratigraphlc relationships with the surrounding sediments. The 

methodology involved in the GPR surveys and data analysis is discussed in 

section 3.2 and the geological methods and lab procedures are described in 

section 3.3. 

3.2 GROUND PROBING RADAR SURVEY METHODOLOGY 

Ground probing radar surveys were performed at two sites at Hot 

Weather Creek in July 1990 using a Pulse EKKO III GPR unit (Figure 3.1) 

manufactured by A Cubed Inc. (now Sensors and Software Inc.) of 

Mississauga, Ontario. This survey was carried out in cooperation with the 

Terrain Science Division of the Geological Survey of Canada as a follow up ta 

preliminary surveys carried out the year before. In October 1991, a site north 
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Figure 3 1 The Pulse EKKO III ground problng radar wlth two 50 MHz antennas (long white 
obJects) to whlch are attached the transmltter and recelver, and the control unit (mcluding 
tape storage devlce) wlth a 12 volt battery ln the foreground The Pulse EKKO IV uses a 
laptop computer as a control console 
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of the Eureka air strlp was investlgated using a prototype Pulse EKKO IV-H 

borrowed trom the Centre d'études nordique of Laval University ln Quebec City. 

3.2.1 PREPARATION 

At Hot Weather Creek, two survey grids that incorporated the previous 

year's sl/rvey were laid out (1), near a retrogresslve thaw siump and (2), on an 

undisturbed plain featuring ice wedge polygons. General topography of the grid 

was surveyed uSlng a hand he Id Abney level, while the relative positions of the 

lines were surveyed using a plane table. Distances along the lines were 

measured wlth a nylon survey chain. Positions of the survey grids at Hot 

Weather Creek were flxed relative to the thaw slump using one metre square 

targets which were visible on low level aerial photography taken later in the 

summer. 

One retrogressive thaw slump identified in July 1991 north of the Eureka 

air strip was selected for a GPR survey carried out in October 1991. Although 

October on Ellesmere Island was not considered to be the best time for a GPR 

survey in th,s environ ment, timing was determined by equipment availability 

and space on the Eureka supply flrghts from Resolute Bay. 

A grrd was laid out over snow of 5 to 30 cm depth surrounding the 

multiple lobes of the thaw slump, and was surveyed w;th an Abney level. 

Given the relative absence of surface variations in the vicinity of the slump and 

the extreme weather conditions, it was decided that absolute positioning at the 
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time of the survey was not cntical. Visual estimates of IIne positions relative 

to each other and to the slump were made. Line distances were measured wlth 

a survey tape, and ail intersection points were recorded. In 1992 a Magellan 

Global Position mg System accurate to wlthm 30 m was lIsed by Poila rd ta 

determine survey positions at this site. Site Investigations included 

measurements of snow depths at various pOints along the survey Imes. 

Permanent makers placed around the slump ln the summer of 1991 to measure 

retreat rates were incorporated into the survey gnd. 

3.2.2 EXECUTION 

At Hot Weather Creek, low freQuency 125 and 50 MHz) surveys were 

carried out over a relatively large area to gain a general view of the stratigraphy 

to a depth of 15 to 25 meters. The 50 MHz antennas yielded medium vertical 

resolution 140-50 cm) images of the one to 15 meter depth range lassurnmg a 

radar wave ground velocity of .10 m/ns). These were used chlefly to identlfy 

and trace an ice-rich layer and to locate Ice wedges. The 25 MHz surveys 

yielded low resolution (70-80 cm) images of the 4 to 25 meter depth range. 

These were useful in determining the deeper structure in the area, including 

local dips and strikes calculated from apparent dips visible on intersecting 

profiles. 

Near surface studies were attempted by other researchers ln 1989 uSlng 

100 MHz antennas, but "ringing" Irepetltlve reflections between two closely 

59 



• 

• 

space objects or boundaries) ln the well-developed active layer and possibly 

between the antennas obscured most of the data. The 200 MHz antennas 

used ln 1990 overcame much of thls problem, and high resolutlon (== 10 cm) 

images were obtalned for the .25 to 2 meter depth range. These surveys were 

carned out on a closely spaced gnd within the old slump scar in an attempt to 

map the top of the Ice mass which was melting in the reactivated slump. 

More widely spaced surveys were carried out on the undisturbed plain at the 

Automatlc Weather Station site ln order to investigate active layer variations 

across a two year old active layer detachment sllde scar and to image ice 

wedges near a developing thaw pond. lJnfortunately, the equipment failed 

partway through thls survey, ending the field season a day early. 

At the Eureka air strip in 1991, two identical sets of 225 MHz high 

frequency surveys were conducted. The tirst survey experienced excessive 

nOise introduced by faulty coaxial cable connectors between the control 

console and the antennas (a problem with the prototype which has since been 

corrected), and ringing between the antenr:BS. The problems were remedied 

by modifying the antennae construction to increase their separation, and 

ensuring sufficient slack in the five meter connecting cable. Upon inspection 

of the second data set it was discovered that while previous problems had been 

solved, ringing was now occurring within the snow layer and between the 

antennas and the control unit or the twelve "olt battery. After allowing 

sufficient slack in the cable to protect the connectors, the antenna-control unit 
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separation was only three and a half meters. Glven the snow conditions at the 

air strip site, It was decided that another site sorne kllometres away mlght offer 

better results. Thus 011 the second to last day of the field period, after more 

modifications and repairs had been made to the unit and after a nmety minute 

trip across rough tundra in a tracked vehlcle, a survey was started at a ttlaw 

slump identified as EU-9 trom the summer study. The unit talled on the thlrd 

trace, possibly due to the rough transport despite the extensive precautions 

taken to avoid damagE!. 

3.2.3 DATA PROCESSING 

Pulse EKKO III data was stored on cassette in the field by the radar unit. 

Upon return to the GSC offices in Ottawa, the data was transferred to dlskette 

through a Hewlett-Packard computer using the program EKKO DISK by A 

Cubed Inc. The data records were edited at this point and bad traces dlscarded 

or replaced with traces of zero value. A descriptive header file for each data 

file was created at thi:s stage. The Pulse EKKO IV system software allows this 

to be done in the fielcl. 

Further procE!ssing of the data was carried out at the same facliities using 

EKKO PLOT, also by .A.. Cubed. This program was used to fllter traces with a 

low pass filter, and to apply various gain functions to the displayed data 

without modifying the stored data. Hard copies of the radar profiles were 

produced using thi5i program . 

61 



• 

• 

Ali of the Pulse EKKO III data was later converted to DOS format by GSC 

staff for use on more readlly avallable IBM compatible PC desktop computers 

wlth the Pulse EKKO IV software by Sensors and Software Inc. This software 

package allows more complex flltenng and enhancement, as weil as editing and 

topographlc correctIons. Most of the data collected ln 1991 was processed in 

the field wlth software slmllar ta this. 

Processlng Involved two mam functions; filtering and gain application. 

A low pass filter was passed down each trace to remove high frequency noise 

and smooth the data. This filter was an N-point running average with a 

window length set by the user. In general, a window length of two points was 

used for the hlgher frequency data, while as many as ten points were averaged 

in the low frequency traces. Horizontal features in the profiles were enhanced 

by averaging a specified number of traces to either side of each trace. Usually 

no more than three trt.;es were averaged together. 

Both constant gain and automatic gain control functions were applied to 

the data. AGe was found to be more useful on profiles where interference 

trom the radar hardware was a problem, as this method could be used to 

compensate for system noise. Constant gain functions were used more to 

enhance deeper reflectors in the low frequency surveys where system noise 

was less evident and relative reflector strengths were important. 

Vertical enlargement of the high frequency profiles ta enhance fine 

details in the top two to three metres greatly aided interpretation. This func:tion 
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was used extensively with the October 1991 data, as a problem wlth the radar 

caused the flrst 60 ns of each trace to be repeated at 120 and 180 ns, thus 

overwritmg the deeper reflections (ie. no data IS available for depths greater 

than about three meters). 

The resu/ts of the GPR surveys are presented in chapter four. 

3.3 GEOLOGICAL SURVEY METHODOLOGY 

This stage of the project involved a more conventlonal approach to 

ground ice investigation and focused mainly on retrogressive thaw slumps. The 

program involved reconnaissance by air and by land to identlfy potentml stlldy 

areas, measurement and sampling of the sites, some shallow dnlltng, and 

laboratory analysis of collected samples. 

