¢

.*I Natnonal Lubrary Bsbhothé e*nationale PR o T
~of Canada du Canaéy R s R
,..\ Gaéadvan Theses Serwce Servxoe des théses. canaduennes e .

Nonoé' LT

" The quality of this mlcroform is heavny dependent upon the

quality of the original thesis-submitted’ for microfilming. -

o

Every effort has been made to ensure the h[ghest quality of -
reproductlon possible. R

1f pages are missing, contact the: unlversny whnch granted‘

the degree B
Some ?ages may have lndlstmct pnm especnally if the
- origina

|f the university sent us an mfenor photocopy \L

Prevnqusly copynghted matenals (Journal"amcles pub
hshedtests etc.) ar?'r/rotmmed ‘ ,

5

Reproductlon in fuII orinpart of thls mlcroform is governed’
by the Canadlan Copynght Act R. S C 1970 c. C- 30

Coe

F

INL909 (o)

pages were typed with a poor typewriter ribbon,or -

La quahte de Cette\mcaaforme depend grandemenl de fa
qualité de la thése soumise au microtitmage. ‘Nous avons
tout fait pour assurer une quahté supéneure de reproduc-

: t1on

gl manque des pages veuillez . commumqucr avec

1970,.c. C 30. — %

-—\,/‘/.

Iumversue Qw a confere le grade

la quahte d impression de cenames pages peut tanssm Y

gésirer, surtout si les pages originales onl élé dactylogra- .
phiecs a 'aide d'un ruban usé ou si l'université nous afail
parven.' une photocopce de qualité inférieure. .

: Les documents quu font deja I'objet dun dron dauteur‘ .
(articles de revue,
' microfilmés

tests pubhes etc.) ne sonl pas

- ’

partlelle de cetle microforme est

La reproduchon mé
ienne sur.le droit d' auteur SRC

soumise 4 la Loi canc

i
—



i

THE UNIVERSPFTY OF‘AL;Z;TA

/ / !
i, . .
. / : . E .

G\EOTECHNICAL INVESTIGATIONS OF GLACIOTECTON/IJC DEFORMATION IN

~ . . B T

CENTRAL AND SOUTHERN ALBERTA

— L S A
/
f
/ ;
| D . A THESIS
» ; N
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES AND RESEARCH
ya
IN. PARTIAL FULFILMENT oF THE REQUIREMENTS FOR THE DEGREE
. ‘, | @ OF DOCTOR OF PHILOSOPHY
| - /IN T ,
GEOTECHNIQUE" ’
DEPARTMENT OF CIVIL BNGINEERING ’
i . /, . . - . .
. o o
/
L ‘ / C N
— ¥ EDMONTON, ALBERTA
- I ~ | .
o/ FALL 1987
/ : \



‘t‘

‘Permission has been granted

~ to the-National Library - of

" Canada  to microfilm this-

‘thesis and to ‘lend or sell
copies of the; film.

The author (copyright owner)
has . reserved other
.publicatiofi rights,
neither the - thesis
extensive extracts from it

“nor

*Say be . printed or otherwise’

eproduced without his/her
written. permission.

. '\ P . o . . v"
o ISBN

and

-
)

L' autorisation a &té accordée

.. & la Bibliothéque nationale

0-315-41001-9

«

. du. Canada

de microfilmer
cette thése et de prédter ou -
de vaﬁdre des bxemplaites du .
film. - . .
L'auteur (titulaire du ‘droit
d'auteur) se réserve les-
autres droits de publication;

ni la thése ni de 1longs
-extraits de :celle-ct ne-
doivent &tre imprimés ou

autrement reproduits sans son
autorisation. écrite.



bt

IR - |

s . THE UNIVERSITY OF ALBERTA x\/} o
Ky | _— "RE%I..EASE FORM s "‘l
NAME ‘OF AUTHOR ' -Po Chow .TSUI , o ' ‘
TITLE ,OE“THE;SIS o | GEOTECH_NI'CAL INVESTIGATIONS OF R
P N GLACIOTECTONIC DEFORMATION iN _ 3
S . CENTRAL AND, SOUTHERN ALBERTA T

‘ DEGREE FOR WHICH THESIS WAS PRESENTED DOCTOR OF PHILOSOPHX'
: YEAR THIS DEGRE GRANTED FALL 1987

Perm1‘ 1on is hereby granted to THE _UNIVERSITY OF

‘l\\\\ ,ALBERTA LIBRARY to reproduce 51ngle coples of thlS

the51s and to lend or sell such“coples for prlvate,

scholarly or scientifie reSearch purposes only.

.

o - _ The author reserves other pubilcat1on rights, and

nelther the the51s nor- éxten51ve extracts from 1t may

be prlntéd or otherW1se reproduced w1thout the author s

written perm1551on.-
L | .

