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‘ ABSTRACT
This thesis provides the f1rst documented, comprenensrve, in

81tu study of naturally occurrlng creep in ice-rich permafrost soil. | -
The surficial geology of the Great Bear River area was stud-

ied in order to seléct thg most suitable field site.’ A steep slope

at km 7.2 of Great Bear Rlvér«was chosen. The stratlgraphy of the

b4
slope lncludes an anom310usly tthk section of ice-rich glac1o~

v;lacustrlne clay,. and, coincidentally, it is situated at.the proposed

o7

L . . L
Arctic Gas Cr0551ng,of Great Bear River. L

A field programme was undertaken 1n order to obtaln contrn-

k:/ T

uous, undxsturbed samples, and to xnstall borehole 1ncl1nometers,

pxezometers and thermistors. Deta1ls of ‘this programme are reported

because _many aspects were 1nnovat1ve and lacked precedence

I

; Deformatlon data, sub-permafrost pore pressure data and tem—

perature data are reported and analysed The scale of slope dg;or~
mations vasbfound to be marglnally greater than'the accuracy of the -
inclinometer system. The system accuracy was carefully ver1f1ed and

v

new data analysis technlques were developed Steady state creep

velocities in the order of O 25 to 0.30 cm/year are xndlcated in the

1ce*r1ch glac1olacustr1ne clay. :
. ’ S .
The resultsrof ¥ridxial creep tests on undisturbed samples of

glac1olacustr1ne clay, and non-lxnear\fxnxte element anelysxs of

steady state creep deformatxons in the slope Suggest that a sxmple. -

© power law with a coefficient of 0. 33 x 10 -8 year kPa3 and ‘an

%

N

exponent of 3.0 accurately szmulatee both the form and magnxtude of

in sxtu steady state Creep deformations.v - S o N

s ,v ‘
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CHAPTER I

INTRODUCTION

.
B - N

" We ate now at our last frontier. It is a frgntier

that all/of us have read about, but few of us have seen ,
. Profound' 1ssues, touch1ng our deepest concerns ‘as a nation,
await us there. : .

- The North is a frontler, but it is a homeland too, the
homeland of the Dene, Inuit and Metis, as it is also the v
home of the white people who live there. And it is a
herk;age, a unique environment that we, are called upon to
preserve for all Canadians.. . :

The decisions we have to make are not therefore, 31mp1y

- about northern: p1pe11nes. The are dec131ons about the
protection of the northern environment and the future of -

~northern peoples." (Berger, 1977, p-1 of introductory letter)

P 4
”

. & . N 5 ‘):.‘
W1th these words Mr. Justlce Thomas R. ﬂBetggr began hls
: SRR
report of the Mackenzxe yalley P1pe11ne Inqulny, a summary of

ev1dence from 300 experts on northern condltlons, northern

env1ronment and northern peoples, and from nearly 1000 northern

rESldEHtS 1n 35 communities across the Western Arctac His report

'dealt an unprecedented blow to proponents of industrial development

-

" who viewed oil and\gas'resources of the Maékenzie Valley and . the

.

Arctxc coastal reg1on as a panacea for both the d\tegioratlng Nc rth

: Amer1can§ﬁnergy supply and the economxc 1115 of these northern

o

vreg1ons.- Many reasons may be cxted as to why both Mr. Just1ce

Eerger and the Natxonal Energy Board (Nat1ona1 Energy Board 1977) /////

.'1

P I . N

/

o : : ,','.“;*: / |

&

\
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recommended agaxnst construct1on of a Mackenzie Valley P1pe11ne and

an energy corrldor across the Arctlc coastal region, not the least

)

- of which were engineering and construction uncertainties.‘"
The vast oil and gas poteptial and abundance‘of other

‘minerals through the Canadlan Arctlc and other polar reglons have .

been long establlshed however 1mpetus for their development has

been éporad1c. When real demand for theee resources became .apparent

.in the 1970" s, the technolog1cal challenges confrontlng de31gners
o o

and”prospectlve bullders were awesome, TheSe were' not 11m1ted to

el

‘the scale’ of the megaprojects, their remote setting or harsh- .

renv1ronment but included. aspects of the progects and thelr de31gn

2 /

“which lacked any. precedent and requ1red 1nnovat1ve englneerlng

concepts because of the presence of perennlally frozen 301ls One

v i -

of the most meortant aspetts to be addressed was that of . naturally

. N /r’ /r'
occurrxng creep in permafrost soil. oo AR

Knowledge that ice creeps under any Sustalned loadlng is .

’fundamental Slnce 1ce 15%present in pore spaces and,ucommonly, as
"
y,"

dlssem1naged structures in permafrost 5011 it is a loglcal
: Y _
vdeductlon that such 30113 should exhlblt creep properkles Under
P T . "/ 2
condltxons‘of‘sustained loading Moreover, creep prbpertxes are

lxkely to be more pronounced in 30113 with hlgher 1de contents -

K

, espec1ally those 1n wh1ch the volumegof 1ce exceeds tﬁe volume of ~
. R S S - "’-\
‘ RN . v | . .
Some measure of 1ndustrxal development is lhmxnent in
i , ,
Northern Canada, qhd 1t w111 almost}certainlykreqdlre maJor ' 2
T ) ‘/, '~ ¢ '

L atructures to be founded on’ pr w1th1n pefuafrfst oxls subJect to_

e




gravity loading. Design of these structures may have to accommodate

existing in situ creep vélacities. The objective of the résearch
’ . 4
programme reported here is to provide the first documented,

comprehensive, in situsstudy of naturally occuirring creep in

ice-rich permafrost soils. The components of .the research programme

7 i

inclyde detailed surficial geplogy mapping to facilitate selection
of the best possible field inﬁestigatién’site, a carefully planned
and executed site investigation programme including driliingy
sampling and instrumentation, a ;wokyear instrﬁmént monitqring\\i;‘_
period, extensive laboratory testiqg of undisturbed permafrost 4
soils, and numerical analysis of'ig iiEE;deformation patterns using

;empirical parameters from the laboratory programme.

1.1 Scope of Thesis ] | ‘ | o '

Chapter II presents the results of detailed surficial geology
' mapping along Great Bear River, N.W.T. This was carried out in
order to determine the most suitable field site for in situ
~ # - —— e e,

3

measurement of nat&ral[y occurring creep deformations.
The field inves%igation, which includes drilling, sampling,

instrumentation and logistical procedures, is presented in ‘Chapter
i . ~

ITI. A detailed siteﬂdescriﬂingnﬁgnd geétechnical pr&perties of the

soils are also presented in this chapter. | : .

All field data are'reporEbd~énd énalyzed in Chépter Iv.
_ © o i . :
The results of laboratory creep tests on undisturbed

permafrost soil are presented in Chapter V. fa addition, an attempt

ﬂ‘is made to -interpret the results of other labora§ory programmes
2 ' ‘ ! .

@
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~carried out on similar materials. All data are considered in
deterqining e@pirical‘gelati;nships of creeé}behaviour.
Empiricalxrelacignships‘determined in Chapter V are used in
noﬁ-linear finite element cre%p analyses in Chapter VI in-an attémpg,
to predict the obse%ved fiéld‘veloc{ties.‘
A brief summary of the salient points f;om Chapters II
througg)VI i%*éiven in Chapter VII. The overall conclusions from
the study are presented, and recommendations for further study are

+~outlined.

Field and laboratory data are appended.



CHAPTER II

GEOLOGY OF THE GREAT BEAR RIVER AREA

"The information which they gave respecting the river,

..that it would require several winters to get to the
sea, and ‘that old age would come upon us before the
period of our return: we were also to encounter monsters
of such horrid shapes and destructive, powers ,as could
only exist in their wild imaginations. They added,
besides; that there were two impassible falls in the
river, the first of which was about thlrty days march
Erom us.

2.1 Introduction

The surficial geology and’ limited bedrock geology in the
‘ I
Great Bear River area were mapped by the writer in 1973, with brief
visits to specific locations in 1975, 1976, and 1977. There were
two major objectives to this study. The first was to descfibe the
stratigraphy of surficial deposits and the general scheme of major,
late Quaternary events. The second was to select the most suitable

site for in situ study of naturally occurring creep processes.

0

1Mackenzie, A. (19717ed. pp. 33-34) This is an account of conditions
along Mackenzie River between Ft. Norman. N.W.T. and the "Frozen"
(Arctic) Ocean as reldted to Sir Alexander Mackenzie by natives at
Ft. Norman during his descent of the Mackenzie in July, 1789. Sir
Alexander Mackenzie was the first explorer to v131t the Ft. Norman-
Great Bear River area.

%



In this chapter, the results of the geological fnvéstigation

are presented, and the criteria for selecting the field

instrumentation site are outlined.

2.2 Historical Perspective

Early explorations in the Great Bear River area were carried'
out for geographical intére;t. The explorers included Sir Alexander
Mackenzie, Sir John Franklin, and others of céntral imporgance in
the hlstory of the Canadian nat1on (Camsell aW Malcolm, 1921;
Roblnson and Roblnson, 1946; Hume, 1954)

Geological surveys of the area began‘in 1888 with
investigations by R.G. McConnell of the Geological Survey of
Canada. 1In 1914, Dr. {,O;~Bosworth was the first to étake claims
»around local hydrocarbon’shogswu Since that time, exploratlon;and
development of the hydrocarbon dep051ts have provided a wealth of
information on the local bedrock geology. (Hume and Link, 1945;
Hume, 1954). |

Regional geological surveys were undertaken by éhe Geological
Survey of Canada beginning in 1957. These concentrated on bedrock
geology, but also inéluded‘significant surfiéial»geologicalvsfudies.

— —

(Douglas and Norris,'i9§35 Norris et al., 1963; Aitken gﬁ al., 1969;

——

Aitken et al.,.1970; Cook and Aitken, 1971).
In 1968, the dlscovery of oil and natural gaa on the North

Slope of Alaska, together with encouragLng results of wildcat

dr1111ng in the Mackenzxe Delta, caused producers to look to the

1



. | p i
Mackenzie Valley for the location of pipelines to carry petroleum
products to southern consumers. In thé early 1970's, numerougu
studies were initiated to resolve engipgering complexities
associéted with the ébnséruotion of pipelinés and support
facilities. Geological invgstigations, which formE? part of these
studies, concentrated on surficiallgeqlogy;‘and involved ing,
describing, and expla}ning the unconsolidated deposits, la Qrés,.
permafrost, ground ice, ahd organic (huskeg) terrain pregent in

map-sheets adjacent to Mackenzie River (Hughes\gg al., 1973; Hanley’

.

t al., 1973).

|

2.3 Physiography

2.3.1 Introductioﬁ'

-~ Two physiographic regions are representédvin the sﬁudyAarea:
Mackenzie Plain, whi h'is part‘of the Intérior Plains; and Franklin
Mountains, which ‘part of the Cdfdiller&l(BQStock, 1948). These
are_gho&n iﬁ 3

\gure 2.1. The portion of each region which liesbin'

the vicinity of. Great Bear River is described below. *~ ‘

2.3.2 Mackenzie Plain -

Mackenzie Plain is an area of low elevation and !eliéf

" I

Bérdered on the northwest, north, anq east byrfranklin Hbuntains}

It is drained by the Great ?ear anjitﬁdﬁtriﬁutaries, Brapkett Rivef‘
ahd st. Charles Cré§k. Otbe:wise drainagebia verY“poo:ly'devéloped,
- -with myfjads of small lakes, s;ampy iﬁter—laké argés and few

<

wéil—defingd streams.
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Near the Great ‘Bear and Mackenzie confluépCe;'the plain is

underlain by Tertiary clastic rocks. These outcrop along Great Bear

Rivér’to above the Brackett confluence, andAupstream along the |
MackeAzie almost as fér as Old Fort Point. Elsewhere, the p1a1n is
under lain by undlfferentlated Tert1ary-Cretaceous clastlc rocks
thch rarely outcrop (Cook and'Axtkenb 1976). Till deposits‘of
silty clay‘@verlie‘bedrock throughout’Mackgniie Plain. These are
overlain by clays,‘silts, and sands of glacidlacustrine or |
glaciodeltaic origin. Glaéiofluvial, aliﬁviai, and eolian sedimeqts
are pre#ent in some locations. ¢
Topographic elevatiéns ;énge.from 52 m‘oﬁ fhe beach’ at Fort
Norman to 150 m'Qhere Great Bear River crosses the trend of Fraqklin
Méuntains. ﬁajor streams aré-incised between 45 and 60 m belowlthe_
"featureless plain»surfacé. Valley SiAes are commohli,éofluViated‘byf
active or remnaﬁt bimodal flows seated in ice~fich glaéiolacustriﬁe

and occasionally morainic sediménts.