3.3.1 FIELD PROGRAM 

ln the summer of 1991, helicopter reconnaissance was condllcted over 

the Fosheim Peninsula south and southeast from Siidre Fiord to Eureka Sound, 

and east about 25 km up the Siidre River valley. Several areas of actIve 

thermal erosion and thaw slumping were Identlfied. Many of these sItes were 

investigated on the ground over the following weeks. 

Original plans for ground probing radar surveys of several of these sites 

had to be abandoned due to the unavailability of a GPR unit. Thus most sites 

were investigated using only conventional geological and geomorphologlcal 
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techniques. Physlcal dimensions of the thaw slumps were measured with a 

survey tape and a Silva compass inclinometer. A surveying altimeter was used 

to flx site altitudes relative to sea level at the South Foshelm sites, and relative 

to Eureka air stnp (elevatlon 78 m a.s.l.) ln the Eureka area. 

Soli and Ice samples were collected for later analysis in Montreal. 

Surface 5011 samples were taken at many sites and selected thaw slump 

headwalls were sampled at regular intervals (typically 50 cm) down their faces 

to develop Ice content profiles of representative stratigraphies. Samples were 

sealed in plastic bags and welghed in the field. 

Whlle drill data would have been a welcome addition to the collected 

information, no drilling program was planned for 1991. The reason for this 

omission IS that thls project is part of a larger study being carried out over three 

years which is only ln its Initial, reconnaissance phase. Therefore logistics and 

field schedules were designed such that a large number of sites might be 

investigated, a goal which was not compatible with a drill program. 

Given the nature of the observed stratigraphie relationships of the ground 

ice, fairly deep holes (5 + m) must be drilled to sample through these ice layers. 

An entire field season should be dedicated to drilling with equipment capable 

of attaining these depths. Some drill core data is available trom the 1990 

season at Hot Weather Creek, as weil as sorne 1973 core logs from a site near 

Eureka . 
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Ice and icy soil samples collected in the field were tested for Ice content. 

Ali samples were weighed ln the field prior to shlpment to Montreal. Upon 

arrivai in Montreal, thawed samples were drained and the fl/tered supernatant 

water stored at 3° ta 5°C for later analysis. The fllters and the sediment were 

then oven dried to determine gravimetric moisture contents. These values were 

then converted to volumetric ice contents uSlllg Poila rd and French' s (1980) 

equations: 

V'C. = MC (P)(1.09) [3.11 

where Vice = ice %vol. 

MC = gravimetric moisture (% dry wt.) 

p = ave. bulk density (silt = 1.45 g/cm 3
) 

, .09 = volume change on freezing 

Vic. = MC (1.09) 13.21 
MC (1.09)+(1/P) 

where P = ave. particle density 

Average particle dE.'llsity is assumed by Pollard and French (1980) to be equal 

to 2.6 g/cm3 for sediments on Richard's Island, N.W.T. This value IS used here 

as the sediments are similar. 

Assuming that silt has 44% void space (Kezdi, 1974), when mOlsture 

content is 28% by weight, ice volume equals 44% fram equation 3.1, 

indicating that ail of the vOid space in the sample is fi lied with Ice. Above 28% 
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moisture content, Ice volume exceeds void space, and eQuation 3.1 no longer 

applles. Equation 3.2 is therefore used where excess ice eXlsts (Pollard and 

French, 1980). 

Filtered water trom icy sediment and pure ice samples Wert1 tested for 

pH and Total Dissolved Solids (TDS) using the Hanna model 624-00 pHep 

meter and the model 661-10 DIST 1 ATC Dissolved Solids Tester. The pH 

meter has a precision of ±.2 while the TDS meter is rated at ± 2%FS with ail 

measurements automatically corrected to 20°C (lab temperature was 20°C to 

21°C). Where TDS concentrations exceeded the 1990 ppm upper range of the 

tester, the samples were diluted with distilled water. The pH meter was 

periodically calibrated in a buffer solution of pH 7.0 to correct for instrument 

drift. 

3.3.3 ATTERBERG LlMITS 

The liQuid limit of a soil is defined as the gravimetric moisture content (% 

dry welght) at the boundary between liGuid and plastic states, while the plastic 

limit is defined as the mOlsture content at the boundary between solid and 

plastic states (Wray, 1986). 

To determlne the liquid li mit, sail samples were crushed using a rubber­

tipped pest le and mortar, and were moulded wet into the bowl of a Casa grande 

device with the surface of the sample parallel to the base of the instrument. 

A grooving tool was used to divide the sample into two sections. The bowl 

was repeatedly dropped a predetermined distance to the base until the two soil 
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sectIons joined along a distance of at least 25 mm. If the number of blows 

was between 10 and 40, the sélmple was then weighed and oyen dried to 

determine the mOlsture content. This process was repeated three times for 

each 5011 sample and the results plotted as gravimetric moisture content on an 

arithmetlcally scaled y-axis vs the number of drops or blows on a log x-axIs. 

Aline was fitted to the data and the liquid limit determined as the moisture 

content corresponding to the 25 blow value (Figure 3.2). 

Plastic limits were then determined as the moisture content at which a 

sample could be rolled into a thread 3 mm in diameter without breaking. This 

process was repeated three times per sample and the average taken. 

The Plasticity index was then determined for each sample by subtracting 

the value of the plastic limit from that of the liquid limit. 

3.3.4 GRAIN SIZE ANAL YSIS 

Samples were crushed as above and were wet sieved through four sieves 

of openings 1.19, .597, .150, and .075 mm (ASTM # 16, 30, 100, and 200). 

The portion of the sample passing the # 200 sieve was analyzed by a 

hydrometer test using an ASTM 151 H hydrometer. The procedures set out in 

Lambe (1951) and Wray (1986) were followed and the work was carried out 

at the McGili Geography Department and at the Centre for Geotechnical Studies 

laboratory, McGill University . 
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CHAPTER 4 RESUL TS 

4.1 ORGANIZATION OF RESULTS 

Ground probmg radar and stratigraphlc survey results are presented 

separately so that differenc~s between the 1I1formatlon types may be clearly 

seen. GPR offers a less detailed view over a larger area whlle conventlonal 

methods provide locally detailed information whlch must then be extrapolated. 

Both methods compliment each other. Another reason for presentmg the 

results separately is that the two methods were undertaken 1I1dependently at 

different times and sites due to logistlcal limitations and the restncted 

availability of the radar equipment. 

4.2 GROUND PROBING RADAR SURVEYS 

The quality and value of GPR survey results vanes greatly between Hot 

Weather Creek and Eureka due largely to dlfferences 111 eqUipment élnd 

transmission centre frequencies. Ground conditions such as freeze/thaw state 

are also important, but are secondary in thls particulêr instance, and lithologlcal 

differences are relatively unirnportant as both areas are similar. 

4.2.1 HOT WEATHtR CREEK 1990 

Surveys were conducted at centre frequencies of 25, 50, and 200 MHz 

in 1990, and at 100 Mhz by other workers in 1989 (Figure 4.1). Attenuation 

of the higher transmitted frequencies was very pronounced due to the fine 
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grained nature of the 5011 and the high mOlsture content of the 50 cm te 80 CIll 

thick active layer at Hot Weather Creek ln July 1990, Thus, the 25 and 50 

MHz profiles were more sUltable for deeper proflllllg. Typlcal depths of 

penetral;on at 50 MHz were 10 to 15 metres assumlng an average radar Wélve 

velocity of .10 meters per nanosecond (Kft=9.0). This velocny was denV(~d 

from several common mld pOint (CMP) surveys conducted at 50 and 100 MHz. 

Figure 4.2 shows the results of one CMP survey and the derived veloclty 

structure of the subsurface. The relatlvely high velocltles of .15 and .16 m/ns 

below six and ten metres respectively are indicative of Ice nch sediments wlth 

very little unfrozen water present. A value of .10 m/ns was chosen as a 

representative velocity to reflect the wldespread presence of sllt and clay III 

thaw slump exposures, as these mate riais display lower velocitles. 