AT

;ﬁhlver51ty of‘Alberta, Edmonton

Alberta, C%nada T6G 2Gﬁ"‘

~

patED . /] Zy .\.{2".,..1-‘9“87'



'. ' 'I'HE UNIVERSI'I‘Y OF ALBERTA

FACULTY OF GRADUAT STUDIES AND . RESEARCH

5

- The,undersigned eertif§ that }hey have read, and
.recommend to the Faculty of Graaqate Sthaies and Researth,
for acceptance, a thesis eﬁtitled CEOTECHNICAL ‘
‘TNVESTIGATIONS OF GLACIOTECTONIC DEFORMATION IN CENTRAL AND
SOUTHERN ALBERTA submltted by Po Chow TSUI in partial
‘fulfllmegg of the. requ1rements for the degree of DOCTOR OF&

PHILO%QPHY. . Lo

DR. ‘D.M. CRUDEN ,/ PA T —
R :

@

R DR."‘S.&. THOMSON L /) . ~//: ; -'n)‘/’-ooo.-.ooo-uoog

DR. N.R. MORGENSTERN / ﬂ/ N
" DR. J.D SCOTT L ../...;s /}ff/f
- R | | /4&7%2/

DR.'.N.w. RUTTER ) ' . e 8 8 5 6 36 5 s .S g0 & 0.

e’

/DR.:'M.;. FENTON | | /7% 7/(//1/@

“External Examiner

Date April 24, 1987



SR ABSTRACT | AT

The study of the ice-~ thrust terralns found 1n aentral and

{

southern Alberta 1nd1cates that macroscop1c deformations due
P
‘to ice. thrustlng 1nql de concentrlc folds, fault bend foldé}

d1sharmon1c folds, normal, faults, strlke slip faults, thrust
faults w1th sta;r case geometry, sole thrusts or
' decollements 1n the form ‘0of -shear zones, and dupreﬂ‘v v e

structures.- e

\ The 1ce thrust a{glllhceous sed1ments found 1n the‘

Shear zon ‘or sole thru h in nghvale mine vere studled-by

means of'the polarxz1ng mlcroscope and the scannlng electron

1 m1croscope; The observedﬂiabrfc 1nd1cates that in addltlon

5

to glac1otectonlsm the ice- thruSt sediments found i
“nghvale m1ne probably have been dléturbed by permafrost
'cycles‘of loading and.unlOadlng, and surche weatherlngn
Laboratory work'onff{ssured and brecciated ice=<thrust
sediments shmpled froh a bentonltic mudstone,in the mine, N

indicates that the strength of these brecciated deposits is

below the peak and, in general, close to restdual. Slope

W
e

rstablllty'problems found in the mine are related to the
local 301nt systems and the horlzontal shear zone or sole

: thrust fo\med by ice thrustlnd The 1ntersectlon of the ' '.
steeply 1no11ned local 301nt sets ‘with the flat- lylng shear

_layer, wh1ch has a strength close to re51dua1 permrts slope

T

failure to take place read1l%
.Facies angd fabrzF models were applled to show the

relat1onsh1p éLtween tﬁi\f@gional bedrock topograph1c

[ 4

[
"
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A7

“and»(3) Plainé;

'marginal stagnant-and frozen area is pompressed by the;i
. i . . 1 . . 0

features. Three glaclptectonlc fac:es are recogn1zed in

central-and 50uthern Alberta: (1) Esqarpmeniér(z) Valley,_

LI

Fleld observatlons ‘and stab111ty analyses suggest that °

glac16tectonlsm in the study areas is caused by foundatlon
/‘

fa11ure at the snout/of a %ubpolar ice sheet Mhen its

éctive-flowing upgiacier iCQ‘anJ the corresponding ear
. ' : ' \ a
pressure in. thq‘strata. '

Appllcatlons of‘glac1otectoﬂ1cs 1nclude ice ditection
indicators,'s1te 1nvestlgat(6ns, 1nterpretat10n of

laboiatory test results, slope'stabili;y problems, and
. . J )

mechanics on ﬂTacIér surge and ice-rock avalanches.

. e / * i L N .

.
-~

. : ' A B 'Y
» . ” . .
}configuration'ﬁnd the occurrence and attitudés of ice\knrust'

\
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1.1 Thesis-Topic'and:Purpose'of Investigation

A

1.'INTRODUCTION )

This: the51s stud1es the characterlst1cs and

1str1but1on of the geologlcal features and their associated

eotechﬁﬁcal propertles due to glac1al deformat1on in the

Lower Tert1ary to Upper Cretaceous sedlmentary formatlons

_that underl1e central and southern Alberta. Thls

1nvest1gat?on is performeo because'

-

Although ice- thrust features are known to be w1despread

on the Pra1r1e reg1on in North Amerlca and’ the1r

. mechanics of formation have been suggested (Moran et

, : - :
al}, 1980; Kupsch, L1962) the macroscopic to |
b

mlcroscoplc fabric of 1ce thrust features have

‘nelther been fully stud1ed nor reported ThlS study will
»document the entire range of .scale of the fabrlc of a

‘heav11y overconsolldated ice-thrust sedlment and the

geologlcal tralts tod 1dent1fy them from aer1a1 photgs

hin the field and in laboratory samples.
leac1ally dlsturbed sedlments are weakened and are
7‘probably related to many geotechnlcal problems such as
V landslldes (Morgenstern, 1977°-Sauer,'1978 Chr1st1ansen
\and Whltaker, 1976), however, the. geotechn1cal
: propert1es of these 1ce deformed sedlments have not been
"studled 1n detall Recently, slope 1nstdb111ty occurred

:along the hlghwall of the open str1p nghvale coal mine

in the Wabamun Lake area, wh1ch 1s known to be in an



ice-thrust tetfain (Fenton et al., 1983; Anafiashek et
- al., 1979)  ThlS 1nstab111ty had endangered the dragllne‘
that operated close to the crest of the slope. Indeed a
© . safe and economlc des1gn of any englneerlng structurenln
1ce-thrgst terrain cannot be atta;ned without a'full

understa of the strength propertiésfof the deformed
. ) 4 . . 4 3

sedliments.