2.3.3 Franklin Hounfains

n The Franklin Mountains region is represented by two mountain -

ranges: Mchnneli Range in the east;‘and;Norman Range in the west.

These merge north of Great Bear R1ver deflnxng a crescentlc northern B

limit to Mackenz1e Plaxn.' The chain of lakes extendlng northwest
from Brackett Lake through Kelly Lake marks their common boundary
Paleoz01c carbonates and shales are the dominant

‘lithologies. Interbedded salt, gypsum, and anhydrite'are important
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components, but do not comprise significantvthickneeSeai ‘Glacial.
drift is present throughout Frankiin Mountains, but is thin or
1ackingvin the hfghiands;’ |

McConnell Range 13 a narrow rldge where it stcrossed b;
'Great Bear‘vaer at St. Charles Rap1ds : South of the rlver there
are other topographle prs by whlch dralnage passes 1nto Mackenzie
Plaln The rldge is more contlguous north of the river. Relief is
410 to.425 m. |

Norman Range is wider and more rugged than McConnell Range,

4

~and forms a contlnuous dralnage divide w1th1n Mackenzie Plaxn

Relief is 520 to 550 m.

2.4 Stratigraphy

2.4.1 Introduction RN | S \
| The bedrock -geology of the Great Bear River area has been

. studled ‘in det311 durlng more than half a century of petroleum
exploratlon. The strat1graphy of local rocks 1s well descrlbed in
the literature. Spec1f1c propertles whlch appear to affect the
Quaternary stratrgraphy are rev1ewed xn thxs chapter

Quaternary eedlments are wxdespread throughout"the area.
‘They were.examined"in detail'in the fieid ano.in'therlaboratory to
'facilitetéfselectionfof the bett poesible”site to undertake the ihn
‘Bltu programne, and to delxneate any sedrmentologlcal and permafrost
propertles that could Lnfluence creep proceases In adetxon, thelr

.areal dxstrxbutxon was 1nvestlgated to prov1de 1nslght 1nto reg1onal

3eomorph1e development. ”y



b A

The location of each measured secti;n and drillhole from
which data were optainéd is gi:en a code of the form GB followed by
a number. The numbers have no particular brderkalong the riQer;
thus,'any\Fité referréd.to inAthe text may Se.found by determining
its k‘ilométr_e1 location from Table 2.1, and thén\referring to .
Figures 2.2 or 2.3 for the location. A full descriptidn of each
!section and dfillhole is given‘in‘Appendix A.

2?4.2 Paleozoic and Mesozé&c

Detailed study of”Paleozoiq and Me;ozdié scrgtigraphy began
soon aftér Bosworth's diséovery Oftdil sééps in 1914, Camsell and
Malcolwl(1921) published the first detailed ana1y31s, and ‘Hume
(1954) . prepared whac remains one of the most comprehen81ve
Operatlon Norman of the Geolog1ca1 Survey of Canada was aimed at.
updating geological knowle@ge and preparing 1: 250 000 scale
geologlcal maps Recent publlcatlons based on this programme,
_1nc1ude Aitken et al , 1969 1970 Tassonyl, 1969 Frltz, 1970;
| Ushef, 1970; Yorath 1970; Balkwill, 1971 A1tken et al 1973
Altken and Cook 1974; No??ord and Macqueen, 1975; and, Cook and |
v‘Altken, 1976 A stratlgraphlc column is g1ven in Table 2.2.

' )\

Pa1e0201c tocks are- best exposed in Norman and McConnell

Ranges (Flgure 2 4) Several hard, re31stant carbonate formatlons

.~

1 K1lometre 0 is arbxtrarxly defxned as the confluence of Mackenzie -
and Great Bear Rivers. ~ The kilometres accumula:e upstream along
Great Bear River. :

10



‘make up most of the exposedvrocks.i Overlying-shale formations .
outcrop on the west side of each range, artd are well exposed along
streams draining the hxghlands.' Soluble evaporitic rocks make up

;;thick zones of the Saline River and Bear Rock Formations (Tassonyi;
1964). Where the Bear Rock Formation is Quaternary 3ubCrop,

LN

nymerous sinkholes testlfy to Recent, and probably Plelstocene

[2N
2

-

subsurface solution. Minor evidence of solution is also/present in

the Saline River Formation (Aitken and Cook, 1974).
Mesozoic rocks are made up of'a succession of marine and

non-marine clastic rocks of Cretaceous age. These are exposed on .

the flanks of Norman and McConnell Ranges, and in many val

~ Mackenzie Plain. The rocks are‘cqppoéed of interbedded médium to

fine quartzf§sandstone and clay shale. Lignite is commén as a minor

. o . dr / . N
constituent.l Bentonite laminae up to 2.5 cm thiey/;;e also common,

and most clay shales have a 51gn1f1cant bentonxte component

-

(Tassonyl, 1969 Yorath 1970; Yorath in Altken and Cook 1974)..

. 2.4.3 Cenozoic - Tertiary | V L
Tertlary rocks underlie most of Mackenzle P1a1n 1n the Great
 Bear River area (Yorath 1970 Yorath in Altken and Cook, 1974)

.

7They constltute an eastward th1nn1ng wedge of clastxc récks that
plnches(out near the western flank of McConnell Range (Flgure 2.94).
The rocks are well exposed in the area of the Hackenz1e and

Great Bear confluence, and for several kxlometres upsdream along

both rivers. Those along Great Bear vaer may be broken into. two .

1un1ts, referqed to here as the "lower unzt" and the "upper un1t"

&

4

11



Lgwer Unit .

/
/

The lower unit consists of a complex, upsection transition
R*

undrfferent1ated shale and 81ltstone, through,sandstone to

conglomerate. These rocks are exposed 1nterm1ttently along Great

- l

P
.\‘)‘

Bear River from Fort Norman to a short dC§tance above the Brackett

confluence (Flgure 2.5).

>

Shale and slltstone appearlng at the base of thls unlt, and
therefore the locally exposed Tertlary System, are medlum to hlghly

plastrc and bentonxtlc They show varying degrees of fxssurlng and

are more like heavily overconsolxdated s01ls than rocks. They are

o

weakly 1ndurated, and may be excavated by hand and broken down wlth

* -
\

gentle f1nger pressure. L

3

Sandstone is the most common rock exposed in the lower un1t

i

This consists of medium to f1ne sand of which 60% is quartz and 40%
is‘argillite andbchert Exposures show nell developed cross-stratl-
fication and'dccaeional 301nts The degree of 1nduratlon is low, 8
and the mater1a1 may be ea811y excavated wrth a shovel
The ¢onglomerate 1; approx1mately 802 gravel s1zed clasts
"whieh consist*mostly&of qnartzlte and argllllte with localized
;carbonaceous material. Cross-stratificationhis extenaive and
commonly assoclated with deep scour 1nto underlylng sandstone.‘
lf- Jo1nts present‘1n the sandstone alao propagate through the

‘coriglomerate. The conglomerate 13 weakly 1ndurated and like the

-

5sandatone; may be easily excavated w1th a shovel.

12



| 13

L.

Ugger Unit ¢ ‘ ’ ' ,

The upper unit consists of interbedded bentonitic siltstone

and coal. The unit is exposed intermittently along Great Bear River
from between 1 and 2 km above the Brackett confluence (Flgure 2.5),

but is t;uncated by the‘P1e1stocene eroslonal surface below the
confluence. 1t reappears in the hanging wall of a normal fgult in .

contact with'the.lower unit at For;‘Norman (see GB40, Appendix A).

©

Siltstone beds have a variable thickness and are separated by

. A . ) .
}bal beds. The material is generally highly plastic and is-composed

?

: ) . v :
of yp to 45Z montmorilidnite, with an average of 20%4. In outcrop
the material is highly fissured and consistently soft to finger

pressure. It is more éppropriately described nj/jﬁ'd%erconsolidated

'soil than a rogk. | -~ Q%ﬁ

Coa15beds and laminae are éommon The coal is tentatlvely

a581gned a rank of 11gn1te to sub-bltumlnous It preaksidown easily

T

into angular'peds 1 to 2 cm long and is easily'reccgnized by the |

¢

presence of plant fossils and amber. -~

2.4.4 Cenozcic'~ Quaternafy : -

" The succession and basic lithology of~Quaternary sediments,in -
2 : . :

theienvzrons of Great Bear vaer is ngen 1n Table 2. 3 The ;
-'reglonal surflcxal geology and geomorphology, modlfled from
Geolog1cal Survey of Canada maps, are. shown in Flgure 2.6, cnd 8
compos1te stratzgraphlc sectxon of surf1c1a1 deposlta along Great

-

Bear vaer from km 0 to km 75 is shown in Fxgure 2 7

\



Surficial sediments1 pre-dating the last glaciation are

- present at two locations: sand and siltyclay, which are considered

Elluvial, occupy a bedrock velrey at km 7; and deltaic s{}t, sand,

and gravel lie immediately west of McConnell Range, between km 45

0y

and 53.

T111 whlch is assumed, to have been deposlted during WlsconSLn

glacxatlon,ils the lowest w1de8pread unit in. the Quaternary

-section. ThlS ig present throughout Macken21e Plain,, and to varylng

~ 3 3

elevatlons in chonnell and Norman Ranges . - . s

% Glac1olacustr1ne silty clay and overlylng glaC1ode1ta1c ‘sand

‘are wxdespread on Macken21e Plain. These aecumuLéged in the

proglac1al env1ronment of Wlsc¢951n deglacxat1on : SR

o, .

- Recent sed1ments are common throughout the area. Oréanic

ils, lacustrlne clay, 511t and sand,L and aeolxan sand are: present

he surface of the Mackenzxe Plaln. Alluv1a1 311t sand, and

! -

:vel are, present on valley floors,,and valley slopes are 1arge1y

ayey and sandy colluvxum Recent sedlments are typ1ca11y qpln and

3

of little 81gn1f1ance to tth study, and are therefore not dlscussed

further For a detalled.summary the reader is referred to Tarnocai

-

(1973).