Figure 4.3 shows a 50 MHz profile runmng from the active slump 

headwall on the left, up a gentle slope over the old slump headwall at statloll 

125 (distances in metres), and onto an undisturbed nlaln of Ice wedge 

polygons. The two reflectors at the top of the profile are respectively the air 

and direct ground wave signatures. In places where the ground wave veloclty 

is high, the ground wave is lost ln the air wave signature. This IS more 

apparent on the second profile Figure 4.4 whlch is over level ground. 

The stacked hyperbolic curves (Figure 4.3) trom 150 to 250 ns at station 

196 are typical of the reverberant trains created by the presence of Ice wedges. 

Ice wedges 1.7 m wide and 3 + m deep were exposed by a stream bank 
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collapse ln thls area. A surface trough characterrstic of an Ice wedge was 

recorded dUring the survey at thls location. Simllar features can be se€~n at 

stations 1 30 and 164. The latter station 15 located on a slope wherra no 

surface features indicative of an Ice wedge ""ere observed. Mackay (1963, p. 

49) states that ice wedges can be obscured by the downslope movement of 

SOli materla! without the destruction of the wedges thernselves. Thus the GPR 

can be used to detect buried Ice wedges. The late arrivai of the reverberatlons 

must not be tnterpreted as the depth extent of the Ice wedges. Internai 

reflectlons and scattering of the radar wave by the ice wedge results in these 

anomalous travel tlmes (Arcone et al., 1982). 

On this and other 50 MHz surveys, areas of increased penetration can 

be seen where ice wedges occur. As mentioned earlier, Davis and others 

(1976) observed a Slmilar phenomenon over ice wedges in clay till at Invo/uted 

Hill, N.W.T. The ice was found to act as a window through the radar-opaque 

materia/. At Hot Weather Creek, penetration was increased from 10 metres to 

between 1 5 to 20 metres. Increased penetration depths under ice wedges 

were also observed on the 25 MHz profiles, although to a more limited extent. 

The strong reflector seen at about 40 ns (2 m depth) in Figure 4.3 is 

interpreted as being the top of a massive ice or continuous ice-rich layer 

extending to depths of six to eight metres. This layer appears ta be free of any 

laterally extensive reflectors which can be imaged at 50 MHz. Given the 

continuous nature of the upper boundary of this layer, and its relatively 
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constant depth, it may represent a former thaw unconformlty slgnlflcantly 

below the present maximum thaw deptt:; of about a hait to one metre as 

indicated by nearby exposed Ice wedge cross sections. This Implles that the 

thaw unconformity and the ice-flch layer predate the currently active 1 to 2 

metre wlde Ice wedges. The base of thls layer appears to be dlscontmuous and 

undulating, possibly indicattng a gradational boundary. 

St rata observed in 50 MHz profiles on lines 1 and 4 wlth apparent dlps 

ta the north and east were calculated to dip about 10 degrees to the northeast. 

Several shallow hales were drilled using a CRREL permafrost COrlng kit. 

These cores revealed the presence of ice-nch silt wlth clay and massive Ice 

layers several centimetres thick. One hole was drilled in a hlgh-centred Ice 

wedge polygon at the intersection of profiles 1 and 4 which showed ice-bonded 

sand and detrital coal with minor silt displaying contorted lamtna. Only mlnor 

amounts of ice were visible in this 2.23 m deep hole. While several holes were 

drilled, none were deep enough to sample the layer below the strong radar 

reflection. Since the radar data could not be processed in the field with the 

Pulse EKKO III system, coreholes were not targeted to any speclflc depth wlth 

the result that at least one ho le appears to have stopped just short of a massive 

ice layer. 

The termination of the layer at the old slump headwall Indicates that It 

probably predates the slump. If it IS an ice-rich layer, its melting hkely 

contributed to the formation of the old slump . 
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Several surveys were also earried out at 25 MHz. This frequency 

provlded very good results for deeper stratigraphie interpretation. Typlcal 

depths of penetréltlon were 25 metres, agaln assumtng an average veloclty of 

10 m/ns, wlth penetrations of up to 30 metres through Ice wedges. 

F gure 4.5 shows two profiles at 25 MHz. Fairly homogenous 

stratigraphy can be seen, displaYlng dlscontinuous lamina wlth no strong 

structural dlsconformitles. The reflections may be due to varratlons ln Ice 

content, or ln grain size such as clay layers in silt or sand. The apparent cross­

bedded structure vIsible in some of the profiles suggests an alluvial environment 

of depositlon. 

The base of the ice-rich layer appears as a weil defined, irregular reflector 

betweeli 5 and 7 metres depth in these 25 MHz profiles. In contrast to the 50 

MHz profiles, here the base of the icy layer appears sharper. However, it 

remains discontinuaus and in places seems ta cross-cut other reflectors. 

4.2.2 EUREKA Oll TANK FARM 1991 

A ground probing radar survey using a high frequency prototype radar 

unit was carried out over three weeks in September and October of 1991 at the 

Eureka weather station on Ellesmere Island, N. W. T. The aim of the survey was 

to assess the application of utilizing GPR to locate and track an oil spill as it 

dlspersed down slope within the seasonally thawed layer of soil above 

permafrost. The spill occurred in early 1990, and involved several thousand 
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Figure 4.6 The Eureka tank farrn survey was carned out to the west (Ieft) of the tank 
assembly above the sCélrp The tank farm is to be replaced bya new assembly to the east 
of the current location, farther from the statlon's water supply which 15 located 150 m 
southwest of the present tank farm location. 
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litres of winter-grade diesel oil. Given the dielectric and phase propertles of 

water and diesel 011, it was assumed that If the 0" remalned ln the soli m any 

significant quantity, a geophysical method such as GPR would provlde a qUlck 

and easy way to determine whether or not the 011 mass threatened the statlon's 

drinking water supply located 100 to 150 metres down slope to the south west 

of the station tank farm. As of Oetober, 1991, no eVldenee of the orlgmal 011 

spill was visible on the surface, th us the survey was arranged to Intersect the 

oil as it migrated down slope trom the tank farm (Figure 4.6). 

Unfortunately, no oil was conclusively identified in the survey. One 

possible reason is that after a year and a half, the 011 had dispersed and 

evaporated to the point where it was no longer concentrated enough to be 

deteetable. In view of the fa ct that most of the eontaminated soli was 

removed shortly after the spill (O'Connor Asse., 1990), this is the most likely 

possibility . 

It should also be noted that difficulties were encountered wlth the GPR 

hardware and software. The system used for this survey was a prototype 

Pulse EKKO IV-H hlgh frequency GPR with centre frequencies of 225. 450, and 

900 MHz, which was being tested for Sensors and Software Inc. Bemg a 

prototype, there were several problems with the unit whieh resulted in poor 

quality data. These problems have since been dealt with by the manufacturer. 

Despite these difficulties. sorne interesting features were seen in the near 

surface record. The Pulse EKKO IV-H system uses higher frequeneies than the 

81 



• 

• 

Pulse EKKO IV unit, enabling It to detect shallow features wlth much greater 

detall. It is especlally useful for active layer studies when the 900 MHz 

antennas are employed. No reflectlons fram unfrozen pockets of the active 

layer were observed either ln the area affected by 011 or ln an unaffected area, 

Indicatlng that the oil hao not prevented the treeze back of the soil. (The 

presence of oil was confirmed by a strong fuel odour in sha',low (5 cm deep) 

ho les whlch were dug at the time of the survey.) 

That the oil did not appear to affect freezing characteristics concurs wlth 

observations made by Mackay and others (1979) concerning experimental spills 

of crude oil on both tundra and taiga soils. In that study, no change in the 

Insulating characteristics were observed beyond those caused by the lowering 

of albedo by ollon the surface. The test spills were not large, on the arder of 

720 to 1800 litres. Active layer depths were also found to be unaffected after 

a 200 litre spill on tundra near Tuktoyaktuk (Mackay et al., 1974). 

4.2.3 EUREKA AIRSTRIP 1991 

The hardware problems that plagued the Eureka tank farm survey also 

affected the airstrip survey which was carried out at the same time. This work 

was centred on slump EU-6, a multi-Iobed slump located on a gentle north 

facing slope."ear the Eureka airstrip which features a two ta three metre high 

headwall showing ice-rich permafrost in sandy silts and clays (Figure 4.7). The 

results of the 225 MHz surveys were further degraded by the presence of 
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Figure 4 7 Site of the Eureka Air Stnp GPR survey Survey gnd was laid out above the 
slump headwalls Note presence of stream and vehlcle tracks whlch predate the slump 
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between 15 and 100 cm of dry, windpacked snow, over a very hummocky soli 

surface; however, several Interestrng features can be seen. 