3. ~Most of the-literatufe'concerning‘ﬁce4thruét features on
thehprairies areeeither regional studies (Moran'eteal.,
1980) or local feports‘(slater, 1927a; Hopkins, i923;
Byers, 1959) . No detailed.investigatioh has been
undertaken of the local appeata&fe of ice-thrust

ffeatutes in different-parts of eehtral~ana southern
" Alberta wh1ch relates them to the reglonal occurrence
and dlstrlbutlon of ice thrusting. The comprehen51on of '
this relatlohsh1p w1ll help to indicate the_p0551ble
lecations of iceethrhst terrain’in the country and the
types of defommations that may exlst in the area. ThlS:
‘1s useful 1nformat10n to any geologlcal or geotechnical
<7,;nvestlgat10n that will -be undertaken in that region. .-
* [ . ' : -
1.2 Scope and Organ1zat10n of Thesis
~In Chapter 2, the terminology of ciotectonism ie h'
defined and thevbackéroﬁnd ef glacial'defofmation :evieeed;
Thekmethode of ftudy;USed in this thesis are a1so de%iheated
in this Chapter. ¢hapter 3 describes the locatiena, f

thsiography;=surficial geology, and glacial history-ef,theh
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~ areas studied by ‘the author in’southern‘and ‘central Alberta.
Fieid.observations'and‘aerial photograph interpretation of.
these areas are shown in Chapter 4. Maoroscopie
glac1a1 deformed structures are described and 1nterpreted in
Chapter 5.and the mesoscopic .to subm1croscop1c features

» observed in thezice—disturbed sediments are indieated in
Chapter 6. Thelprocesses Otherlthan glaéfotectonism‘that

_m1ght have deformed the sedlments in the study areas are
also considered in Chapter 6. The types of laboratory work

performed on the 'ce-dlsturbed,sedlments and their measured

geotechnlcal p pertles are presented in Chapter 7. The
facies concep applled to glaciotectonism is. 1ntroduced rn
Chapter 8 and is used to explain and p{edlct the'occurrence
of ice thrusting and distribution of ice-deformed features
‘in the‘regio;. In Chapter 9, the .information on
_glacioteetonism and'ice-deformed features presented in the
previouspChapters.are'hsedito develop a theory on ther
mechanics of ice thrusting. The geological,'geotechnical,
“and glaciological appliCAtions of glaciotectohics are shown
in Chapter 10. ‘Examples are ;1veh for cefrtain appllcatlonSu
Flnally, conclu51ons and recommendatlons for future research

on ice thrustlng make up Chapter . t1.



* 2. BACKGROUND OF GLACIOTECTONISM AND'METHODS OF

~ . % INVESTIGATION

2.1 Definition of lce-Thrust‘Ridges'end Glaciotectonism
According to Bates and Jackson (1980), am ice-thrust
ridge is an esymmetricai ridge of locai iessentially
non-glacial mater1a1 that has been pressed up by the
shearlng actlon of an advanc1ng glac1er. It is typlcaily 10
-~ 60 m blgh 150 - 300 m wide, and as much as 5 km long The
term is someE}mes used 1ncorrectly as a synonym for pusw
moralne, which is an accumulatlon of glac1a1 drift. An '
ice- thrust r1dge is also known as an 1ce contorted ridge, a

’,

glac1al pressure rldge, a pressure rldge or an ice- pushed

ridge.

Ice-thrust ridges are commonly parallel:to the margin .

T
s
“%

of the glacier that formed them‘but may lie perpendicular to

Mthevdirection of the glacier movement. They have been
referred to as ice- thrust features, glac1otecton1c features,
pseudo moralnes, push moraines, thrust moraines, and push
rldges.

Although ice-thrust,ridges haue been well described,
‘the processes that form them have not. These processes, |
,called glac1otectonlsm-(also known as ice thrusting, ice

shoving, glaciai tectonics, ice pushing,\glaciotectonic_

‘ldeformation)'ere_gIacial disturbances of'bedrock.and glacial®

sediments near the margin of a glacier. by folding,

fracturing and faulting, often followed;byf?verthrusting and
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SBearing. They ‘may P&nm topographic‘highs or lows such as
ice~thrust ridges anﬁﬁrglatea depressions on the grbynd

‘sufféce;dUe-to stresses exerted by the glacier that resulted

in drag and/or pushing.

2.2 Literature Review.
In Europe, an ice-pressure hypothesis=was‘developed to
explain th fpéformed'sediments observed in coastal cliffé of
_Dgnmafk by ‘ £strup_(f8é9; reference of Petersen, 1977). In
_1894; Geikie'(1894;\p. 338ﬁ— 3&05 désétiﬁed the deformation |
in glaéﬁa} sediments'along the coast of Norfolk, England,
and stated that the contorted drift and the incorporated
Cretaceous chalk‘e;;étics up to 165 m.long.displaéedtffom
Athe adjaCept beds were due to the pressure and movement of
an ice sheet. Glécioteétoﬁic disturbances were fournd in Lias.
clay, Oxford.qlay( and other Meso?oic and Tertiary strata in
'eastern.ﬁnglahd, the chalk and ‘lignite in Germany, and
" sediments in Switzerland, Icelaﬁd and Russia (Charlesworth;
.{957, p. 255). This is followed by Rﬁften (1960) who |
\?described the distribution of ige—pqshéd_ridges on thé
northwestern European plain (Hblland‘aqd'GermanY)..Recently,
ice—defofmed~glaciofluvial and glaciomarine-sedimehﬁs have
been found in Sweden (Konjgsson and Linde, 1977) and in
westernnNorwéy (Sonstegaafd{]é?Q), In soqtheasterp Denmark,
glagially contorted pre—Qﬁéférnaryvand Quaternary.sgdiments
'we;e nqted‘exposed'aiohg coaétal cliffs (Befthelsen, 1979).