<

et

Pre—WLscon51n - Alluvxal Clay and Sand

-

D e S R T

. T4

These depos1ts were only encountered at the proposed Arct1c £

Gas crosslng site (km 7 2, F1gure 2.5). They consiSt of 6.7 m

,
. «

# -t . . L L n.

1 For the purposes of this thesls,, surfxc1&1 sedxments"‘refers

- to all sediments above the Tert1ary bedrock surface.-‘



. of sllty clay with sand or coal beds.

‘bedrock structures (Figure 2. 4)

thick. - Thls is conSLdered allogen1c because of an increasing

' giving,a pseudoFretzculate.permafrost‘form-

-
~'-‘
L

- of sxlty clay and sand, and separate Wisconsin rill andyTertlary

o
bedrock They OCCur at and below river level in a bedrock valley

\‘;/

fthat is 1dent1f1ed by follow1ng the bedrock surface in-exposures

N

upstream and downstream ofithe site. The trend of this valley away
Nt

from rlverfli\vyknown but it is l1kely north northwest parallel to

i
j2 ¢

Blue-grey to brown, hlghly plastlc silty clay (cHY and clayey
silt (MH) make up most of this alluv1al dep081t (F1gs 2.8 and
2.9). The beds are flssured and sllckenSLded, and detr1tal coal

fragments are f0und\throughout. Clay mrnerals present 1nclude
>
montmorlllonlte (602), 1111te (302), and kaolln1te (lO/) ' ”

Very unlform (SP), uncemented, salt and pepper sand in quSw

+

20..to 30 cm thlck makes up approx1mately 107 of the alluvxal

dep051t The graxns are medlum 51ze, subangular,‘and con51st of -

E]

[
——

argllllte (60%) and quartz (404) o —T

B

‘-The remaxnder of the dep051t is made up OE a coal Seamd30 cn“.

v

content of detrltal coal in underlyxng 311ty clay, and because of

thin clay lamlnae in .the bottom of the coal 1tself .
; "o o5 3

Ground ice! OCCurs where these strata lie w1th1n they -

A
permafrost zone-. lhln fxlms of 1ce coat most fxssure surfaces,.

1

i ’

Stratlfied ice'is .
« 8
also presentlthh veins up to 4. cm thxck occurrlng at some contacfs

5 . N

- j

if frost is dxscussed in Section A 3

1The classlfxcatlon system used in this thQSLS to descr1be perma- o

~ - Lo (S
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‘Pre~Wisconsin - Déltaic Silt, Sand, and Gravel = v

L -

A sand and gravel complex undérlies Wiconsin tiii oo“the west

3

side.of_MoConnell‘Ranﬁe. The deposxt has a tyg1cally deltalc
4

~

morphology in cross section (Flgure 2, 7) with a steep, west fac1ng

“delta front at. approx1mate1y km 42.

More than 20 m of silt, sand, and gravel belonglng to thls
.dep051t outcrop at km 45.3 (GB9 Appendlx A). Sand and gravel beds

domlnate the exposyre. Clasts in the gravel represent up to 507% by - .
o H c :

. volumeé and con51st prlmarlly of pebbles of crystalllne‘gnd carbonate é.

. -

k3

rocks. Cobbles and boulders are usually less than 1%, Hut 1ocally

. ? ~

‘ .
as -much as 51 and as_large as 90 cm in dlameter. - The sand is medium,

to coarse, angular to ‘subangular, and éostiy quartz %802) and

feldspar (20%). SiIE;Seéms_IS.to 25 cm thick are commod, and make up
- P . - . . : ’ ) ' . i A . ' E
5 to 104 of the exposure. - KR '

S » . ) ‘ o

RéEESTroot"wés(not observed in the deposit,

Wisconsin - Till*

A

-~

contact is buried, but it is assumed to be with Tertiary rocks to
* P : K ' [N ) , ’ . B v ’

apprOximateiy»km 35;‘Enﬁ‘then with Cretaceous rocks to St. Charles

Creek} From tﬁls po1nt to the zyst slde ‘of McConnell Range, tha_h

L]

7 un1c rests on . pre-W1scon81n sands and gravels Ov%f Mackenzze Plaln

'the tg/l 1s-sovered by glacxolacustrlne clay, and through valleys in m

L ,5,J‘ , ‘., 9L

-



McConnell Range, near Bennett Field, it is overlain by glaciofluvial
outwash; elsewhere it comprises the ;urficial mineral soil.
o Thicknesses of from 3 to 10 m are common for till in
M;ckeﬁzie Plain, Thelgill is thin or légking in the highlands of -
Franklin Mountains, -but the_pfesence of glacial éfratics indicate
Laurentide glaciers advanced oﬁer»@he region (Hughes,:1969).

The till is compact, with .very rare pocke;é and lenses of
stragified material. The mafrix is dark greyish brown (10YR4/2) to
dark grey (10YR4/1), but becomes black near Tertiar& lignite
deposits. The ;tructure of’outcrdps is dominated by fissures% with

4

peds ranging from 2 to 6.¢é{ Joints are present, but are very - v @fév
iﬁdistinct.' |

Claégs are all subrouqdéd and consist mainly of granite (40
to 50%) and carbonate (462)‘wiﬁh random sandstone, quartzite,
7syenite, andvlocal siltstone and shale. Tﬁe average size is 1 cm,
’ withVCObbles and boulders less than 1% ofvthéwtotil. The maximum
size observed was 1 m in diameter. The long axes have a preferred
east-west orientation, and hos; claé;s have stria;. °

The matrix consis£; §f a near-equal s%nd-silt-clay mixture;
wit§*10c31 isbrea;es in sand contenttésjshgﬁg in Figure 2.9.  The
plasticity characterigt{cs summariz;d in F}ggie 2.8 give it a
Unified C}assification of low to medium pla#tiC'clay (CL- to CI?, and
iiduidity indiceg between 0 and -1 indicate‘overcoﬁsolidation. The ,
unit weight averages 22.1 KN/m?, and the séécific graQity qi the

soil particles is 2.74. Clay minerals identified are illite (60 to

¥,

c

.
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75%), kaolinite (20 to 25%), montmorillonite (0 to 152),,and

" . chlorite (SZ).

The deposit is everywhere within the permafrost zone, except
in particularly deep sections in the valléys through McConnell

Range. Ground temperatures at km 7.1 of Great Bear River range from

| . .

-2.0 to -2.5°C. Pore ice is the most common permafrost form, but
some reticulate ice occurs near the upper and lower contacts. Veins
of ice in reticulate ‘ice facies are limited to widely separated,

i

sub-horizontal lensés 2 to 4 cm thick.

Wisconsin — Glacialacustrine Clay

hFine-grained, glacia1~lakefbasin clay rests on till
throughout its extent in Mackénzie Plain, e;cept near km;37 where it
overlies a small, coarse-grained, ice—coﬁtact deposit. 6ver mégt of
Mackenzie Plain; it is overlain by gla#iodeltaic.sand (Figure 2.7),

but in the east, near the lower Northern TténsportationiCompany

" (NTCL) dock, it is covered byﬁglacioflpvial sand and gravel. It has

]

extensive organic§s011 cover where it is the surficial mineral soil .

N ‘ . .
The thickness of the deposit is directly relateq to the

mq;phglogy of the undérlying till gutface;’ Accumulati%ns typically

range from 5 to 10 m, but over highs this is reduced t4,2 to 5 m,

{

and in lows, such as .the b¢5:;:; valley at km 7, it isfup to-18 m

thick.

The maximum elevation of the deposit is associated with

i
§

strandlines at approximately’el. 150 m near Big Smitﬂ Creek (Figure

£4
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2.6),‘50rkm southeast of Fort Norman. North of Ggeaf Bear River, on
the west side of McConnell Rangé, the sediments reach appfoximately
the same level, and on the east side ;f Bear Rock they reach el. 130
m. The estimated isostatic fecoveny from these data is 0.35 m/km in
both east and southeast directions.

Outcrops are common in the heédscarp of bimodal flowé, many
of which are active and provide fresh exposure of tﬁe clay and its
contact with overlying sand., Howe;er, the ogeréndi of these

features commonly precludes exposure of the lower part of the clay,

‘and is responsible for a paucity of field data in the lower portion

of the clay section.

The lowest 1 m of glaciolacustrine sediments contain

significant coarse sand and pebbles. The contact with the sand

G
above is abrupt, and locally marked by a thin lens of pebbles and
@ N .
coarse sand. No gradation was found in the claﬁ near this contact.
} The clay is rhythmically lamlnated thrOughOut the region,

al though only minor colour or texture dxfference exists between the

"summer" and w1nter" layers. The former are greylsh brown

(10YR4/2), average 0.2 cg th1ck, and range from 0. 02 to 200 cm; the

latter are very d;rk greyish brown (10YR3/2), average 2 cm thxck
and range from 0.05 to 10 cm. The beddlng structure is highly
contorted, and individual lamlnae show rapld thxckness variation,

both of which make lateral correlatlon of more than a metre

,difficult, No dinmictou deposits were found, aﬁducurrent~ﬁeddeﬁ

19
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silt laminae were only observed at GBl4 (Figure 2.2).

Preliminary grain-sizg analysefiwere planned to assess the
téxtural Aifference between the "winter'" and "summer" laminae.
Owing to. the difficulty in sampling.each layer, and since the
ma;imum difference was cdnsistently less than reasonable/
experimentai accuracy, this objective was abandoned énd further
samples were taken indiscriminately.

Tﬁe lack of strong textural contrast between the components
of each couplet is at least paftiall& a manifestztioﬁ‘of bedrock
conditions in the Mackenzie Valley. Roggensack (1977) féﬁnd that
glaciblacﬁstrine sediments from Fort Simpson and Norman Wells
cofsisted of aggreéates of clay minerals, aﬁd proposed that these
were“derivedyintact from the local étetaceOus System, trangborted,
and deposited as silt-sized paréiciés. His photqmicrographs
(Roggensgck, 1977, p.400) illustrate a predominance df ;urhostratic
fabric, wh{ch underscores tﬁe sedimentological importancé of this
model. |
" The photomicrographs also show 5 degree of gdge—to—faée
structure indicatiﬁg flocculation. Frasef‘(1929) showed

experimentally that this process could occur in solutions with

salinity as low as 1/90 that of normal sea water. The a&ailability
) . . /(

of electrolytes in local Paleozoic rocks, together with evidence of”
: : e S

solution cited in Section 2.4.2, suggest that adjacent glacial lakes
contained 4 sufficient electrolyte concentration to effect the

observed,floéculation.‘ In the Gréat Bear River area, these

20



21
S

‘phenﬁmen; likely combined to produce silt-sized, clay-particle
assemblages that s;ttled frém suspengion at approximately the samé
faFe as discrete silt grains. Therefore, clay sizes compriseﬁg
large percentage of the "summer" 1ayersf
| “The results of 62 grain-si;e analyses are shown in Figu;e
2.9. The distribution shows the deposit is a gilty clay.
Plasticity characterisﬁics illu;trated in Figure 2.8 indicate a |
Unified Classification of medium to highly plastic clay (CI-CH).
Liquidity indices are consistent}§ nea; zero, indicating slight
Voverconsolidation, bulk unit weights have an averagé éf 20,KN/m3,
and specifié gravity of the soil particles is g;nerall;:2.75. e
X-ray analyses of the less.than 0.002 mm fraction show
betwegg 15 and 20% clay-minerais, 55% quartz,’ 10% calcite, 10%°
dolomité, and less than 10% each of gyésum and feldspar. The
average composition of the élaylminerals is 662 ifiite, 20%
kaolinite, énd 10% chlorite.‘ Montmorillonite vafied from 5 to 25% '
with a mode of 10%. | N | .
_fhe deposits lie within the bermafrost zone'throughouﬁ
Mackenzie Plain. Reticulate ice is the most common permafrost
form. ‘Veins of ice range up to 20 cm thiék.,-Us;aIiy a primary
vertical and secondary horizont;i‘icé structure‘is evident, and the
primary veiné are almbst‘always thicker. Segrégated ice is also a
'cbmmdﬁ\permafrost fo}m. In general, the éroﬁnd-ice-to soii (voiume):
ratip is greafer where thé glaciq{gggs;rine §1§y,outCrdpa ;long-t*' /
valleybsidec,fthan it is atvﬁepth’beneath adjaégn;-&p}angp: Both |