The base of the actIve layer ln October can clearly be seen on the profIles 

as a strong, contmuous reflector at about 8 ns correspondlng to a depth of 

about 40 cm, assumrng a radar wave veloclty of .10 m/ns. The base of the 

surface frozen layer 15 not vIsible as it 15 rnterfered Wlth by the direct ground 

wave arnval at 5 ns, correspondrng to the 50 cm antenna separation. 

The top of an Ice-rich layer containing massive Ice ln one of the lobes of 

the slump can be traced fram the headwall along the length of a 25 m profile 

as It varies in depth from 1.25 m to 1.0 m (Figure 4.8). Several Internai 

retlectlons in thls layer are also evident which are caused by bands of sediment 

and gas bubbles. The base of the Ice layer is not visible in the profile whlch 

only extends ta a depth of 3 m due to a problem with the radar system. 

Also shawn in Figure 4.8 are the patterns created by reflected and direct 

wave arrrvais through the air, snow, and soil. the velocity of radar waves in 

dry snow IS only slightly slower than that through air, thus the direct air and 

snow waves arrive almost simultaneously, with the reflected wave from the 

snow base arnving next. These are followed by the direct wave through the 

soil (the "ground waveR). 

Another profile which runs from east to west across the slope above the 

slump shows eVldence of an earlier erosional feature, possibly a mud flow 

(Figure 4.9). The top of the icy layer mentioned above is visible at a depth of 
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about a metre, and is fairly fiat, but it does not appear to extervj mto an 

apparently dlsturbed area between stations 0 and 12. This part of the profile 

lacks any coherent structure and may represent a massive silt and clay flow 

deposlt. 

Internallayenng ln the massive ice IS visible in most of the profiles of this 

area (Figure 4.10). The thm, weil defined boundartes about 15 to 25 cm apart 

form a wavy, sub-parallel pattern whlch often extends to the base of the profile 

wlthout any slgmflcant dlscontlnuitles. This pattern is markedly dlfferent from 

that observed at Hot Weather Creek and seems ta indicate that this ice body 

has not been dlsturbed thermally. There are no cross-cutting reflectors that 

would suggest a thermal erosion surface, and no such features were seen ln 

the exposed headwalls of this slump. This is also true of the top of the ice 

layer, whlch seems to grade into the ice-rich clay layer above it. 

4.3 GEOLOGICAL FIELD SURVEY 

Twenty-eight retrogressive thaw sJurnps were identified by helicopter and 

ground reconnaissance within the study area. These slumps were found to 

occur in five areas, and were therefore identlfied by this grouping (Figure 4. 11). 

The areas were labelled Hot Weather Creek, Eureka, South Siidre, and South 

Fosheim 1 and 2. Several parameters were measured at each site, including 

ALTITUDE, LENGTH, WIDTH, CIRCUMFERENCE, HEADWALL HEIGHT, 

HEADWAll SLOPE, and the slopes ABOVE, BESIDE, and on the FLOOR, of the 
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TABLE 4.1 

• TRAM SLUMP DIMENSIONS, 1991 
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-.:;~':F Hea'J.·Ii".~,:, E':':')r Abc'Je ae:~ol -- . ;l r - .,.. - 22 0 
J"'-_r~ , ~ - ~ 

.; L. ~ 

'3F-_3 22 - 6 ~ 

:F-:r:: 39 '; J 3 
3f-:::- ., , 5 ~ J J J 

3F-:'S .,5 5 7 Î 

... r - -. 70 8 
':?-:tJ 50 :'8 J 
3ë-2AI 80 5 25 :'J 
3F-2A:: ::: 87 :'0 a 40 
SF-2B 80 5 :'0 . :; 

... "" 
SF-2C 80 10 "1 13 
SF-2D 70 10 10 20 
SF-2E 50 5 10 17 
SF-2F l 45 2 10 10 
sr-2F II 35 5 2 
SS-l 62 a 5 8 
EU-l 60 5 26 27 
EU-2 75 
EU-3 35 10 
EU-4 la 
EU-6 35 a 5 
EU-7 20 0 8 8 

NB. SF-l -South Foshe.i.m - 1 
5F-2 . South Fosheim - 2 
55 '" South Slidre 
EU =< Eureka 
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ln d::(' f,l 1; "" 1990 (lnd 1991 SltP.S whlch were Investlgated dlrectly 

several sitElS \ . , • t lied fro,î 1 rllrphotos taken ln /,959 of the entlre study 

area at l' 6C 000 ''\c2.ie. 1 la fram lt/lers taken ln 1982 .mti 1986 111 the Eurekd 

area at at,.-out T 'L1QOO From rhese phmos dnd tram 1 50 000 sCdlp 

topographie mups, r . \ ". 'l' "fltS of AliITUDE, LENGTH. and WIDTH wcre 

obtained. 

4.3.1 RETROGRE$~_I'vE T?i'ù'.' SlUMPS 

4.3.1.1 PAST THAW SlUMP DISTRIBUTION 

Analysis of 1959 atrphotos wlth a scannlng stereoscope at 4 5x 

magnification ravealed several apparently active slumps, The relatlvely 10"" 

resolution of these reconnaissance mapptng p"otos coupled wlth thelr small 

scale (1 :60 000 nominal) made Identlfylng these features very dlfflcult ilnd 

biased the survey towards larger slumps. The easiest dimension ta mea'iure ln 

the photo was the width of the slumps, owing to the contrast between the 

dark siump floor and the light, dry ground above the headwall. Thus when 

these parameters are compared for 1959 and 1991, it can be seen (Figure 

4.13) that the larger slumps (image slze over 1.5 mm or 90 ni widthl tend ta 

occur in about the same abundance in both years. The smaller ones are 

understandab:y under-represented in the 1959 sample, but If the larger 51umps 

are an indication. the total number of active slump5 ln the two years 15 about 

• 92 



TABLE 4 3 

• THAW SLUMP DIMENSIONS, 1959 - 1986 

- ~r ;":''':''':-.6'1e :'e:--.g::: 'IL:::::..:: ................ t-' 
I~ ~3 _) (i") (:':1) 

:::ë:- :'-53 j:' .. ~ 
.J.J -

:::F:'-2-';9 3:' _n 
~ v 3'] 

.:r:-3-53 4 .. 158 

.3f:'-4-S9 38 3e 3e 
3F2-1-5j 3:1 30 :'5 
.3F2-2-S3 30 6e 
HWC-59 76 :'20 90 
E!;-lO-59 45 60 
E')-1-l32 38 :'4 14 
EU-2-l32 38 
EU-A-136 61 11 16 
EU-)-86 46 13 17 
EU-2-86 61 13 43 
EU-3-86 38 27 20 
EU-4-86 76 20 20 
EU-5-86 76 20 20 
EU-6-86 38 14 14 
EU-7-86 53 7 13 
EU-8-86 53 13 13 

NB, sn South Fosheim - l 
SF2 ,. South Fosheim - 2 
EU '" Eurekil 
HWC '" Hot ',oJeath~r Creek 
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SLUMP WIDTH DISTRIBUTION 
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Figure 4.13 1959 and 1991 observed thaw 51ump w"hs Indlcale that smaller slumps are 
under-representad in the 1959 airphotos. Judging by the larger slumps (45+ m), the 
probable number of thaw slumps active in 1959 is comparable to 1991 . 
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SLUMP WIDTHS FOR EUREKA 
1986 and 1991 
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Figure 4.14 Thaw slump widths at Eureka detennined 'rom 1986 airphotos and 1991 field 
observations indicate little change in slump size distribution . 
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the same. This assumes that the slze distribution ln bath years IS slmtlar, and 

that ail of the active slumps over 90 m ln wldth were detected ln the 1959 

alrphotos. Features only 1 mm (60 ml ln wldth on the alrphotos were muctl 

more dlfflcult to dlscern than those 1 5 mm across The larger slumps Wl'rt' 

rather easy to locate on the photos, whlch lends confidence to the data Of 

course there IS no way to be sure, and wlth such a small sample a small error 

would be slgnlflcant, but these results seem to agree wlth observations marin 

in 1991. 