In east Greenland, Quaternary marine and glaciolacustrine
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sediments have been deformed bf the Holocene glaCier (Funder
and Petersen, 1980). Ice pushed Lower and dedle Ple1stocene
depos1ts in the Netherlands have been 1nvestlgateghh$ Ruegg
(1981), Wateren (1981), and Zandstra (1981); and{Maarle&eld
(1981) studied the sequence of ice pushing in Central
Netherlands; Most recently, JaroSzewskif(1984 deported the
glac1al dlsturbed Tertlary sediments of Poland

In North America, glac1a1 thrust features were first
mentioned by Sardeson’ (1898, 1905 1906) after he had
.1nvest1gated the deforned Cretaceous sedlmentary dep051ts’1n
southgastern Minnesota. He was followed by Hopklns'§]923)
andelatef (1926, 1927a) who stUdied the structure of Mud.
Buttes ,&nd Tit Hills in Alberta and thought that the
~P1e15to¢ene glac1at10n has dlsturbed the uncemented Upper
Cretaceous sediments. Later, Lamerson and Dellwig (1957)
pointed out *that the superffcial.structures deVeloped.invthe
sedimentary Pennsylvanian rocks exposed in south;central |
Ioha were due to lcelpushing. Machay (1859) inveStigated
glaciotectonic features in sédimentsvof Pleistocene or
earlier age along the Yukon coast. Deteiled mepbing'of the
deformed Upper C€retaceous strata in the’vicinity of -
Claybenk; Séskatchewan,Vindicated that.the.structutes.wefe*
| prgduced'by the subg ial dfag of a.Pleistocene ice sheet
(Byers, ]91gl(fﬂﬁgsziéi1962) suymmarized the.ice;thrust o
ridges in western Canade with.a detailed description of the

uncemented Upper Cretaceous rocks which are exposed on the

'Missouri Coteau Upland that extends from southern



Saskatchewan to east central Alberta. Ice-pushed deformation

in northeastern Kansas and North Dakota have been studied by
Dellwig and Baldwin (1965) and Bluemle (1966, 1970)
respectively. Thomson'agd Matheson (1970a) noted ice-shoved
featores in the Upper Creraoeous Easteérd Formation'which.is /#‘
expoeed in the clay,oitS‘in the Medicine Hat area,
.southeastern Alberta; and-icefthrustTgravels in central
Alberta were observed by‘Babcock et al, ({978). |
'Subsequently,”Sauer (5974,-1978), and.ChrLstiansen and
FWh}taker {1976) 'studied giacio;ectoﬁic features in southern
gaskatchewan and stated their'effeots on- slope stabilip§,
stratigraphic odrrelation, seepage problems, and the
criteria used to identify subsurface ice-thrust features
Lbasegxon drilling (Chr15t1ansen, 19 {1). Recently, Moran
(1971)' Clayton'and Moran (1974), and Moran et al. (1980)
reviewed th; geneSIS and dlstrlbutlon zf the glac1al thrust
‘terraln in North Amerlca and developed models to %fplaln the
mechanism and criteria for ice thrustlng Surficial and
geologic maps 1nd1cat1ng the d15tr1but1on of ice-thrust’
lfeatures in central and eastern Alberta have been’
construct&@@by Andrlagfek et al. (1979), Green (1982), and
Fenton and Andrlasheﬂ (1983) Bluemle'and Clayton (1984)
recognlzed gla ial thrust forms composed of Cretaceous and
' Tertlary sedlments in North Dakota° and uncemented

| Cretaceous and Tertlary strata and other glacial dep051ts

deformed by. the readvances of t\e Late W;scon51nan ice had

been fouqd.along the coasts of eastern Massachusetts and

e Y
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southern New York (Oldale and O'Hara, 1984; Mills and Wells,
.1974). Hicock and Dreimanis (1985) discussed the
glacfbtecégniéally deformed structures in uncemented '
s#diments found in British Columbia ahd'sdutherh Ontario., _.
%ost recently, ice-push Ordovician limestone was observed in
‘southern Quebec (Schroeder et al., 1986).
| ‘ | v
2.3 Characteristics of 'Ice-Thrust Fe#tures

The general geological chafacteristiés,of ice-éhrust
features are bfiéfly outlined below.
" 2.3.1 Morphology

In map view, ice-fhrust features may express themseives
as a series of linear to~cur§ilinear( parallel and generally
shafp&y crested ridges with the concave side facing the
direction of »local icé flow, heighﬁs up to 200 m,'andva
bbasal width up‘to 5 km (Ruttén; 1960; Christianéen and
Whitake;; 1976; Claytén and Moran, 19741. Depressions of a
similar size and shape may be preéent uéglacier from the
ice-thrust ridges, that is, in a direétion opposite to the
ice movement causing these ridges. ipe—thrﬁst’features may
also appear as equidimensional hills up to 50 .m high and 5
.km acroﬁs»and with or without an.elongéte'or sub-circular
depreséion of similar dimensién upglacief (Clayton énd
Moran, 1974; Sauer, 1978; Moran et al., 1980; Bluemle and
Clayton, 1984).»Geﬂera}ly, the depression is Qithiq 2 km

upglacier from the hills, In some places, there may be no



depression; in this case, the ice4thrust feature is a hii;
, on the preglacial surface and is siﬁbly moved to a new
location (Moran et al., 1980, p. 461 - 462).“§ometimes'ice
thrusting may Form a series of hills that are aligned
parallei to the ice flow direction and decrease in size

downglacier from-a source area.