recticulate ice and segregated ice facies are thaw unstable where

LEwe



| °

either is exposed to thawing conditions.
/

Wisconsin - Glaciodeltajic Sand

A thick blanket of glaciodeltaic sand covers Mackenzie Plain
south' ovareat Beat.River, southwest of Mackenzie. River toward
MacKay Range, and north‘of Great Bear Rieerlto el. 120 m.. It rests
won glaciolacustrine clay througpoet the region, locally separated

from it by a lens or thin bed of pebbles and coarse sand. Where the

sand is thin, its surface is covered by peatland and fenland

v

Containing up to 4 m of organic soil. Peat palsas and plateaus 1 to

3 m high, separated by shallow lakes and frequently showing active
thermokarst act1v1ty, form dlstlnctxve topographic . features Where
the sand is Cthk, orgaaxc soil is generally betweenﬂO 5 and 1.Om
thick, lakes are less frequent and swampy bogland is much less
widespread. East of Brackett River and southeast and east of Forﬁ
Norman,'the_ﬁonetony ef the plaie is b;eken eccaeionally by senq
duﬁes. )

‘Sediment sources in the east and south are inferred from
scattered paleocurrent data and _general thxckenlng of  the sandv
facies 1n these dlrectxons ) incxsed glac1of1uv1al Iandforms, in
gaps through HcConnell Range (F1gure 2 6) and adJacent to Mackenz1e
vaer at the Redstone R1ver confluence, are further evxdence that
the sedlmeet source areas were to the east and south

~ Exposureu of the sand are common in the headscatp of actxve
and stable bimodal flows along Great Bear vaer and 1ts |

:rxbutarxes.’ The unit shows a general northwestward thxnnxng except

_where 1t f;lla topographxc depresax@ps or1g1nnt1ng 1n the t111

-
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surface and preserved through the gl&cialacustrine clay. In the
east, the depésit averages 20 m thickv at kﬁ 16.2 10 m, and near
Fort Norman 5 m. A thickness of over 20 m suqcessfully masks all
ev1d;nce of the bedrock valley, at km 7

Bedding structures are hxghly variabie.. The dominant sand.

bedforms are massive, hbrizohtﬁity bedded and laminated, and_’

cross-laminated. Draped lamination is common and most often made up

. of discrete silt and sand-size éoal grgiqs. fhin,,hofizon;al lenses
of cohesive material, tabular cross-beds of sand, and thin,
horizontal, pga—gravei lenses are -each presgnt in.alfew‘sectiOns,
. but. they represgﬁt an'insignifican;_peréentage of_thg oyerali sénd
facies. | [
The sand is'vari~cdloufed,’rahginé‘from'yeIIOWfBrpwn,,to
‘brown, tévblack. Quartz-is theibtiﬁary'minéfaf, making up betweén
70 and 90%, wh11e coal, arglllxte, and. feldspar are secondary. Wood
fragments are common near the top of the sand sectlon. Quartz |
"gra1n§'are angular to subangular wh11e other 11tholog1es vary from
subangular to subrounded. M013ture contents have an average of 27%
and bulk unit weights“18<2 KNVmB.‘ The specific gravity of the
*gdilrgrains i§ 2.68 and the void ratio ranges from 0.7 to 0.8,
The*textﬁral breakdown of,the less than 2 mh'frattion gives a

pure sand cIasgificationf(Figu:g 2.9). Gravelly lenses tYpicdlly

;have-up to 15% gfavel sizes; with a makimum size. df 6'cm>and mode of

leas than 1 cm“ WIdEIY scattered, presumabgy 1ce-rafted clasts are

as large as 58 cm 1n d1ameter._

Thgbaand is thhxn'the/pefmafrost'zone,iexcept4beneath deep
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’ lakes. The'dpper 3 to 10 m are within the zone of annual -
.temperature fluctuation, and, depending upon the nature and

thickness of organic soil cover, the active layer varies frem 0.3 to
5 m thick. Pofeﬁice is the dominant permafrost facies; vertical ice
veins up to 2 cm thick are also present, but eheee are rare‘and
zones-codtaining'them have ﬁot been assigned to any‘speeifie

permafrost facies. Pore ice alone is sufflcxent to saturate the

sand at its in extu vo1d ratio, and any degree of‘shakxng 11berates 3
’abundant excess water. The sand is commonlygthaw unstable Natural
sloees ere generally 28 to 34°, prec1p1tous slopes ranglng up to 38°

occur along much of Great ‘Bear Rlver, especially on the left. (north

"fac1ng) valley wall.

Wisconsin - Glaciofluvial Sand and Gravel

- Glaclefluvial sedimentSjwe:e ndtvexamined'by,the;writet; The
following,brief discpssion ls based.oe data from coﬁsulting reports,
governmeht abufees, and airphoto intéfﬁ?EEatlon.' :

| GlaC1ofluv1a1 sand and gravel occupy lowland)gaps which
traverse McConnell Range adJacent to Lnflowlng rxvers such as the
Great Bear, and St Charles and Blg Smith Creeks (F1gure 2. 6) The |
kettled plexns and terraces of the or1glnal landform are deeply

incised. Ev1dence from 1mme31ete1y n9rth of St. Charles Cteek shows

the coarse material was redeposxted a short dxstance downstream, and

P
3

~sect10na along«the Great Beer vaer show what 18 assumed -to be the
.aame mater1a1 1nte?calated thh glacxodeltaxc sand The deposxts .

vare\composed of approxxmetely equal quantLCLes of send and gravel
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and give a Unified Classification of GW. They lie wifhin’the
permafrost zone, and the 1mpoundment of small lakes in kettlea and

in abandoned channels suggests the dep031ts contain ground ice.

2.5 Geomorphic Development »

The earliest geomorphic’reco;d,is the erosion-and partidl
filling of a vallex in Tertiary bedrock at km 7. Insufficientfdata(_A'
‘are .available to estab11sh the local trend of thls burled valley, on
a reglonal scale however, it 1s 11ke1y contiguous wlth the, ﬂare
. Indian - Mackenzie Trench" reported by Mackay and Matheys.(1973);
Attempts to dafe basal (ailuvial) sediments lying in.tne valley_on )
the basis of microflore are inconclusiVe. The‘presence.of élgggland

ﬁcf Ilex 1nd1cate the sediments are at least Tertxary, but the

iz

general lack of Tertlary taxa suggests Pllocene Plelstocene Age1

Deltaic deposzts under1y1ng glacxal till at km 45 testxfy to
a lacustrlne phase prlor to the last Wlscon31n glacxat1on, and

probably relate to deglac1atxon of an earller glaclal perlod They

were found to be barren of organic material and therefore could not

."be dated.

Flutings east of McConnell Range (Figure 2.6) inﬁicateuthet ’

. 1Hopkina, W.S. Jr., 1977 personal communication. Identification of
microflora revealed the following taxa: "Pleuricellaesporites,
Lycopodium, Selaginella, Osmunda,.laevigatosporites, Verruco-
sisporites, Sphagnum, sPinaceae, Tsuga, Glxptoatrobus~Taxod1uu.
Sequoidpollenites, Liliacidites, Nuphar, Fibulapollis, -
Orbiculapollis, Aquilapollenites, Wbdehousexa Castanen—Type,
?Kurtzipites, Alnus, cf. Ilex.

- ' s
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- . the. Classlcal Wlscons1n Laurentxde 1ce aheet entered the reglon from

B

the southeast but b1furcated east of McConnell Range (Hanley and

u Hughes 1973) One lobe conttnued northwest 1n an arcuate pattern
A

3 north of Mahoney Lake The second 1obe crossed McConnell Range and

'»\ ) ',\

vh'flowed northwest along Mackenzxe Valley as far as Beaverta11
.',Mountaln where the two lobes merged agazn and oonttnued dn av:t[
‘lnorthwest dlrectlon (Mackay and Mathews, 1973; Thls last Wlaeonslnt K
iadvance reached 1&3 max1mum agalnst the mountaxn front”approximately
14, OOO years ago (Hughes, 1969 Prest, 1970) j :1 Tffﬂhf
Large 1ce-dammed glac1al lakea, occupylng oonseouent valieys
haloné thé eastern front of Mackenzle Mountains, coexlsted wlth the
'fglacxal max1mum (Hughes, 1969) Ice—margxnal channels 1nd1cate:>fﬁ
f these glac1al Iakes stood at elevatlons greater than 300 m Durlng
'jearly retreat, the channela probably fed 1nto a maJor‘meltwater .
‘*f‘aystem, whxch ultxmately foLlowed Mountgqn Rlver 1nto a glaeaal 1ake
-'southwest of Fort Good Hope (Hughes, 1970 Mackay and D‘Iat:}'news,,".""'/'~
- 1973) later the channels ended xmmedxately north of MacKay Range;

. fdepoaxtrng coarse deltalc or outwash sed1menta east of L1tt1e Bearj:'

' f‘dever. Retreat was accompanled by a steady decrease Ln lake levelv

¢

L to an elevat1on of 150 m, where strand11nes formed and below whlch

‘ glacxolacustrxne sed1menta are wxdespread

Near‘Sana Sault Rap1ds,.equ1va1ent lakerbastn sedxments show-“

b

f
a gradatxonal chAnge to an overlyzng delta1c fac1es (Mackay and

:'Hathews, 1973) In the Great Bear vaer area however, thxs d%ntact Y

P

r'w.xs abrupt, a8 deacrzbed in Sectlon 2 4 4 and may 1nd1cate that

) = z PR
. faxlure of an 1ce dan cauaed a audden alternatxon to delta1c

L S e T AR S S T R
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sedimentation.- Subtle differences in tﬁe elevation of

glaciolacustrine sediments aloﬁgjthe MackenzieAnéor the mouth of

.-Little Beér River, andrghe preseno; of - stream channels and |
s;randli%eo neor :ﬁé mouth of'Little Bear River ao shownvon Figure
2.6,'sug%est the .ice dam was coinéideot with ohe glaciofiuvial

. e . . .