Inactive slump scars were not counted or measured as the emphasls WdS 

on ground Ice exposures. However, there were few scars ln the study ("Hea 

The greatest concentration of scars was ln the South Foshelrn-' area III close 

proxlmlty to the presently active slumps. These scars were of compdr(lblf~ Sile 

and shape to the active sites, and appeared to occur wlth slmllar frf~quency 

Whether or not these scars date trom the 1950s IS unknown, but few appear('~d 

to have any vegetation withm them. 

When slump wldths for the Eureka site are compared between 1986 and 

1991 using 1 :4000 scale 1986 photos, one can see that there has been IIttle 

change in either the overall number of slumps or thelr slze distribution (Figure 

4.14). Here the main problem IS small sample Slze, not under-estlmatlon. The 

photos are of such hlyh qualit'l that one can eastly see active layer detachment 

scars, ice wedge polygons, and vehlcle tracks; ail of whlch ôre smaller than the 

smallest observed slump in 1991. Interestlngly, only two sites were detected 
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ln thls area on the slmtlar qua:,ty 1982 phûtos, Indlcatlng that mas! of the 

1991 Eure;~a sites are less than nme years old, but greater than t/ve. 

4 3.1 2 PRESENT THAW SLUMP DISTRIBUTION 

As one can see ln the study area map (Figure 4 11), mos! of the 1991 

thaw slumps occur along rlvers and streams. About half of these Sites actually 

contact the streams, and may have been mltlated by bank erOSlon. Other 

slumps occur at the tops of very steep slopes whlch are part of asymrnetrlcal 

valley systems, wh Ile the rest are located on gentle slopes. 

Glven that bank collapse and eroSlon may weil be a trlgger mechanlsm 

for slumpmg, It was thought that perhaps slump initiation mlght be Ilnked ta 

river gradient wnh more rapld stream flow causmg greater bank eroSlon 

SE.veral flvers, both wlth and vvlthout slumps, were measured from 1: 50 000 

scale photomaps and profiles of each were constructed. No reiatlonshlp was 

found when slump occurrences along rrvers were compared ta gradients. This 

IS not surprlstng when one examines the distribution of river gradIents. Almost 

90% of the river segments measured show gradients below 4%. Such little 

vanatlon IS unlikely ta tnfluence slump distribution, especlally when dealing wlth 

such a small number of slumps ta begm with. 

River gradients tend to Increase gently with altitude between sea level 

and 120 m altitude. These segments tend to show a more dendritlc pattern 

and Ile wlthm areas of marine and fluvial sediments. Above approxlmately 120 
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m a.s.l, sediment cover 15 reduced and dratnage patterns are mfluenced mort' 

by the underlytng geologlc structure, becomlng IncreaslIlgly rectangular dnd 

showtng greater variation ln gradient. 

Figure 4.15 shows the distributIon of thaw siump altitudes derlved froll1 

1959, 1982, and 1986 alrphotos and from 1991 field observdtlons for !tw 

entlre study area. One can see that there are no slumps observed above milrlne 

Itmit (140 m a.s.l.) and that two thirds of the sites occur between 30 élnd 60 

m a.s.1. No obvlous factor whlch affects or 15 atfected by altitude WdS 

discovered (other than the lack of marine sediments above 140 mas 1.). TtH! 

altltudinal distribution may reflect ground Ice distribution or It may simply be il 

functlon of the distribution of land elevatlon ln thls area. However, there 15 no 

correlation between average Ice contents ln the 51umps and thelr altitudes, nor 

was slump length or wldth found to vary wlth dltltude. 

Retrogresslve thaw slump Orientations are proflfed Hl Figure 4.16 ThiS 

sample Includes ail slumps Vlsited Hl 1990 and 1991 and ail those seen III 

1959, 1982, and 1986 alrphotos. The strongest control here IS the Orientation 

of the valleys ln which the slumps occur Even ln areas showmg a 

predominantly dendritlc pattern, most drainage IS north-south due to the 

geological structure of the Foshelm Penlnsula. Th~refore one would expect 

east and west facmg slumps ta domlnate Why there are 50 few west factng 

slumps may be Itnked t0 the asymmetflcal cross-section of the valleys whlch 

tend ta have their shallow slopes on thelr west sides factng east. These 
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SLUMP ALTITUDES 
1959 - 1991 
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Figure 4.15 Thaw slump altitude distribution derived from airphotos from 1959, 1982, and 
1986; as weil as from field observations ln 1991. No thaw slumps were seen above manne 
limlt (140 • 145 m asl.) 
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SLUMP HEADWALL ORIENT ATIONS 
1959 - 1991 
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Figure 4.16 Siump headwall orientations for $lumps observad ln 1991 as weil as on 
airphotos from 1959, 1982, and 1986. Main contrais on orientation are structurally 
comrollad drainage and the predominance of east facing shallow slopes of asymmetrlcal 
valleys . 
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shallow, east facmg slopes tend ta show more slump activlty' than the steep 

valley sides, posslbly due to reduced drainage and greater snow accumulation 

ln wmter provldlng more Insu/atlon (Iate season snow banks tended to be 

/ocated on these slopes). 

4.3.1.3 THAW SlUMP MORPHOlOGICAl RELATIONSHIPS 

Thaw siump length is measured from the apparent ongin of the slump to 

the top of the het=ldwall, whlle wldth IS measured across the widest part of the 

slump bowl. In Irregular slumps the slump shape was visually averagad while 

multi-Iobed slumps were treated as separate sites. 

When the lengths and widths of ail of the slump features seen in 1991 

and in ail of the airphotos from 1959 ta 1986 are compared, a 1: 1 relationship 

IS revealed (Figure 4.17). lengths and widths tend to be equal, especially for 

slumps less than 40 m wide. The small number of slumps larger than 40 m 

makes it difficult to describe a relationship for large slumps. 

Most thaw slumps are relatlvely shallow, usually two to four metres in 

height, typically exposing 1.5 to 3.5 m of ice and icy sediments. Some slumps 

were observed with 10+ m headwall heights, but these were rare. Given This 

predominance of shallow slumps, opportunities for observing deeper strata, 

especially for the purpose of interpreting GPR profiles, were very limited. 

Natural exposures over any sizeable area could only be used to map the top 

few metres of permafrost. Deeper exposures tended to be isolf'ted from each 
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SLUMP LENGTHS vs WIDTHS 
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Figure 4.17 Lengths and widths of slumps observed in the field in 1991 and in 1959, 1982, 
and 1986 airphotos show a virtual1:1 relationship for ~mall to medilJr,'j sized thaw slumps 
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other, makmg Interpolation between them impossible. There m no apparent 

relatlonshlp between headwall helght and elther slump length or wldth. 

InitiaI/y, headwall helght appeared to be Ilnked to Ice content ln the 

headwall, as It was assumed that greater Ice contents would lead to the 

formation of deeper slumps. This was found not to be the case. Heé::ldwall 

height does not correlate wlth average Ice contents for the slumps, but It is 

mfluenced by the local slope upon whlch the slump 15 found (r2 = .36) wlth 

steeper slopes naturally giVIf1g rise to hlgher headwalls, regardless of Ice 

content (Figure 4.18). This relationshlp becomes an almost obvious 

consequence when one con51der5 the surface angle of the saturated mud found 

in the floor of an active slump. This angle was never seen ta be more than 10° 

in fifteen c;lumps m 1991, and was commonly less than 5 0
, even in areas of 

steep local slope. 

Undisturbed slope angles measured adjacent to active slumps il" 1991 

show a dominance of ;.;hallow (00-20°) angles (Figure 4.19). In fact, two 

thirds of the 1991 sites occur on slopes of between 50 and 15 0
• These angles 

are similar to the 12 0 and 140 angles given as the average slopes for active 

layer detachment slides at Black Top Creek and Big Slide Creek respectively 

(Lewkowicz, 1990). Given that detachments slide scars were often seen in 

association with slumps, it seems likely that active layer detachments may be 

a tngger mechanism for retrogressive thaw slumps. 