2.3.2 Topography of Occurrence
Ice- thrust features in the form of ridges or hills with
assocxated source depre551ons upglac1er have been found
malnly in three kinds of topographlqg; confiqurations: (1)
escarpment, (2) valley, and (3) pl&idjwﬁiémples of
ice-thrust features found on escarpments are a
glaéial-thrust hill (surfééé area = 0.6ukm’) and source
#Mdepreésién (surfacé area = 0.5 km?) observed on the
downglacier crest of a meltwateﬁg%hannel which lies normal
.tb.the direction of the ice flow (Moran et al., 1QBOf fig.
1), and ice-thrust features are also founa at and near the
“\vissouri Coteau Escarpment aéainsx which the>lést glacier‘
‘flowed (Hopkins,/1923; Slater, 1927a; Byers, 1959; éravenor
and Bayrock, 1955; Gravenor et al., 1960, ﬁi 22; Kupsch,
1962; Bluemle, 1970; Bluemlé and Clayton, 1984).
Glaciotectonic features have been found a;ong the slopes of
cuesta escarpments and valleys that}faced againét the |
direction of the ice flow (Oldale and O'Hara, 1984; Andrews,
fﬁQBO; Mills and Welis,'i974).'Ice—disturbedjfedimehtS'have

Yy - : "
also been found situate@/6ﬁ projecting spurs on the sides of
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the .preglacial Gipping Valley which forms part of the margin

of the London ;;
ice4pushed stﬁff
(1960), Jahn (1973),‘and Wateren (1985). The structure of
the ridgeiggn the walls of ﬁhese valleys indicate that they '
have beenwpushed from the valley thalweg outwards. An -
example of ice-thrust features found on a plain is Herschel
Island thch is aSout 11 km long and 180 m high and with a
i voiume of about.B km’; aﬁd the Hersc¢hel Basin upglacier
which is about 19 km long and 70 m deep and with a volume of
about 6.3 km?®, found on the flat Arctic¢ coastal plain along "
the Yukon coast {Mackay, 1959, fig. 6). These source
depréésions formed by ice thrusting are indeed scar
structures and will be described in detail later.
; ’
2.3.3 Straéigraphy and Lithology

Ice-thrust Pennsylva;ian limestones and shales are
observed in South-central~lo@a (Lamerson and Dellwig, 1957):
ahd in southern Manitoba, glacial drag features occur in the
gypsiferous Amaranth Formation of prassic age (Wardlaw et

ﬁal., 1969; Bannatyne, 1971). , ‘ '

In southern Saskatchewan and eastern Alberta, exposures
show that ice-thrust ridées are composed mainly of complexly
félded‘and faulted uncemented Cretaceous shales, silts, and
sands (Kupsch, 1962, p. 583). The ice-deformed Upper“

Cretaceous Eastend Formatioh, which is composed chiefly of

N . ) )
‘d» sands, silts and clays, is exposed in some clay pits near
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Claybanks in Saskatchewan (Byers, 1959) and the Cypress
Hills in southeastern Alberta (Thomson and Matheson, 1970a).
Deformation of Pleistocene @gposjts, the Sutherland Group,
is exposed at Fort Qu'Appelle in southern Saskatchewan
(Sauer, 1974). In addition, ice thrusting occurred in the
'Paleocene Ravengcrag Formation (clays, silts, sands and
lignite) ;nd the dpper Cretaceous Judith River Formation
(sandstone; clays or clayshale) in sougheastern and
south-central Saskatchewan respectively (Sauer, 1978).
Moreover, the Upper Cretaceous Horseshoe-Canyon Formation
which is part of the Edmonton Group (coal, shales, .
sandstones)/and the Lower~Tertiary Paskapoo Formation
(sandstones, minor shales) have been deformed Ly fhe ice.in
the Wabamun Lake district in cenfral Alberta (Pearson, 1959;
ﬁndriashek et al.) 1979; Green, 1982). Local deformation &n
the Cretaceous bedrock due to the qverriding ice is observed
between Innisfail and Morhingside in the Red Deer - Stettler
area (stalker, 1960a). in sog}heésterﬁ Alberta, ice-deformed
-depOSits are observed in theyNeutral Hills, which “are ‘
cpmpOSed of Upper Cretaceous bentonitic shales and
sandstones (Gravenor et al; 1960, p. 22) and in the Mud
Buttes and Tit Hills, which consist of the Upper Cretaceous
Belly Rivgr_Formation (Hopkins, 1923; Slater, 1927a).

To conclude; icé—thrust features in central and
southern Alberta are méinly‘found in till, marizf té
continental uncemented sediménts (clay, silt; sand) and»

—

weakly cemented to cemented sedimentary bedrock (shale,
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siltstone, sandstone, coal) with a strength that ranged from
'extrehely weak to-extremely strong; that lie near to the
ground surfacg of the regiqn. The terms used to desckipg the
strenéth of the bedrock follo; the Cénadién Foundat{oél* |

Engineering Manual (198%5).

2.3.4 Structure
Ice-thrust structures chiefly include: (1) Folds, (2)

Faults, (3) Thrus? Sheets, andt(4) Scars. They dre described

in the following paragraphs.

t

+ 2.3.4.1 Folds
" The folds geherally are isoclinal’, overturnea,
asymmetrical with an absence of the lowér part of the
inverted limbs, and'aesociated with imbricate thrusts
which always dip against the recent glacial diréction at
about 30° - 4%° (Byers;-1959; Kupsch, 1962, p. 586; ®
Wateren,‘1981). Shales may form cores of anticlines agg'
are commbnly équgezed %nto fissures‘(Lamergon g%d

i

Dellwig, 1957; Dellwig and Baldwin, 1965).