: aedimentF east of Pittle Bear River in Mackenzie Plain. After
breachin%, glaciQi lakes above and béiow the barrier coalesced and a

Lcontinuots bodyvof wéter extended from the RampartS-Ontaratoe divide
(Mackay and Mathews, 1973) to the area of the present Keele and

‘Redstone Rlver confluences w1th Mackenz1; Rlver

| Mackay and Hathews (1973) estimate that ice dams in-the Fort-

7 Good Hope area ‘had d1sappeared, and that the relative stab111ty of

1ce-marglnal condxtlons had -become establlshed at el. 95 m

”‘appréilmately 11, 000 to 11, 500 C14 years ago. Assumlng this is a

reasonable esti te of when the 1ce dam near L1ttle Bear Rlver was
’ breached, a mlnlgﬁm dlfferentxal isostatic depresslon of 20 to 25 m

was . requ191te to have malntaxﬁed deltaxc condxtlons in the Great

Bear River area. Thls 1s,con31dered reasonable 1nvre1at10n to/;gg/

-d1fferent1al establlshed actoss the bas1n (Sectlon 2. 4 4), and
,elsewhere in the area (Cra1g, 1965) SRR ;y”f 
vDurlng’thxs period the ice front lny 1mmedxate1y east of

-

McConpélI Range and meltwater dlscharged through gaps now occupxed

N,

{by Gteat Beatﬁhxver, and St. Charles and Bxg Smi th Creeks (Prest
'1970 Hanley and Hughes, 973).. Aa the lake level fe11 deltas'

: adJacent to Hackenzxe vaer ﬁear the mouths of Keele and Redatone

\

'R1vers, and deltas and outwash plBLPB in the valleys through
o _ L
‘ \ ‘ . r' 4

©
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much as 30 m below the last Systemat1c downcutting at

ic0u;1ed with decelerating isostatic readjustment in the
}itated ﬁorthwesbwafd progradation of the deltaic front..
; ! :
Low water environment, éopious sedimgnt‘supply, and .

nce of uniform, fine to medium sand, derivgd from Cget;ceod;
ones,_éombined to prodgce a fan-delta mgrbhometryksimilaf to

I Hjulstrom modelvfﬁjulsttom,'1952; Church and Gilbert, 1975).,

As the ice retreated east of the McConnell Range, meltwater

eétablishéd‘iﬁbits‘presénb course east of McConnell Range a
R , ) - o .
y as 10,900 -years ago (Craig, .1960: Prest, 1970), hut wood
‘fragments from gentle tabular cross-beds in the sand section at GB27

(Ap

Pléin afterf10,60‘0>014 years B.p.1, It seems likely
( ‘ o ' o , -
strial conditions were established at el. 100 m in this. area

approximately 10,000 years ago, and,furthe:_downéutting‘was—in 3

proportion;;o_the'outlet‘near Fort Good_Hope.as discussed by Mackay =

,and Mathewé‘(1973) A radxocarbon date reported by Roggensack
(1977) lndxéktes that the lake level had. fallen to approx1mate1y el

, 70 b by 3, 290 Cla years B.P.; and wood fragments 1in colluvxum, U

._near the base gf a stable, re- frozen b1moda1 flow at the proposed '

lerCCJC Gas Cross1ng sxte, indicate Great Bear vaer was 1nc1\‘a

PN . Ay

T“

McConnell Range becaeg 1nclseq‘ and the new deltalc fac1es began to ,

dix A) indicate deltaic sedimentation continued in the central

IBIake, W. Jr s 1976, personal commun1cat19nv GedlogiCal Survey of
Canada, Radlocarbon Sample Number 2328 B R

- . . o < ~.
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ply waned and became concentrated in Great Bear River. The river




below’approximatdly el. 68 m by 2 670 C14 years B.P. 1

»

Glaciodeltaic sand in the uplands over Macken21e PlaLn was

o

. locally mod1f1ed by wind actlon shortly after te;restrlal cond1t10ns

\were establ1shed, and before exten31ve vegetation cover: developed

ﬂ-‘More'recent modifications to upland topography have resulted.from,
* - 9 , - . ) .
repeated aggradation and degradation of permafrost.

N

2
&S

2.6 Selectibn of Field Instrumentation Site _;;xl (;ﬁ
a . ‘>~ [, .

On the basig of " geologlcal 1nvestlgat10ns reponted 1n the

AN
N
N

foregoxng sectlons, km 7.2 on Great Bear River emerged as the most

su1table site for the 1n 31tu study of naturally OCCurrlng creep
L]
processes

The'locagﬁon‘is near the thalweg\of d‘boried valley Thls

,topographlc low was: preserved after Wxscons1n glaclatlon, and

recelved an anomalously large thlckness of flne—gralned sedlment

4

-[when glac1al lakes became 1mpounded in the area. The sedlments are.
. 9 4 . ;

v_presently w1th1n the permafrost zone and constltute a retlculate 1ce

facies. They‘are over1a1n_by a thlck'deposlt of.glaciodeltaicV§and

- K

in the,uplands, but they l1e bepeath a thxn layer of organlc 8011 on

the steep slopes of the Great Bear vaer Valley .
8 .- > ' : '
The locatxon is also won the proposed Canadxan Arct1c Gas

[

pxpe%1ne route. “In 1974 the Canadlan Arctlc Gas plpelxne

E applxcatxon was before the Natlonal Energy Board, and problems of

N . \_

‘naturally occurrlng cnh&p were of central cOncern to the applzcant.

» ca . ! §
Lo~ L ‘ o . X ; o \;\
W g -

1Blake, W. Jr., 1977 personal communxeataon. Geologxcal Survey of
Canadaq'Radxocarbon Shmple Number . 2488, - - .

v. -
= . ~



As a result of these. factors,.a cooperatlve programme between

"y
. the Unlversxty of Alberta and Northern Englneerlng Servxces L1m1ted

- was concelved in. order to thoroughly 1nvestigaq, naturally occhrrlng

creep_propenxxesfln xce*rlch, fxne—graxned(permafrost soil.
. _ . . S R .

S
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- "TABLE 2.1 ‘ : ’
Guide to the location of drillholes and measured sections along
' ‘Great Bear River

LOCATION- | KILOMETRE ELEVATIONS (METRES) SOURCE
CODE LOCATION NEAREST | TOP OF S-Section
ALONG RIVER RIVER SECTION OR DH-Drillhole
. e LEVEL DRILL COLLAR -
GBl _ 7.1 56,3 _101.5 DH GB1, 1A, 1R
GB2 7.1 56.3 | ' 80.2 DH GB2
GB3 7.1 56.3 70,4 |pHGB3, 3A
GB4 7.1 56.3 56,3 CR DH N74-303
GBS - 7.1 56.3 |  56.3 CR DH N74-304
GRA 1.1 J 563 87.5. . . .. |CR DH N74-307__
GR? 7.1 . 56.3. 101.6 CR DH N74-308  _
GBS 46.3 80.1 | 8.2 S_¥S=73=2
GBY 45.4 79.5 ©125.5 S WS-73-3
GB10 __42.5 18,0 | 125.7 S WS-73-4
GB1l 41.1 2 77.3 | __109.7 _|S Ws-73-5
. 'GB12 40.0. 6.9 | 82,6 s ws-73-6
GB13 39.6 76.7 116.8 . |S KR-73-4 ‘
GB14 | 37.1 /5.5 | _118.4 IS WS-73-8
GBLS 1 35.1 74.8 | 120.5 - |s wWs-73-9
"GB16 34.8 74.7 | 82:5 S. AR-73-5
GB1Z 2.6 | 132} _ 80,0 |S AR-93.6 -
GB18 31,1 | .12.2 | 1136 ~|s we=73-11
GB19 29.0 b—11.2 1 862 |S WS _73-12
GB20 26,1 68.8 | _ 108.8 S WS-73-14
GB21l _{  27.25 70.3 | 116.9 |s ws-73-15
GB22 * |- 25,6 - 69.5 ~ | 76,3 - |S"WS-73-16
.GB23 24.1 68.8 __95.8 1S WS-73-17
_GB24 211 67.3 | _99.1 IS Ws-73-18
GB25 20.3 62.0 ] _ 80,0 |S WS-73-19
GB26 18.9 66.2  ]107.2 (top sand)|S WS-73-20
__GB27 18,1 65.7  |79.3 (tdp’'clay)}S MS-73-21
| GB28 16,2 64.7 99,2 S WS=-73-22
GB29 11.8 613 | 100.6 1s AR-73-7 |
GB30__ | 11.5 61.0 | "86.4 . |sws-73-23 . . | |
GB31 11,2 60.9 N/A S WS-73-24 :
GB32 ~30.3 59,8 110.9 S _WS-73-25
_ GB33 | 8.0 57.8 "}  N/A_ S WS-73-26
1= GB3 | 6.5 -56.5 | _101.8 S_AR-73-8
-1 6835 6.6 56.6 |  66.6 § AR-73-8
46 | 3.3 . ) s3]l 813 ls ws-77.28
1 6B37 0.4 51.4 | 83.4 WS-73-27
| GB38 51.6 91.1 _130:82 S WS-73-1 -°
; 5 ‘ |
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TABLE 2.1 continued

Great Bear River

Guide to the location of drillholes and measured sections along

LOCATION - | KILOMETRE ELEVATIONS (METRES) \souncz
CODE LOCATION NEAREST |TOP OF S-Section
ALONG RIVER RIVER | SECTION OR DH-Drillhole ,
LEVEL DRILL (COLIAR CR-Cansulting Rp
GB40 0 (Fort Norman) .51.0 __N/A | S WS- 75-8
| GR&1 | S6.5 | 96.0 .. 135.3 ___ |CRDHM20 - __
| GR42 54.9 ,__31.4__'___.__128& JCRDHBIS
GB43 53.0 4914 } 1478 [crRDEM2 |
| GB44 | 519 | 84.8  84.8 CR DH R2 i
| GR&S | . 8.7 | 58,4 _ UNKNOWN CR DH 2FNI3
GR4A 8.0 ] 57.8 | _UNKNOWN __ | CR DH 1FN30. .
| _GB4Z | 5.9 _ . ] _56.0__| _UNKNOWN _. |CR DH 3FN10
GR48 _} 3.9 . 54.2 _._UNKNOWN CR Bfi-112 ’
| GB49 3.8 | 53.9 | _UNKNOWN. Jcr DH 113
| cmso | . N | w/ma TUNKNOWN_ | CR DH 107
| GBS1 . R_.MNLA e § NJA | _UNKNOWN ~ __|CRDH 122
-.GB32 __ _}__ N/A_ & __N/A UNKNOWN . | CR DH C32FN8
B3 lo.3.1 . ]owa UNKNOWN CR DH 110
..GBS4 ___} 2.6 | _52.8 UNKNOWN | CR DH 111
GB53 2.3 32.7 ] UNKNOWN . _|CR DH 452
GR56 2.5 .} N/A | _UNKNOWN___ | CR DH 1FNl4
GBS7 1.2 | N/A UNKNOWN I CRDH 465"
L cBs8 | 1.4 LN UNKNOWN | | CR DH 461
| _GB59 1.3 N/A UNKNOWN CR DH 522
|__GBAO __ Joutside map areh N/A 176.8 CR DH M14
_;Qnﬁl;wnmaidgmumtjﬂm_,m 174,1 | CR DH M18
| cR62 | 104 - | 59.9 61.1 CR DH R11
~GB63 | 106 .. 1| 60.1...| 101.3 _ | (CR DH R21
GB64 12.3 6l.4 | 102.3 CR_DH R22
GBAS 12, J 614 | 614 |CRDHR20 ©
GRAA 8.5 55.8 97.5 _ CR_DH R206 '
GB67 5.5 .} -55.8 91.4 CR. DH.R207
__GR68. 5.7 | 55.8 57.3 CR DH R208
GBA9 5.6 }oss.8_f 573 fcrRDHR29 -
GB70 5.2 | 55.4 . 1 91.4 CR DH R210
GBI1 _10.5 _.59.9 }  61l.4 _ _ | CR DH R201
GB72 10.2 59,6 61.4 * | CR DH R202 _*~
GB13 10.6 59.6__ 108.6 . _ . | CR DH R203 = _
|__GB14 10.7 _NJA 111.2 ' | CR DH.R204._ ___
GB75 9.9 39.4 ~19.2 _ {.CR DH R205
" |_GB16 71.0 N/A 2348 JCRDHM6
__GR77 2.2 | N/A___ | 22806 __ | CRDHMI
__GRI8- N/A 182.9