Interestingly, more than ha If of the si opes above the slump headwalls 

103 



• 

• 

HEADW ALL HEIGHT vs SLOPE BESIDE SLUMP 
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Figura 4.18 A waak relationship is revaaled between headwall helght and the slope upon 
which the slump oceurs with steepsr slopes produeing higher headwalls where sufflclent 
iee is present. 
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Figure 4.19 Siopes adjacent to active thaw slumps are talcen as the local slope prior to 
modification by the slump. The majority of these sIoJJeS are comparable to those associated 
with active layer detachments, implying a relationship between slumps and detachments . 
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were less than those measured beslde the slumps, and ln only one case was 

the slope above steeper. Many of the slumps appear to be located towards the 

tops of the local grades. Of these, many are found part of the way up shallow 

valley sides whlle others are found at the tops of steep valley walls. 

A comparison of angles of slump floors wlth local siopes at each site 

indicates that retrogressive thaw 'slumps tend to reduce slope grad!ents to 

about one third their former values. Thus these features do contnbute to the 

ongoing process of planatlon in the Arctic, but to what overall extent IS unclear 

as yet. 

Headwall slopes shown in Figure 4.20 reveal a blmodal distribution. 

These slopes, while unaffected by headwall helght or average ice content, may 

be infiuenced by soil characteristics such as cohesiveness. Less coheslve sOils 

may detach and si ide down an exposed Ice face more easily, exposlng 

underlying layers at the top of the headwall before the rest of the headwall can 

melt back,resulting in a shallower heac1wall slope. Moro cohesive 50115 tend ta 

proteet the ice at the headwall top while the headwall melts back, producing 

a steeper slope. 

4.3.2 ICE WEDGES 

Ice wedge polygons are ubiquitous on the Fosheim Penmsula. The large 

size of the polygons and the widths of the ice wedges suggest a graduai 

cooling period quite some time ago, possibly during the early Holocene manne 
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Rgure 4.20 The bi-modal distribution at average headwall SIopes may be due to soil 
characteristJcs such - cohesiveness, with more cOhesive soils protectlng the t, ps of 
headwalls longer and leadlng to staeper slapes . 
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regresslon. Large orthogonal polygons even appear on river flood plainS ln 

sands and gravels and on shallow slopes whlch appear ta be undergoll1g 

solifluction, Indlcating that erOSlon, whlch would obscure the polygons, 

operates at an extremely slow pace. 

4.3.3 SOIL MECHANICS 

Plastic and Liquid limits for several soil samples from elght thaw slumps 

were tested and Plasticity Indices computed. Values of PI ranged from 3 to 20, 

averaging 10. These relatlvely low numbers were denved from plastic and 

liquid limits that averaged 20% and 31 % moisture by dry welght respectlvely. 

When the samples were plotted along the A-Llne on the Plastlclty Chart for the 

uses system, the y clustered in the areas defined by shghtly plastiC clays and 

sand with fines or clay binder. The low values for some of the Plastlclty 

Indices combined with low liquid limlts Implies that sorne solls woula fall 

suddenly, with little advance deformation, even with the addition of small 

amaunts of water. 

The ice content values are, in most cases, sufficient to exceed the liquid 

limits of these sails, causing liquid flow. Where they are not, plastic flaw can 

develop, but additional water fram ice rich !ayers in other parts of the exposed 

headwalls IS usually available to exceed the liquid limit in thaw slumps. 

Even liquid limits as low as 3% wauld not allow liqUid flow ta occur due 

ta rain fall or late season snow, as this water would simply disperse in the 
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active layer. Precipitation levels on the Frnheim Peninsula are Insufficlent ta 

wet the actlV€ layer enough to Ilqulfy the soli, although gully eroslon IS 

common on steep slopes. However, the meltlng of Ice-nch layers at the base 

of the active layer could eas"v supply the necessary mOlsture to cause Ilquld 

flow at thls depth. Observations made by Edlund (personal communication) 

and Lewkowlcz (1990) ta the effect that active layer detachment slides occur 

more often in warm, sunny weather than in cool, wet weather seem ta bear 

This out. Thus, an Increase in summer warmth ra~her than precipitation could 

lead to increased active layer detachments, while an increase ln precIpitation 

cou Id lead to greater gully erosion. 

4.3.4 STRATIGRAPHie RELATIONSHIPS 

Ground ice occurs in two stratigraphic settings. Flrst as shallow layers 

of ice interbedded with icy silt and clay and layers of sandy silt beginning just 

below the active layer; and second as deep massive ice overlain by five to ten 

metres of marine clay showing a reticulate cryotexture (Figure 4.21). Both 

settings exist at the Eureka and South Fosheim-2 areas, and representative 

stratigraphic columns are given in Figure 4.22. 

The silt and sandy silt with minor gravel in which the shallow ground ice 

occurs is of possible near shore marine or deltaic origin (Bell, 1992). Generally, 

sill occurs as a shallow surface cover over ice-rich clay and silt showing 

reticulate or laminated ice lensing, with a gradational contact at the base of the 
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Figure 4 21 Massive clay wlth a retlculate cryotexture Iles unconformably over massive Ice 
ln the Station Creek siump (EU-1) m the Eureka area The contact IS marked ln thls mstance 
by a thm (1 - 2 mm) layer of red sand, posslbly reflectmg the presence of sand beneath the 
massive Ice 
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Figure 4.22 Ground Ice occurs in two general settlngs: 1) As shallow ice-rich silt overlain 
by silt and SIIty sand (top), and 2) As deep massIVe ice averlain by massIVe clay topped with 
sllt (bottom). 



• 

• 

surface sllt . 

GPR observations at Hot Weather Creek Indlcate that the top of ttle ICP 

rlch layer IS marked by a thaw unconformlty whlch follows the SurfdCt? 

topography whlie the base may be gradatlonéll and undulatmg. In contras!, GPR 

profiles at Eureka show a gradatlonal upper contaGt whlch varies ln depth. 

Massive Ice whlch occurs beneath deep clay layers may Stlow a shnrp, 

undulatlng contact at the top of the Ice, posslbly Indlcatlng a ttlürrnal er051011 

dlscontinUlty. In two cases a very fine layer of oXldlzed sand WélS found at the 

clay/lce boundary, hlnting at the possible eXistence of a sandy lay(~r below the 

massl'. e Ice. Such a structure reflects Mackay' s (1971) model for thf~ 

segregational formation of massive Ice beds. 

ln many cases, both the massive Ice and the ICy sediments show foldüd 

and contorted lamlnae (both bubble trainS and sediment bands) suggestive of 

differentlal loadmg or unloadmg, or tangentlal pressures due to creep or 

thrustrng. As this is observed even ln sorne shallow ground Ice, It IS rec1sonable 

to suppose that the Ice was formed at a greater depth, or was bUfied after 

formation, and the surface was then eroded to ItS present level. In sorne 

slumps the degree of deformatlon vafles markedly across the wldth of the 

headwélH while ln others the bandrng dlpS unlformly. Perhaps thls IS an 

indication of the scale of the dlsturbance, wlth the greater variation due ta 

local, more intense pressure changes. 

Shell fragments were seen on the surface and within the active layer as 
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weil as ln frozen sediments at several locations. Whlle most of these cou Id 

have undergone transport, artlculated shells were found Intact ln growth 

position wlthm the marine clay above the massive Ice ln slump EU-1 located 

approxlmately 500 metres north of Eureka on Station Creek (Pollard, personal 

communication) 

Twenty shallow hales were dnlled ln 1973 at the old Eureka alrstnp 

located a few kllometres north of the current strip on a gently rollmg plain wlth 

Ice wedge polygons west of Black Top Creek. Most hales were one to two 

metres deep wlth the two deepest at almost SIX metres. Clays and sllts were 

predommant, wlth mmor fine sand also encountered. Ice ranged from mdlvidual 

crystals to stratlfled ice and massive Ice. Some Ice may have been observed 

m bedrock shale, but due to the poorly lithified state of the rock and its further 

degradatlon by the ice, It was difflcult to be sure that the material was actually 

bedrock. 