2.3.4.2 Faults

Thrust faults usually lie along.the‘clay-sand
contacts‘(Zandstra,~1§é1),-w;phin the clay sediments )
(Slater, 1927a), or féllow l{hestone and shale fractures
(Lamerson and Dellwig,'19$7):'$$garing along these
thrust blanes forms,brecciatedﬁénd slickensidéd ;9ne§
(Christiansen and Whitaker; 19f6; Sauer, 1978; Clayton

7

N



. and Moran,‘1974)

' Kupsch (1962) stated that {ce usually thrust or. gt
’\; plucked the COmpetent beds (sandstone) over the - E)

_ vincompétent beds (clay or shale) F1eld observatlon o
v1nd1cated that drag fold1ng is common in 1ncompetent‘.
'jbeds and thrust planes usually 11e w1th1n or adjacent to

" — these beds. Indeed the ‘thrust planes or1g1nated 1n one
e horlzon or- plane of fallure wh1ch represents the‘ ; |
ft\\iﬁecolle nt{ and the Fepth to the decollement from the /

o surface“ls related(to the thlckness of the permafrost f

dur1ng ice thrustlng (Kupschf 1962 p' 591) The’ thrusts'
were reported to steepen upglac1er up to 90° as noted by
Brlnkmann (1953) Slater (1927a, 4927b), and Kupsch

N

(1962, flg., 4)."

2. 3 2, 3 Thrust Sheets
Thrust sheets have a. thlckness up to 200.m. wlth an’

: average of about’60 m and an area up ‘o, 400 km2 (Mathews
_ : .

_‘and Mackay, 1960 Sauer ‘1978 Moran et al.,_1980,'Eyles.
and Men21es, 1983 Wateren, 1985) and may havekbeen. |

ftransported and accumulated .as glac1al thrust hllls and

v H

: rldges. In .general, they can be recogn1zed on aer1al

.

rp§” photographs and 1n the frfld however, 1n some places

~the thrust sheets and glac1al dlsturbed structures show

__\“’?

' no features on the ground sur, ’ce'and can only be. ‘jp» oo

e,determlned by drllllng (' ‘an 191&- Chrlstlanseh and

Whltaker, 1976) Most often they are’ 1mbr1cated that
. - ¥
'is, the thrusv sheets may be broken 1nto 1mbr1cate slabs
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’t%rust fa ults. The estlmated dlsplacements
of the thrust sheet range between 0.01: to 2 km (Byers,
'1959 Le551g and Rlce, 1962~ Mjlls. and Wells, 1974;

Q

‘) . .
‘,Moran et al”, 1980) ‘ - . N

2,3.4.4 Sears
A scar is-the'so-called ‘"ource depression’ found

]

'beh1nd the ice- thrust features such as glac1al thrust
lrldges and hllls or thrust blocks. This glaclotectonlc’
scar structure 1s bel1eved to be bounded by a sole,v‘f
hrust ‘or shear zone at the.bottom tension fractures‘at
,the sides that face upglac1er and downglac1er, and
‘str1ke—sllp faults at the ad3acent~51des. They are
| ‘probably formed when layers of bedrock were thrust or
dragged forward by the glac1er, the thrust block pulls
apart at 1ts rear, compresses at its front ~and shears
ealong 1ts bottom and the sides. Subsequently, a scar:
structure, or the source depre851on that has been,
,descrlbed above is left beh1nd the ‘thrust block Whlch
may be expressed as 1ce—thrust r1dges or hlllS.
Y A glac1otecton1c scar structure 1s rarely reported
}1n the lmterature probably because a scar structure is
an enclosed negatlve structure arg most often is elther-”
h‘fIlled=by glac1al"and/or post-glac1al deposxts or
ff:appears as a shallow depre551on or water body at’the '
ground surface, thus, " the related faults of the' | o '_-'
structure are seldom exposed._hs a result,'lt is very"”'

'diffiCult.to recognize'this'structure on outcrops-or
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hdr1ll logs and 1ts\presence is malnly 1nferred from the

‘]d1str1butlon and conf1guratron of other 1ce thrust
features, for example, the Herschel Island and Basin
dlSCUSSGd in Sect1on 2.3.2. Nevertheless, glac1otecton1c'

'riftlike’ structures up to 11 - 18 m wide and 9 - 15m

deep haVEfbeen observed‘aIOng thevslopes of a valley
’where the~l¢e had flowed‘over and‘moved away'from them
(Le551g and Rlce, 1962) Field studles 1nd1cate that the

thrust block that l1es in f;cnt of this riftlike
structure has a surface area of about 8, 000 m2 and a
. thlckness of approx1mately of 15 m (Lessig and R1ce,_-
1962). Bn the Lowden Lake area,_a scar structure was
obserued on a slope that the glacier flowed agalnst (see

.
t

Chapter 5). e
i

2.3. 5 ¥alacial Orlg1n , _ .

' Many workers (Slaf%r, 1827b; Byer,,1959 Kupsch 1962,
Wateren//1981) reported that the exposed deformatlon 1n ' |
ice-thrust terra1n are superf1c1al in nature as/ hoted hy‘the
;‘presence of-low*angle thrust faults,'dlsharmonlc.folds, and
detachment 1n depth Moreover, Hopklns (1923, p. 426) noted
that w1th1n or adjacent to the ice- thrust area, _there is no
‘antenseflocal upllft for.no.old rochs;are brouggtsto the"

»s'tzrkface and no regional tecfionic brvnove&ntcoélld haveé |
‘produced;these lbcal deformations. Furthermore,-the intimate
°1lntermixingv6f the deformed units»nith_glacial'till

(Eamerson'and Dellnig» 1957),;the$ﬁeformat§on of uncemented



1-6‘
sediments in a solid state (Catto, 1984), the gléc;al striae
‘owhich.ere obserted inwthese features withitheirhtrend normal .
to the fold axes of the deformatione, the deformed ridges.
‘otiented roughlygparalielflo the glacier margin, andvthe‘
v‘throst‘hille and soutce‘depreséions aligned‘approkimately'
parallel to the ice direction of movement , poiht to'glaciel

ice as the only source of the deformation forde for these

ice- thrust features.