CRODH M1

%o
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TABLK 2.2
mo‘s_m BEDROCK FORMATIONS IN THE GREAT BEAR RIVER AREA 2 !
PERIOD % .
ERA OR FORMATION AND ‘ LITHOLOGY
EPOCH | MAXIMUM THICKNESS
‘o Gravel, conglomerate, sand, sandstone, minor
25 EOCENE ? | LMNAMED 490 beds of coal; nonmarine -
8~ Y :
) Unconformity ] -
LITTLE BEAR AND EAST FORK FMS, Sandstone, shalse, minor coal; marine and’
] 4 U Jundifferantisted: 300+ nonmarine >
Q o -
8 ; ' Disconformity
2] [
"i' b4 SANS SAULT 'AND SLATER RIVER FMS, Shale, sandstons, local conglomerate at base;
O 1Y~ {yndifferentisted: 760 marine
Unconformity )
o |MPERIAL FORMATION 1,100 I Shale, sandstons, minor limestone; marine
w e+ ettt . e @ e % et + e e o s o —— . m—— ———— - - - - - - - —
& Conformable Contact " |
L .. O0hm e L
CANOL FORMATION 90 Shale, black, siliceous, bituminous; marine
. Disconformity
w |HAREZ INDW FORMATION - 130 [Slulc. sinor siltstone and limestone; marine .
a9 b o ]
> 8 Conformable Contact
< F T T e o - "
z HUME FORMATION 170 ILmutonc, fossiliferous; minor shale; marine
> i S .
» « Disconforuity P
'S Dolomite, dolomite lolucion-b;'eccil. anhydrite
g BEAR ROCK FORMATION 300 and gypsum; marine. Equivalent to the Camsell)
] Arnica and Landry Formations, jointly
/ > — i
Relationships Uncqttain ,
L - Dolomite, partly sandy or argillaceous; sand-
o Pt —UNNAMED 200(") stone, dolomitic; marine. Equivalent to the
o Dalorme Formation, .
~N T 4 [¥]
o) pud
W @
3 3 Unconformity
R n A DolTomits, Fossililferous, silIceous; slnor »
'—‘~ . MOUNT KINDLE FORMATION 310 chert; marine .
2 Y. . .
3 Unconformicy - . ; -
§ @« - “"Cherty member": dolomite, chert, drusy quarty
21 %, . \ marine o .
o9 y "Rhythmic member': slternation of very finely
SR S crystalline dolo-uo)uh finely to medium
B . . crystalline dolomite’ marine -
w | FRANKLIN MOUNTAIN. FORMATION "Cyclic member™: dglﬂlit., conglomeratic,
ot 460 | stromatolitic, and argillaceous, shaly, amsrine
.9 “Basal red beds": sandstane, ted shales,
3 . s conglomsrate, dolomite, chert; marine and
z : . -(?) nonmarine
q N : .
N z N
.g Conformible Contact -
‘ 5
Py - Red beds: shale, siltstone, sandstone,. sait,
U |SALINE RIVER romrtonv 841(7) gypsum, anhydrite, dolomite; msrine
. ; L Unconformity ‘
. oL MOUNT CAPFORMATION 108 ‘, %:hlfuhén;.bﬁg:& 1isestone, sandstone,

|
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TABLE 2.3

SUCCESSION;AND .LITHOLOGY OF QUATERNARY
SEDIMENTS IN THE CREAT BEAR RIVER AREA

ERA

PERIOD
OR

EPOCH

p

LITHOLOGY -

CENO“ZOIC;: :

i
|

TERTIARY
TPL{OCENE)" »

QUATERNARY

»

Colluvium

Lacustrine clay, silt and sand,
organic deposits and marl,
eolian sand,

alluvium

W

Glaciofluvial sand and gravel

<y

Glaciodeltaic silt, sand and gravel

i £lac101;custrine silty clay

Morainic till, and locally sand and gravel

Deltaic silt , sand and gravel

Alluvial élay and sand
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Introduction . )///// " . BT

1

a ' CHAPTER III

|’) .
'FLELD METHODS AND GEOTECHNICAL<E§OPERTIES

OF GREAT BEAR RIVER SOILS

.

) : I ‘ . B ‘ ///.

"Frank, as I have already indicated, had an inventive ©
mlnd He was always ‘devising gadgets of one kind or o

 another, and one wiltter, during a long spell of flﬁty-

‘below weather, he made ‘himself a stick-pin out of . - .
frozen mercury." (Berton, 1954 pp. 193)

<

.'/-

‘The site iqvestigation programme had Bur main~objéctives€

o

l.. The installation of borehole inclinometers to measure in

situ creep deformations in the ice-rich soils -comprising -

Y NN

2. - The installatién of thermistor strings to establish the: -2 °

temperature gr&dlent affectlng each 1nc11nom¢f;r‘£asxng
.3, The 1nsta11at1on of plézometers below the 1ower R

‘pgrmafrosp tablg'tOfassess the overall'stgb;llty f the

S slope. LTy
b, »To ostaln contlnuous und1;turbed cores from’eacg hole in -
.order to establlah the stratigraphy,‘to‘determxné ba31c
Pogl
g,3011 pxopgrtxes, and to facxlltate detaxled laboragory .
-.test1ng of deformatxon.ptopert;gs under slmulated fxeld“’ B ’”j7
i condxtlonsriw‘_ ) bf':'11 f; ‘ f'l‘V;'h : "; ,i  :,ﬂ:fik;A»



\Valley.

r

The field work was undertaken as a cooperative programme
between th;'Départment of Civil Engineering, University of Alberta
(U of A), and Northern Engineering Services Company - Limited (NES),
acting for Canadian Arct1c Gas Study Limited. ﬁES coordinated all
acti§1t1es and prOV1ded superv1sory ahd technical personnel, U of A
planned the Lnstrumentatlon, purchased and assembled the equxpment

- . -
and completed the field 1nstallacL0ns, and as well provided

!

supngLSOry and technical support throughOut the programme.
In this chapter, all aspects of the field programme are

summarized ; andithe site Suréeys, the Qetailed geology, and the

<

geotechnical‘properties of‘theisoils:are repofted.

3

3.2 "Site Description . N

Great Bear River drains Great-Bear Lake from its southwest

-end near Fort Franklin, flowing westefly for 115 km to its

confluence with Mackenzie River at Fort Norman. Its flow is stable

because of the high ratio of reservoir to éacohment area of Great

.

‘Bear Lake and a modest 25 to 30 cm annual prec1p1tatlon 1n the

.
-

”reglon; Despxte thxs apparent stab111ty, ev1§ence of 1ce~Jams

%

r3151ng water levels 2 to 4m 18 common, and durxng per1ods of hlgh
v

water ‘Qn the Mackenzxe water levels at Port Norman rise up to 10 m

%

above normal and 1mpound water as much -as 15 km up the Great Bear

-
o

LN - T v ‘gi K . B
located at 64° 56' N latitudgfand 125° 29' W: longitude, -
¥ ) f ‘

- The proposed Arctic Gas crossing of Creat Bear River is o

] . ~

45
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'toé:and the Creét where the slopes dte 27 and 31 degrees

‘approximately 7.2 km above the confluence of Mackenzie and ‘Great

Bear Rivers. On‘the proposed alignment, both banks are stable
(Hollingshead and Sowa, 1974). The right bank shows no evidence of

instability for several kilometres upgtream-or downstream. Over the

%

same reach, the left bank ;s'consistently stééper %it@ abundant
évidencejof instabili;yp ‘Upstream, old mulﬁig}é retrogresfive
slides completely encompass an abandone@ﬁweander térrgce; and
downstream recent sliées and bimodéllflow‘lgre common. Thef
frequency of in;tabiligy alohg'tpe ieft bank, c%ﬁpled with i;s'
relatively stéeper“%lobes,ﬁmade-it the obviégs choiée as.the field
;ite for this study. A topggr;phic-plan ghd éfosg—séction are shown

in Figures 3.1 and 3.2 respectively. The follgwiﬁg_descripiioﬁ
reférs to the'élte on'the'Ieft Sank. |
| The slgbe rises at’ an average‘ofvii degreesvover 46 m:fromv'
t;é’river to loc§1 plain level. The\steepest p;gtions are near the
i ' o

7

regbectively. ) to 9 m_high are widespread, and birch

and white spruce avegaging 8 an 12’m\iespective1y are commoﬁ a: the

top. 'Shrubé,uincluding 1dbrad;f t;; and alder, are abundapt 5etween

the river and high watgrnlevel,nin natural‘élééfihgs, gndfalong

seismic lines. Reindeer moss anq‘liéhéﬁé in a layer up t0»0:§ n

thick make up ghe near surf;ce éround cover. o ‘
The;e is no Evidéncé»éf erQ;}on by the river at the tqe_of

the slope, and a compafative‘study of aerial photographs between

1950 and 1975 gives no ‘indication of lateral migration. The high »

~
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)‘ﬂ

- water level is approximately 6 m above the mean summer level and . I
within thls zone ice abraslon has locally ré;oved‘the mos; an&
lichen suff1C1ent1y for thermal degradatan of the undeérlying frozen ~
mineral soil. Sugh exposed areas gre 1imited in extent and wer;
bobserved to be .self-healing within one or two thaw seasons. "
; ' i B » ¢ c

As é%own in Figure 3.1, sometime prior to 19?4 a seisﬁié 1in§

was cleared to the top of the.sloﬁe Further clearxng over. the | -

upper third was completed in March of 1974 during sxte 1nvest1gat10n

associated with the crossing design (Hollingshead and Sowa, 1974).

= 3.3 ggplpment and Materxals for the F1e1d Instrumentat1on Programme

The programme called for a hellcopter portable wet drilling

<

rig with' m1n1mum\depth capabilitxes ofa§0 m. Dry sampling was to be

#

carried out with'modified CRREL ice augers at least to the limit 6f

R
a“~

fine—graéned.sediments. Wefaéampling was to commence with 5"PQ'
wire-line core barrel, if and when the ;ry auger reached refusal in-

~ stoney sédiments, and continued to the desired.dépth. 'Stringeﬁt
environmental and technical regulations required the drilling fluid

to be a non—toxlu, b1odegrad;b1e water-based mud chllled constantly s
to at least -2° C Incllnometers were to be installed well below the
deepest ice-rich zone‘enCOunCered in Quaternary sedlments and

grouted to the surface thh a chtlled low heat of hydration grout.
Pxezometers were to be 1nstalled in holes advanced by mud-f;tary .
drxllzng thh samplxng lxmxted to graszamples o 3-

Thtsvsgctxon desébeesvche equipment and matgrialg‘uQed.for

'



drilling, sampling; and installation of the instruments. Actual

1

~instument specifications are given in Chapter IV.

3.3.1 Dri}l and Support fqnipment ’ | ;R‘“fi '

The ;¥i11‘u3ed was a mbdifie& Mayhew 206 oénedfand operated
by Big Indian Drilling Company, Calgary. f;e,basic ‘machine was
completely re- des1gned by Big Indian personnel to satlsfy the depth
and portab111ty requirements of ‘the programme. The modlf;ed vefsioq
was referred to as a '"Heli Drill 500".