Ground ice was observed in bedrock at Hot Weather Creek in 1992 by 

Poila rd and others (personal communication), but it was of limited extent and 

may have been linked to the close proximlty of the creek. 

ln general, ground Ice appears to occur in two situations; one as a 

shallow Ice-rlch layer in silt and clay with an often gradational or conformable 

upper boundary, and the other as a deeper massive ice layer overlain 

unconformably by massive clay showing a reticulate ice pattern which 

sometimes contains shells in growth position. Both types occur in 
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unconsolidated shallow marine and deltalc sediments of Holocene age (8ell, 

personal communication to Pollard). 

4.3.5 ICE CONTENT AND CHEMISTRY 

An Ice content profile developed trom 1991 data (Figure 4 23) shows 

gravlmetnc ice contents wlth depth. The profile 15 blmodal, wlth a second Ice 

occurrence below ten metres depth. Since thls profile IS obtalned from natural 

exposures, few of whlch are deeper than elght metre5, It 15 dlfflcult to make 

generalizations about the distnbution of deepm ground Ice. 

Samples from slump headwalls were taken at Intervals of 50 cm to 

create ice content profiles. However, one can see ln Figure 4.24 that the 

samples are not evenly distributed by depth. In part thls due to the relative 

abundance of shallow slumps, but it is also due to the physlcal limitations of 

sampling inslde an active slump. In the deeper slumps, the headwall could be 

sampled fram the base up to the top of the Ice face USlng crampons to cltmb 

on the ice. However, this was often several metres below the top of the 

headwall, which might contain as much as ten metres of frozen Clay formtng 

a vertical face. This face could not be climbed for sampltng as It was too soft, 

and the continuai fall of clay blocks weightng a kllogram or more made 

spending any time below it quite hazardous. Despite these dlfflcultles, deep 

exposures showing massive ice were sampled, but those parts of the headwalls 

of deep slumps without massive ice were not sampled. Because of thls, the 
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Figure 4.23 Ice content profile indicates the existence of two separate ice units wlth 
possibly differ8nt orlgins and historias . 
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Figure 4,24 SampI. are net distributed 8Ven/y with depth due ta the predominance of 
shaJiow slumps and the ditflculty in scaling the headwalls of larger slumps whlch restricted 
sampling to their bases. The effect on the iee content profile IS mlnlmlzed by the 'act Ihat 
the inaccessible layers comained little visible ice . 
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Figure 4.25 Volumetric ice profile indlcating the predominance of excess ice in the study 
ragion. Average void spaca is assumad ta ba 44% for silt (Kezdi, 1974), which comprises 
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• TABLE 4.4 
ICE SAMPLF. CHEMISTRY 

---
Sarnple TDS (ppm) pH 

20 470 7.6 
21 42C 7.4 
22 3300 7.7 
23 2480 7.5 
24 10720 7.5 
24a le70 7.8 
40 270 7.4 
42 110 8.2 
54 200 7.4 
5~, ~10 6.8 
1" .. 2800 7.2 
75 340 7.3 
80 3960 7.2 
81 2640 7.2 
83 3060 7.0 
84 3740 7.5 
86 5640 7.2 
89 15040 7.6 
90 820 7.2 
99 1020 7.7 

100 370 7.6 
101 980 7.8 
111 1760 7.7 
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exact amounts of Ice wlth depth mlght be blased sllghtly, especially wlth 

Increased depth, but the overall shape, partlcularly the nlmodal nature of the 

profile, 15 correct. 

A depth profile of volumetrlc Ice contents calculated trom gravlmetrlc 

moisture values IS shown ln Figure 4.25. Here the blmodal pattern seen ln the 

gravimetnc mOlsture profile IS less eVldent, wlth tile Ice content for the soli 

column averagrng about 85% by volume. Those samples wlth over 90% Ice 

by volume comprise over hait of the 1991 samples, whlle 84% contain excess 

Ice (greater than 44% ice by volume). 

Water from twenty-three ice samples taken from eight ground ice slumps 

was analyzed for pH and total dissolved solids (TDS). Despite the fact that the 

sample sites were wldely dlstributed over the study area, there was very little 

variation ln the results. 

Typically, the water samples were neutral to basic, with pH's ranging 

fram 6.8 in one case to 8.2, and averaging 7.4. This likely reflects the 

presence of carbonates in the bedrock derived sediments which were dissolved 

in the ground water from which the ice formed. 

The level of dissolved solids in the water was found to be in the range 

of 10 ta 15040 ppm, with most values occurring between 110 and 5640 ppm 

and averaging 2696 ppm. Two samples with the highest values were salt y to 

taste, while the others were not. Given that salt encrustations on the sail 

surface are common in this area (Iikely due ta their marine origin), it is 
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reasonable ta suppose that the dissolved solids are domlnated by salts. 

4.4 SUMMARY 

Ground probtng radar results Indlcate that ground Ice 15 Wlde5pr-ead at 

Hot Weather Creek and that the upper contact of the Ice-rlch layer 15 abrupt 

and fo"ows the terrain, mdicatmg that It may be a thaw unconformlty. Such 

a feature was not seen ln GPR pro.files from the Eureka area. Internai layerlng 

was also detected ln the grcund ice at bath locations. 

Ice wedges were detected by the GPR and served as "windows", 

increasing penetration depths from 10 m to 15 m ln many places. 

Ground ice was found to be widespread elsewhere in the study reglon, 

given the distnbution of thaw slumps. 

Conventional investigations ofthaw slumps revealed many morphologlcal 

relationships, but failed to find any clear link between ice content and slump 

morphology. Most controls on slump form seem to tnvolve the local 

topography and soil charactertstics. Controls on slump distrtbutlon are largely 

geological, in the form of structurally controlled river vallevs and the vanous 

factors affecting asymmetrical valley development. 

Ground ice was found to occur in two distinct stratlgraphlc settmgs at 

different depths, with ice content generally tncreasmg wlth depth, and most 

areas having excess ice near the surface. Samples of this ice were found to be 

neutral to basic in pH, and to contain approxlmately 3000 ppm total dlssolved 

solids, mostly as salt . 
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CHAPTER 5 DISCUSSION AND CONCLUSIONS 

5.1 INTRODUCTION 

Three central concluSions are drawn from thls project: 

1) Ground Ice is an Important component of permafrost on the 

Foshelm Penlnsula and has been wldely observed ln marine sediments of 

Holocene age. Furthermdre, ground Ice appears in two distrnct 

strat,graph,c settmgs: as shallow ;ey sediment layers rnterbedded wlth 

sandy sllt and silty clay, and as deep massIve ice bodies often overlain 

by several metres of marine clay. 

2) Ground probing radar can detect the physical differences between 

ice and sediment, as weil as changes within the sediment itself, making 

this a useful and practical tool for permafrost investigation. 

5.2 GROUND ICE ABUNDANCE 

Grouna ice was documented over a wide area in relatively high volumes 

and therefore and appears to be relatively widespread on the Fosheim Peninsula 

below marine limit. The distribution of active thaw slumps and slump scars 

suggests that shallow ground ice occurs in nearshore marine and deltaic silts 

and fine sands. Very minor occurrences in bedrock have been noted at Hot 

Weather Creek and in a drill core near Eureka, but the latter observation is 

uncertain . Given the poor state of lithification of f't,e bedrock and the 
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shattering caused by frost, It is often dlfficult to dlfferentlate bedrock from 

overburden. Since the two are so Simllar ln character, why should ground Ice 

not occur in both' Perhaps It does, but, glven the depth of overburden on 

much of the penmsula, It IS not wldely exposed. 

Deeper bodies of ground Ice appear to be assoclated wlth massive clay 

and could possibly be of a different age than the shallow Ice. However, both 

types of ice deposits are probably Holocene glven that older Ice at su ch a depth 

would likely have been thawed during the marine transgression assoclated wlth 

the end of the Wisconsin glaciation. Numerous shells found ln manne depos!ts 

confirm a Holocene age for most of the Ice bearing sediments (Hodgson, 1985). 

Although deep drill data is not available, several shallow holes have been 

drilled at and near Eureka as weil as at Hot Weather Creek. Ali of these have 

encountered varying amounts of ice, often as Ice-rrch layers but also as pure 

ice strata. These are the only other available data on Ice occurrences whlch are 

not associated with thermokarst. Obviously, there is a need for a systematlc 

drill program in this area. A drilling program by the Terrain SCiences DIvIsion 

of the GSC is possible in the near future, but it seems unlrkely to be 

immediately realized given the current scarcity of fundlng 111 the federal 

government. 