Studles also show that 1ce thrust1ng occurred w1th1n 5
km‘upglac1er-fromvthe ice margln due to the location of
'petmafrost zone beneath the glacier (Moran. et ai., 1980;

Moran, 1971, p. 135 - 136; Clayton and Moran, 1974),

°

-

2.4 Methods of Investlgat1on o ‘ { &

SR Several locations with exposed ice-thrust features in
central and southern Alberta were sSelected for field

mapping and airphotogfaph'interpretation in o " to

” 3

[t by

1nvest1gate the macrofabric of tgese'ﬂeformatlons, their
.‘spatlal relatlonshlps W1th the adjecent surfy(”éf*

.dep051ts, the d1re9tlon of recent 1ce movement and s
thelr dlstrlbutlon 1n these parts of the region, Bedrock

and surficial geology maps, and bedrock and-surflc1§l
‘topographical maps of these ice;thruet ereas‘were

‘studied tosideotify'certain.stratigraphy and topographic

v

configurations thag'are especially susceptible to

glaciotectonism.'The‘attitudes.of fébric elements ' (such:
- FORASR { e ‘
as folds, faults, and strike. of the regional bedrock

1
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surface) and the glac1er direction of mot1on observed in
the ice- thrust terrains stud1ed would be assembled 1n
Schmidt nets to demonstrate the trends of these fabr1c;

elements in the region with respect to each other.
~)

Geotechn1cal laboratory test1ng, petrograph1c and

scannlng electron m1croscop1c studles were performed on

vsa%?ﬁes obtalned from one of the~s1tes that had been’
der

4.

.

, equ111br1um methods was used to show that the,me;Nwmemmmw~w

ed by detailed field inrestigations, The fabric of
the sedlments studled at different scales was used to

1nterpret the englneer1ng behav1or of the ice-thrust'

materlals in laboratory_tests~and-1n natural

Limit equilibrium methods were used to indicate that
under the thermal condltlons of the ice sheet that
glac1ated the study areas and the propertles of the
subg;ac1al sedlments'deduced from the ice-thrust
terrains studiedﬁ~the frozen toe of the glacier would
fail and caused glacioteqtbnic deformationQ' |
Backanaly51s of two slope movements that occurred in one
of the 1ce thrust terrains studled based on limit
fundamental understandlng of the fabrlc and strength

propertles of the ice- thrust sed1ments deduced from this

investigation is wvalid.



3. DESCRIPTION OF THE STﬁD¥ AREAS

3.1 Location and Accessibility of thevStudy Areas , B
Five regions situated in central'and southern Alberta
were*visited during the summers of 1983,'1984 and 1985. They
are : (1) Wabamnn ﬁake'area; (2) Edmonton area, (3) RedvDeer
- Stettler area, (4) Hanna - Sedgewick area, and (5) Cypress
HlllS area. F1gure 3.1 snows the locations of theseuregions
and the outcrops studled Within the regions, |
glac1a1—dlsturbed‘sed1ments in the Wabamun Lake area and the
Edmonton .city area have been descrlbed by Fenton and
andriashek (1983), Andriashek et al (1979), and Kathol and
‘McPherson (1975). Qtalker {1960a) studied the aufficial
'geology of the Red Deer - Stettler area and produced maps
1nd1cat1ng the recent ice- movement dlrectlon and the
locatlon of some ridges with undetermlned orlg1n. Stalker
(1973) also d@ﬁmmented tidges composed of mixed contorted
deposits dueﬁto,ice movément along the Red'Deer FiverdValley
near .the town of Drumﬁﬁller and along Héghway SG”South of.
Lowden‘ﬁake, Tne ice-thrust featunee enposed in Niskuﬂand
‘ Gibbons ofvtne EdmOnton area;'near Beltz Lake andrNev1s in
the Red Deer - Stettler area, along nghway 36 and . adjacent
to .the Sulliban Lake in the Hanna - Sedgew1ck area, and f
Cypress Hiils aceadwere investigated for the first time.
Appendix A describes the location and'acCessibflity of the
oﬁtcrops of the ice-thrust features in. these fegions studied

by the author.

18
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- 3.2 Regional Physxography !
\' Phy51ograph1cally, the study areas are located in the
;Alberta Plains whlch are a subd1v1s1on of the Interxor

Plalns Phy51ograph1c Prov1nce. The Interior Plalns are

bordered by the Shield on the east and the Cordillera on the

"west. The Plains are undenlaln by nearly hor1zontal strata

that range in age from late Proterozoic to Recent. Although

virtually the continuation of the Alberta Plateau, the
hlberta Plains have a more even topography, with a’few
- widely separated groﬁps of Kills such as the Neutrai, the
Cyprese, and the Porcupine Hills (FiguretB.f).‘Generally,
the Plains«are at an elevation of 750 m with hills
occasionally risihg to 1100 m or more (Douglas, 1970, p.
20). The Alberta Piains are ‘tree-covered to semi-arid
grassland. S ‘ ' 7 |