The rié consisted of two units, each weighing approkimately
1500 kg and fltted with hooks at four specxflc ?oxnts to afford easy
connection to a he11copter sling, and to efhsure it remalned in a
secure horizontgl position during suspended'traﬁépOrt.‘fThe rig i;
shown during assembly in ?laﬁe'371} One unit was the drill“f;a$e,

which hodsed the rotary téble,~draw wérks, maqf aSSembly énd .
dfill'wg engine; the secong was the power base on which the mu‘d”pumb
and c1rculatlon e%g1nes were mounted together with a 12 volt
electr1c/hydrau11c pump and th?ée hydraulic’ legs for levelling. The
two motors were. W1scons1n VH&D 30 h p. air coo{ad/gasollne engines;
‘each operated 1ndependent1y Ap optional light steel frame and.
nylon reinforced canvas coVér iéock) enclosed the rig during
operation (Plate 3.2). These were dismantled and traﬁspgrted gpart
from the-two ;diniunifs.

JThejcgsing andlthrée types of dfill f;é&juéed afe listed with

t4

their dimensions in Table’3.1.‘_Thé "2HIF' rods were used with the



F‘Q'

‘the mixing tank

49

modified CRREL‘Barrei end:forimod-rotety drilling. 'PQ rods were
used with the 'PQ’ wxre—11ne core barrel and 'A' rods were requlred
to lnstall the 1nc11nometers. The cas1ng was a contxngency for
slough1ng sand and/or gravel zones, ‘but was only used for protection
of the inclinometer 1@stallat10ne. - v'v f , _ .
Tﬁe support eQuipment included tanks for holding, miiing,‘and
haulihg water, a emall water pump, and.a steel mesh ‘basket. The
holdlng tank had a capac1ty of 1600 1 and was used to store water

required for‘mxxxng drilling fluids and grout. " This was fitted'with

a fxre-box and smoke stack to prevent free21ng Mixing was
accompllshed through an in-line Venturi mixing hopper and stored 1n

a 700 1 m1x1ng tank. A11 water was drawn from an open channel in

Great Bear River using a 350'1,tank slung below a hellcopter:‘ Ihe»

E“'

tank was: made from segments of two 200 1 drums A shall'weter pump;e
powered by a 2 h. p Br1ggs and Stratton englne was used to- transfer

water from the heullng to the storage tank and from the storage to T

R

P ¥
e

. The steel mesh basket was used to traﬂeport small heavy 1tems

suqh as the core - extruder, subs, couplings, tools, and- the frames

t‘\

- and gock for the drill, as well as any m1sce11aneous equxpment that

could not be manually carried between s1tes Some drell rods‘Vere;

also transported in the besket but mos t were sluﬁg xndependently

it
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3 3.2 Samplxng and Support Equ;pment .
l v
Dry coring was carrxed out w1th two 1dent1cal mod1f1ed CRREL
ice augers (CRREL barrels) builtrin the U of A‘Machine Shop Each

was constructed according to specrflcatlons reported by Roggensack

(1977), thh the exceptlon that a cuttxng shoe was added to 11m1t

“abrasion of the fixed cutting foot. -Thé CRREL barrel assembly is
illustrated in‘Figure 3.3, The cutt1ng teeth were made 1n the g ;"'
'{ Technxcal Serv1ces MaChlne Shoap, UnlverSLty of Alberta, and were .

. also bu11t accordlng to the speoxf1cat1ons given by Roggensack

(1977) Tungsten carbide 1nsert teeth were used exc1u51vely in the

sand.- Oxy‘acetylene weldxng equxpment allowed the inserts to be

3

:adJusted or replaced as necessary 1n the freld Case-hardened teeth'

fwere uaed in the clay and uxth 11m1ted success, in, the till.

Two 1dent1ca1 CRREL barrels vere used throughOut the pro;ect

1n order that dr1111ng operatlons could continue vhlle core was :

bexng extruded Thls ‘was also a contxngency for posslble loss or.

C @

‘damage to one of the devlces ' ';M- ; ‘

s

T Im hole GBB a NES CRREL barrel was used The basxc structure
:wan‘sxmilar to the U of A barrel except the former had no cuttlng

- shoe and used slxghtly dlfferent tungaten carbxde 1nsert teeth The -

NES barre} worked well in t111 and allowed contxnuous samplxng unt11

- : . . L -

- cobb1e~stze rocks were encountered

The presence of large rocks 1n the glecxal txll prevented

@ l

COﬂtlnuoue u!e of CRREL barrelg Desplte meny effortn, a chnnge to=u¥~ i

5¥f  wet drilling and sampllng proved necessary thhln oue or two netres;f;

. X 2 S

sé" AR

50
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below iﬁe\glay t111 contact in each of the contlnuously sampled
holeg. A PQ'\gize wxre 11ne/core barrel was selected as the best
device to facilitate COntinigg curing, while at the.aame time -

maintaining optimum uphole quality for the inclinometer and

B

providing the maximum core diametef_bbssible (Hvorslev, 1949;
Cumming, 1975).
- The 'PQ' wire-line core barrel sysbem was supplied by.Big

Indién Drilling Company. Specxflcatlons of the assembly are .

111ustrated in Figure 3.4.: The core barrel 'used a tungsten carbide
insert bit that proved satlsfactory in all }1thbfec;es except the
glacial till where considerable time was lost cutting through large

" rocks..

The 1nner barrel was fxtted thh a basket type core catcher

- o . -

-and plastxc 11ners. Use of the 11ners was dlscontlnued because of

d1ff1cu1t1ea in extrudxng the sample and because on one occasxon ; ‘ »bw-ﬁal

1

. the llner buckled durxng ;orxng The reasqn for thls problem ?;Vin S

. iR . P o

remalhs unclear despxte xhe facc that the sxzes of the b1t; core, s

,catcher, and liner were measured and found to be compatlble, and jbb

e
i

great care was taken to enaure cotrect asaembiy prlqr to each corlng

'b’ e

' run., Noththstandxng che poesxb;lxty that the lxners and bxc sxzes ,

were xn some way 1ncompatib1e, 1t 1s assuned tﬁat the step
» . U R . R “' k G e
.'_ftemperatute 1ntroduced by fluid cxrculatton cnd/or streas release L

5
N

RN

RY

'caused expansxon 1n the sample\betueen the‘txmes of cuttlng and

«,.




»
v

'PQ’ w1re 11ne core barrels, was bu11t by Western Hydrau11c and

©

Machlne Lzmxted Edmonton Power was supplxed from an e1ectr1c~ .
‘hydraullc oump used- for the dr111 r1g 1eve111ng system, but the‘

: extruder was (1tted wlth 1ndependent controls. The stroke of the
ram was 90 cm, which was sufflcxent for most dry cores. Plugs 40 cm
_IOng were bu11t to accommodate the extra length of the 'PQ cores,

although w1thout the plastic 11ners most of these ‘were extruded by -

gravity after removal of the inner barrel shoe and core catcher.

. ) 52

Trays made from large dlameter PVC plpe were used to hold andll' N

support the cores durxng v1sual 1nspectxon and photo logglng Each
core was double wrapped in polyethylene sample bags, and stored and
transported in one of the two types of boxes 111ustrated in Fxgure

3.5. . . i. ’ “_‘Av

: »3.3.3 Heticoptere ' \,‘ | ‘;-f N F' K :r»ﬁj ‘ b; ;

. A Bell 204B helxcopter wae used to move all heavy equ1pment ‘
vdurzng mobxlxzatxon from the Fort Norman a1r atrlp and operatxon at
" the szte.< The mach1ne had a rated llftxng capac1ty of 1800 kg and

E the cold ambxent a1r temperatures dur1ng ‘the ptogramme made thxs a:

"practxcal operatxng maxlmum, although attemp‘:gwere made not to .

1} exceed 1600 kg in uny haul A Bell 2068 thh an external load

~i

’capecxty of 630 kg was uaed for ferrylng peraonnel and alingxng

7ﬁj~uuter and other light natetxala..*Both were owned by Assocxated
h-*icaelxcoptern Lxmlted Edmonton. The 20&3 was bnaed xn Norman ﬂella

- ;~iand the 2065 m Fo‘rt Nonun tbroughout the progrme s o
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3.3.4 Drilling Fluid
In order to real1ze the sampllng and 1nstrumentat10n

ob3ect1ves of the fleld programme, the mud system had to c0mp1y with

env1ronmenta1 regulatlons and satlsfy several technlcal problems as

- well as the basxc functxons of a dr1111ng fluxd Envxronmental

A

. regulations p:onxbxted the use of oil-base muds becanee of the

pfoximitY'of Great Bear River.,aln addition, tne'fluid had to be
non- toxic and b1odegradab1e sxnce the only pract1cal means of
dxsposal wap to’ dlscharge 1t near each sxte The salxent technical

ﬁ’requxrement was that mud be ma1nta1ned at or below -2°C 1n order to
mxnlmxze 1n sxtu thermal dlsturbance, recover high quallty ice-rich
\

core samples, and maxntaln the stab111ty of Ehe ice and soxl

comprls1ng the walls of the hole. Secondary techn1cal

Lo s

consxderatlons were that the mud chemxcal§
or otherwlse degrade the ground ice, and that it should have :

f11trate capacxty for Zones where water loss was ant1c1pated

.53

“v The mud system selected was developed with the assxstance of .

Barold of Canada Lfﬁxted Calgary The bGSIC components vere KCI

\v(potash) Aquagel and/or Zeogel Kelzan XC~Polymer and Drlspac Tha,

proportlons of each and the reau1t1ng standatd propertles of the mud

- are ngen in Table 3 2

The use of KCl provxded freezxng poxnt depresslon accordlngqj;,‘

to the relatxonshxp ;n Flgure 3 6 It was consxdered superxor to .

| NaCl because it was much less corrosxve ,;;;Q_g>

Aqugel nnd Zeogel are :rade names for sodxum bentonzte and"




“u

' attapulgite@respectively. When-iﬁ contact'with wdter; these

collald 1 size clay minerals readily hydrate (yleld) to form stable

colloids whxch then dominate the vxscosxty and gel strength
/

r

propertxes of the mud. Aquagel was the pr1nc1pa1 clay used for the
programme, and s1nce it does not y1e1d in brlne solutlons it was
1

prehydrated in: fresh water'before the‘KCl'was added. Zeogel

hydrates to a stable suspension in salt water, and was added to mud .

already in use. N I v

Kelzan/XC-polyMQr, -an xndustr1al grade xanthan gum, 1s a hlgh

molecular wnght 11near poleaccharxde Water solutxons of this

4

. polymer are eﬁtremely pseudoplastxc, once the yleld poxnt has been’

exceeded the v1‘coslty is anersely proportxonal to the am0unt of

shear. Total vxscosxty ig. recovered almost 1mmedxate1y upon the ’

" release of shear ‘The solutlons are unaffected by h1gh

concentratxons of salts with monovalent catxons, and show no

'VLscoslty alteratxon in sub-zero temperatures Use of tth addxtlvevf"
- .allowed v1sc031ty in the annulus to be cgntrolled thhout adveraely
' affectxng the penettatxon rate wh1ch is dependent upon vxacosxty at

- the b1t It also 1ncreased the y1e1d poznt whxch was, 1mportant 1n

~

,order to suspend cutt1ngz durxng perlods of nqn-cxrculatxon when the

core was bexng thhdrawn.

Drxspac is a h1gh molecular wexght polyanxonxc cellulos1c

"fpolymer, whxch 1: much lesa degradable than Kelzan polyner.1 Hany

S f propertxes of the tuo addxtlves.are common,~but of part;culur 1_’?