The presence of a thaw unconformity at depths of several metres may 

indicate an epis~;de of deep thaw which disrupted the permafrost. This may 

have been a local phenomenon or a regional one, the eVldence IS rnconcluslve . 
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Both deep and shallow ground Ice are contorted ln places, posslbly as the 

result of dlfferentlalloadmg or unloadlng. Loadlng mlght be dlfflcult to explam 

ln such an environ ment If the ground Ice postdates the last glaciation, but 

unloadmg due to erOSlon and removal of overlymg sediments 15 certamly 

possible. Lateral forces due to creep appear to have a/50 distorted the Ice 

fabnc. 

Other large bodies of ground Ice exist southeast of Hot Weather Creek 

and were Investlgated ln 1992 by Pollard. Alrphotos of that study area show 

isolated hilis with smooth, brightly shaded tops and steep, irregular sides along 

the Siidre River. Simllar features are visible south of the Siidre Fiord and near 

Eureka. These hilis show a fine network of hexagonal ice wedge polygons 

suggestive of a rapid coohng event in weil graded, Ice-rich, fine grained 

sediments. Several researchers have commented on the possibility that these 

hUis are Ice cored or at least contain ground ice, but only recently has any ice 

been observed, and it is overlain by several metres of sediment (Poila rd, 

personal communication). These hills will have to be made priority targets for 

drilling and/or deep radar profiling. 

5.2.1 POSSIBLE CONSEQUENCES OF CLiMATE CHANGE 

Predictions of warming and increased precipitation in arctic areas 

(Houghton et al., 1990) have lead to speculations about the potential for 

increased terrain disturbance in areas underlain by ice-rich permafrost and 
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massive ground ice. An increase in average air temperature would warrn the 

permafrost, leading to a more thaw-sensltlve situation. This could result ln the 

partial thawtng of Ice-nch sediments ovnr a large portion of the study drea 

Enhanced active layer thlcknesses can be very roughlv estlmated uSlng the 

following equation: 

z = (aP/n)"2 (In 1 Ao/To 1 ) [5.11 

where z = Active layer thlckness (cm) 

a = soil thermal dlffuslvlty (1.67X 1 0 J cm 2/sec) 

P = period of thermal wave (1 year = 31 536 000 sec) 

" = pi 

Aa = surface temperature amplitude (OC) 

Ta = mean annual surface 5011 temperature (OC) 

(For an example see Gold and Lachenbruch, 1973) 

Given monthly mean air temperature increases of 4.8oC fcr wmtt:!r and 

1.8oC for summer on E"esmere Island as predicted by eQUlltbnum Global 

Circulation Models for a doubling of CO2 concentration (Houghton et al., 1990), 

active layer thicknesses can be expected to increase from an average present 

value of about 54 cm ta a new depth of 78 cm, or by about 45%. Of course, 

this estimate does not a"ow for changes ln preCipitation reglmes, of whlch 

snow caver is as important as air temperature. However, one can see that 

active layer growth will likely affect 5011 whlch is currently Ice-nch, and that 
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there IS the potentlal for substantial subsIdence and terrain d Isturbance . 

5.3 UTILITY OF GROUND PROBING RADAR 

Ground probmg radar IS probably the geophyslcal tool best sUlted for 

ground Ice InvestIgatIons. It responds relatlvely weil ta the condItIons created 

by the presence of ground ice, can be used to detect freeze/thaw boundanes, 

and pravldes InformatIon on shallow geologic structures as weil. Recent 

hardware and softwnre developments have greatly streamllned the process of 

productng a final product fram the InItiai data. Interprettng the data, however, 

reqUlres conslderélble sklll and experience ln order ta fully utillze ail of the 

Information provlded by thls system. Fortunately, rudlmentary Interpretations 

can be carned out by researchers with only basIc knowledge of GPR analytlcal 

techniques. One need not be a speclaltst to successfully use thls system. 

Llke ail highly sophlstlcated electronlc equipmer'lt deslgned for use in the 

field, GPR units work best Indoors. Also, shlpplng the components thousands 

of kllometres to the fIeld area, and then transportlng Them ta the survey sites 

can rrval the rrgors of actual fIeld use. In tact, the potentiaJ for damage from 

transportation ln the field restrtcts surveys to those which ean be reached by 

foot or by helicopter. In Detober 1991, a two kilometre trrp cross country in 

a half-track truck rendered the Pulse EKKD IV-H useless despite the extensive 

precautions taken to protect it. This IS not to say that the unIt was poorly 

made, but that the terrain was very rough. Transporting the system by a small 

125 



• 

• 

"Ail Terrain Vehlcle" would slmply not be worth the nsk. Thus flylng the llfllt 

to a site or backpacking It are the only alternatives. 

If transportation damage can b8 avolded, and It usually can be, the GPR 

tends to perform weil ln the field. Two unlts by Sensors and Software Inc , cl 

Pulse EKKO III and a Pulse EKKO IV-H prototype, were used for thls project 

They were used ln both summer and ln late fall (-20 0 C average temperature 

with blowmg snow) conditions and both unlts proved to be rellable Irl the field, 

save for some minor deSign and software problems wlth the prototype 

However, after two or three weeks of use, both unlts faded (colJlcldentally) 011 

the final day of field work, suggestlng a short Iife between repalrs Fortundtely, 

this did not affect the project ln a major way. Other researchers have used the 

Pulse EKKO IV production unit for extended penods wlthout any mlstlaps 

(Judge, personal communication). 

A major advantage to usmg GPR over many other geophyslcal methods 

is the speed and ease wlth whlch surveys can be carned out. A two person 

team with little special training can cover several kllometres per day ln good 

conditions. ThiS is especially true on open tundra where there are few, If any, 

obstructions. Thus a large amount of data can be gathered in a short field 

excursion. The method IS also non-surface disruptive, 50 envlronmental Impact 

is negligible. 

Of the centre frequencies used, 25 and 50 MHz provlded results wlth the 

greatest comblnation of depth penetration, resolutlon, and lack of Interference 
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The 50 MHz profiles revealed details of the ground Ice and near surface 

structure while the 25 MHz profiles were used to Interpret the deeper 

structures. However, interpretation would be greatly alded wlth the addition 

of drill data to depths of ten metres or more. Natural exposures in the GPR 

survey areas only provlded two to three metres of stratigraphie control. 

5.4 FUTURE RESEARCH 

The Foshelm Penmsula will remain an important area for permafrost and 

other fields of research because of its vaned envlronments and the access to 

loglstlcal support through the Polar Continental Shelf Project (PCSP) facillties 

at Eureka, as weil as the weather station there. 

Much work remams to be done on ground ice occurrences ta determine 

the hlstory of formation of the ice-rich and massive ice bodies, as weil as on 

the quaternary geology of the reglon. Such work is currently being carried out, 

and would definltely benefit from a drilling program. A systematic drilling 

program would greatly improve the understanding of this area, and the data it 

generated would serve as an enticement to other researchers who are 

discouraged from working in the reglon due to the lack of background 

Information. Such a program must be carried out by a combination of 

government and universities, because, unlike the western Arctic, private 

resource exploration companles are not attracted to the area. This fact has 

been largely responsible for the lack of research in the high Arctic . 
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Another area of permafrost research which has been overlooked ln thls 

region is the formation of ice wedges. Whlle extensive data eXlsts for the 

western Arctlc, It IS practlcally non-existent ln the hlgh Arctlc. Glven that ICL' 

wedge polygons are wldespread on the Foshelm, thls would be a slgnlflcant 

area of research. 

Remote sensing applications are being explored rn permafrost reglons 

with a view to monitoring global change. The CRYSYS Project (CRYosphere 

SYStems) was begun in 1991 by the Canada Centre for Remote Sensrng to 

bring together researchers from government and unlverslties to study va nous 

aspects of the cryosphere, including permafrost, usrng the latest generatlon of 

satellite remote sensing plattorms. This long term project will greatly expand 

the state of knowledge on high Arctic permafrost if ways can be found to 

collect the necessary ground truth data. The hlgh cost of research ln thls 

region will remain a major hrnderance to workers for QUite some t.me to come, 

but it is hoped that as more information becomes available ln the Itterature, 

more researchers will be encouraged to go to the Fosheim Peninsula . 
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