/

»_.T" e :’g\" L

4 S L : o L

54t

”’dffvxnporttqgc 1n the Dgltpac is lts abxlxty to control water lonc. rldd‘;d""



any yater-bésed mud , regardless of'saliﬁity; it forms a thin , .

impervious filter cake over porous zones to prevent fluid
* ’ . R

intrusion. At the Great Bear River. site-it was used for three
impd{t%nt reasons: first, simple control of water loss reduced the .
R S I . . N . .

cost of hauling water and minimized the mud requirements of the
programme; second, because river-section observations had indicated
the site was over a buried river channel, pervious ice-poor zones

. © - °

Qere'oXpectod; ;hird;»OVerall control of fluid intrusion assured
optimum hole conditioﬁ for. the iholinometer'. |
The 11ke11hood of thlef zones was antic1pated but oo special

1 mater;als oere acqu1red at the outset. When the problem developed

repeatedly and thick siurrxes of Aquagol and Drlspac were -

ineffective ;n,recove:1ng_c1;cu1at10n, sowdust and bran addlﬁiVes

wore uSédf* Whéovthese‘alog“orooed inéffectivé,’bentonite balls,
~ made by hand from Aquagel,,Wero pouroo into the hole from the ' L/
.surface. This techniqoo was‘only mode}ately sucéeésful. Flnally,
wak—seal a commercxally avallable expansive plastlc sealant was
obtalned and used successfully whenever. circulation problems
oeveloped;

| Suppért'eqoipoen;.incloded'a,Vgntu}i mixingvhopperyﬁhioh;was

- used in4line with thé mud pump and wixing tank as shown inoFigdre‘

-

- .

- “

: _3;7. All components were’ added through thxs in order to teduce the |
dxffxculty and txme required for mxxxng Other accessorxes xncluded

’

a mud balance and March Funnel used to meahure the denalty and

vxlcosxty of the mud respectxvely The mud temperature was checked

e R . S :
w . . ‘



: T McDonald, D., Hellxblh'ton Services Ltd., Edmonton, Alberta,

"y e . b

'frequehtly with a pocketfthermometerf

3.-3-5(' G!‘Out ' o ’t " . o e L ."“(‘ "’ , “t : ' l
’ Grout for the 1nc11nometer cas1ngs had to satlsfy strlngent ‘

techn1cal requ1rements, some of whlch were s1m11ar to those of the

dr1111ng fluxd It had to’ be placed and set under sub-zero ambient

temperature condltlons in order to prevent meltlng of ice in the
) Wallsaof the hole.< Sﬁmllarly, Tf'had to set: thh0ut etcg531ve or

susta1ned 11beratlon of heat ftom the hydratlon process The curlng

’ 7 . -

- time had to be rapxd because the rig or other heavy obJects could

not be allocated as ballast on the buoyant caslngwfor more thanfa

o e e
. LA

few hours. Flnally, 1t was essentlal that the volume expans1on .

. durxng set be mlnlmal to avoid casxng deformat1ons or tw1st and to

. »
'11m1t the Lntroductlon of anomalous stresses to ice- r1ch sedlments
around the orxflce\
A cement meethg these requ1rements had been developed for

3 :

oil exploration.in the Mackenzxe Delta and was avallable under the
e

'(trade name "Permafrost Cement" from Halxbu:égg ’§§v1ces Ltd.

Edmonton Thxs is basxcally a gypaum-based cement thh

_freezxng poxnt depresslon to approxlmately - 6, 7 G, and a. mlnxmum \

,' S

FS

W

,two hour pumpxng txme and mxnxmum 16 hour compres%1ve strength of ;3'

J@ kPa at this. tenIpeteture.' Expannon durmg hydratxon is llnuted
to 0 1 to 0 32 and the heet lxberated 19 only 41 9 J/gm c0mpq€ed to

’214 2 J/gm xn hxgh alunxnate cement elternatxvesl.

T

PRV

perlonal coununxcetlon, Deceuber 1976 | e :ff‘
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Assuming the most critical .condition occurs when the grout is
“ . ’ s 2 i Lo L ' e

in contact with-ice; it'is a relativelyuaiﬁple'exercise to show that

‘the mel ted annulus_around the grout'in'a 'PQ"size'hoiefcontaining:

an empty 1nc11nometer ca31ng 1s sllghtly greater than 5 mm on the .

radlus. . This assumes the 1ce and grout temperatures are’ 0°C and the
1‘ <>

_conductxon of heat 1nto the surroundxng sedxmenta is negllglble

'ance only random 1ce structures were expected at’ the sxte, 1t was .

3

conSLdered that thlS amount of local me1t1ng would have no adverse

efﬁect on the lnstallatlon._ However, to prov1de an extra heat 31nk

-

, durxng set, d1ese1 fuel, chllled to approxlmately —7 C, was added to
the empty ca31ng a? soon as the. attached thermlstor strings . = ' .,t°
;‘_‘ )/ - . : o

1nd1cated hydrat1 n" had begun In the-short term the dzesel fuei

.also reduced th‘ buoyancy of the casxng, and in the long term 1t

prevented the bu11d up of ice crystals 1n31de and acted as a‘
lubricant for the 1nc11nometer. o ; ‘ effh o ,*: ‘ .‘;\\
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3.4 Drlllxng and Instrumentat1on Programme

B CE
.

P

3. 4 1 Mob111zat10n _ V,._;f 'f" ﬁf 'kdf R »i»" A 'x"y

a

Equlpment and supplles were assembled 1n Calgary apd Edmonton

before be1ng shxpped by truck to Fort Stmpson, N W, T “one March 13 .

and lh 1975 On March 16 and 17 they were a1r11fted to Fort Norman - -
Ai1n three separate trlps w;th ‘a Br;stol Frelghter a1rcraft chartered "3Hf:_?lvv}
‘from Norcanaxr of Prxnce Albert Saskatchewan A11 materxal Waa ;v‘;i : ﬂ;;diF

'xoff loaded at the Fort Norman Axfktrxp thh a forklet DG

'Aéhterpxllar hlred locally On March 18 1t was ataged by 2045




hellcopter to the flrsc erll -site (GBl) whxch was des1gnated as

the staglng area for the entlre programme The drlltrng equxpment

r
[

R was placed over the flrst theedurlng thle_moye. '
/ .

n
A

- and cached at the Fort Norman a1rstr1p ear11er 1n the wlnter

SRS S

Gasoltne and d1esel fuel requ1red é%r day to day operateon wegé

o, E S

slung by helxcopter to the sltg\as needed Refuelllng and routlne“

i a cow 'v,

malntenance’of ‘the hellcopters were carrled ‘out at the alrstrlpr

. :.}
.

3.4. 2 Hole Locatlon and Slte Preparatxom@

s

’

x' . A »"; . . ’ .9‘
-

S

-y

qd only two - reasonably level bepches between the crest of QEL§lope and
. o R L . L S - - “L g
s the rlver (Flgure 3. l) The*number two and three SLtes were checked
th,v, » by hand leVel in’ relatlon to GBG and GB7 to enaure that at leagt
P 5. -

. severameetres of glacxolacustr1ne clay would be present, and then

AR]

clearlng was. begun.ﬁ

\ :" As shown in Flgure 3 1 %&large clearlng was present at the

_.,‘\ Coe .
1N’\$ top of the slope prlor to commeeégment of the programme. However,

e
AL e - - f

T *g.ln Qgger to accommodate the equ1pment'and supplles, as well as the'

[ L

‘f\; jjef tra11et and tents, whlle 1eav1ng enough~hover1ng and landxdgvarea4

o S

2!
" : »

for the hel;copters, 1t was necessery to expand the cleared area

.\. f \\‘f’:«

. '

exgnxfxcantly Thxs @as completed by severel local resxdents .’ig

betwaen uereh 13 and 16

*

second and thxrd sltea. Snow was removed from the ‘umber one sxte‘ '

el iy

All fuel for the programme had been,obtaxned 1n Norman Wells}l'

>

A) at the top of the slope, GBZ and GB3 and 3A were located‘eﬁ the -

2

Holes GBI, lA and 1B were located around sxte GB7 (Appendlx .,-3

S
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_ by a'D6‘Catefpillar which was hired in Fort Norman and\walked to thei

. . e hd " :
site via 9 km of seismic trails. Snow was removed by hand from the

~ second and third sites,

3.4.3 Drilling e;d Sampling *

Fleld logs summarlz1ng the drilling and sampllng records are
given in Appendix B. The stretLgraphyaappearxng wz%h these data 'is .
improved following 1aboratory€e¥aminapion aed‘tesfiﬁgﬁqf‘the'
sampleS. The reﬁeinder of fhiSAeect{On is _devoted to a b;ie}
discussion of the drilliné and:samp¥ing‘scﬁedu1e and'methedology: .

,Aly'operations were»derried out arouna.the ciock with two
,twelﬁe hour shifts, each coﬁposed ef aneinimuﬁ of‘ohe geotechnical
engxneer, one techn1c1an: one drlller, and two dr111er 8 helpers
"Rotatlons vere madeabetween 07:00 and 08:00 hours, and '19: 00 and
20: 00 heurs wh11e wet-drilling operatlons were underwaya water for
nxght shlft operatxons was hauLed 1mmed1ate1y after the nlght shlft
reached the field, during the day Bhlft, water was hauled as
reﬁuired. Routxne ma1ncenance of the r1g and support equxpment was

shared between shxfts "

Hole L - C
Drlllxng actxvxtles cemmenced in- hole GBI (F;gure 3. gﬁ on -

Mareh 20, 1975. Arhole approxzmstely 30 cm in diameter vas advanced "

.20 cm to facxlltate eaoy nountlng Aud dxuconnectxon qfxtﬁ/'CRBEL
o

Vbarrel below the ‘rotary table. Corxnx;ggt;fﬁrgmgh;{orwerdetp\; :ﬂ
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depth Of 5.8 @ usxng tungsten carbxde insert teeth After an_
&
unusually long run to this depth, the CRREL barrel became frozen in

because of the accumulation of cuttings above it. A solution of KCl

"end later several litres of clean water were added to soften the

h

‘ : N b - -
cuttings. When coring continued, the fluid and sand cuttings
- -

' quickly formed into a slurry which prevented core entry. ‘%o

overcome this problem, it was necessary to perforate the top of each
‘barrel to allow the fluid to escape as the’ sample entered. The
~

slurry 3130»occupied the inside clearance area of the barrel where

it dllated during extru31on, generatlng very hlgh shear stresses and

bcausxng d1ff1cu1ty in recoverlng the sample Under these \

c1rcumstances, it was necessary to combine pulsatlng force on the

) extruder, tapplng the barrel with a hammer and 1nterm1ttent1y

o

M e - , o S L S
‘ . » .o X Lo . ' .
.

»
.

heating the harrel with é torch. Such practlce thether wzth the

corrosxve ‘nature ofathe fluid adversely affected sample quallty over

3

the next 7 m, unt11 ‘most of the slurry had. been ba11ed in successive

coring runs. To prevent the ireeie-in problem a practice of’reaming
the hole 'with a 15.9 cm Hiameter'ﬁihgibit every 3 to 5 m was

adoptedyland”ihdividual coring advances were iimited to between-0.5
‘and 0.7 m (approxxmately two’ thxrds of the capacity of the CRREL
barrels). In addztxoa. the barrels- were washed-completely with
Mmter after eadh Tun to remove any frozen slurry aud cuttlngs that :

could xmpalr recovery a