In central and southern Atherta, the general trend of
- preglacial and modern drainage is eastward or |
east-northeastward toward the city of Saskatoon and Lake |
Wwinnipeg (Stalker, t961, p. 2). The bedrock topography of
Albertaawas mainly formed by'erosion during'Tertiarf and

‘early Pleistocene time. Except for certain locations which

‘.

have been under intense glacial and recent fluvial erosion,

mostlof thé’pteglacial landforms of the area have been
: preserved beneath the glac1a1 deposits. It is thought that
~the preglac1al bedrock topography ‘of Alberte 1s in general
§imilar to the bedrock topbgraphy observed today. These

relatively‘unmodified preglacial landforms, which are used
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to deduce the glaciotectonic facies in central and southern

Aiberta% will be shown in Chapter 8.
3.3 Regional Bedrock Geolégy

3 3.1 Strat1graphy

This thesis concentrates on the Lower Tertiary to U;ber
Cretaceous argillaceous and arenaceous deposits and volcanic
ashes that crop out discontinuously along roadcuts, ditches,

‘excavations, and,(ﬁver banks in central and'southern
.'eAlberta. The formatlons wHLch are exposed in Alberta have
.beEn described in detall by Green (1982). The regional
attntude»of the Horseshoe Canyon Formation has a gentle dip®
of 0.16° W or SW in the Red Deer-Stettler area (Stalker, |
1960a) and.a dip of aboutJO.30°‘w in the Alberta Plain
(Carrigy,‘1971). \

Most df the strata iﬁ the area are bentonitic. Locker
(1973, p. 35) reportedathat both the Horseshoe Cenyon and
the Belly R1Ver Formatlons contain sn averadge of 23% by
Weight:(of totalyrock). of montmorlllonlte with a range of 5
- 75%. Generally,;montmpr1llon1teegs present as a sandstone
cem’ and also as a bma‘:iin component of the claystones.

v3 :
3.3.2 Geological History \

\

The Upper Cretaceous % Tertiary bedrock formations of
central Alberta were depos1ted in a subs1d1ng basin flanklng

highlands to the south and West of the present Rocky

T
Yo
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Mouritains (Locker, 1973, p. 17 §

During the Late CretaceousﬁEpoch the highlands to the

Qest were upllfted while the basin to the east subsided. As’
“a result, the highlands acted as the source area and
provided debris which was transported to the basin by
streams that flowed eastward over a gently”sloping
depoeitional_surface. The debris that was deposited in the
western portieﬂ of the continental basin formed the
Horseshoe Canyon Formation (formerly the Edmonton formation)
whieh‘coﬁsists of interbedded sands, silts, clays, organic
matter and volcanic tephra- while the debris that was
vdep051ted in. the eastern portion of the basin below sea
level formed the Bearpaw Formation which is mainly composed
of silty clays. b

In late Cretaceous, or early Tertiary time, broad

regipnal uplift occurred and probably was accompanied by
otogenic uplift along the Rocky ﬁountain belfl(Webb, 1951,
p. 2312). The marine regression in the east and the
rejuvenated erosion in the West-caused’rapid accumule§$au/6?
fresh-water sedimeékgiécross the present Foothills and
spreéd eastward onto the Plains. These non-marine deposits
form@é,the }askapbo Formation. The orogeny caused widespread
upiift'and'the onset of erosion thCh continues to the
present. This post-Tertiary regional erosion is reflected in
the Upper Cretaceous}beds outcropping im the eeétern part of

the basin and the broad topographlc outlines of the Alberta

Plains as observed today. The Tertlary beds are preserved
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' Fak,
only in the western Plaino and adjacent Foothills. V&wj
'The Late Wisconsinan, Laurentide-Keewatin ice shoeﬁ /

'glaéiated the.Interior élains of western Canada during the
Pleistocene Epoch (Prest, 1984); After this glaciation, the’
résumed drainage might or might not foilow tge preglacial
drainage system. Most of the post-glacial rivers incised
deeply into the glacial depoégts and bedrock and formed
steeb—sided valleys witl a depth of 60 m to 90 m‘below the

general Plains level (Locker, 1973).

1

T

3.4 Physiography, Surfxcxal Geg&ogy, and Glacial History of

the Study Areas . )¥\J//)

3.4.1 Introduction

The discussion of the charac;eristics of ice-thrust
features in Chapter 2 (section 2.3) indicate that the
occurrence-of ice thrusting and its associated deformation
in an area are intimately related to the factors such as the
lithology of the surficial bedrock apd the topographic
cohfigurétion of that particular'arég, and probably the
poéitioq of the margin of the glacier that caused ice’
thrusting. Thus, a'éompleté understanding and interpretation
of ohe occurrence and distrioution of the ice—thrust |
features 1n an area cannot be attained w1thout a full
knowledge of ogese factors. As a result, a . detailed plcture

of the physiography, surf1c1al geology, and glac1al geology

of each'ofkthe study areas is a.nece551ty forvthls
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investigation and these are described in Appendix B.

3.4.2Conclusions |
Some important conclusions are obtained after the
examination of the physiography, surficial geology, and
glacial hisfory of the studx‘areas where ice—thrust features
were found (Appendix gf. Thesge conclusions:are‘listed below
and they are in general conéistent with the geologic and
topographic characéeriStics on the occurrence of ice-thrust
features observed in other parts of the continent (Chapter
2, Section 2.3), |
1. All the study areas are underlain by uncemented to
éemented, non-marine to marine sedimenis of ﬁhé Lower
Tertiary to Upper Cretaceous age which are deposits
SUSceptible‘to'glaciotectonic deformat ion, Most of these

sediments belong to the Belly River, Bearpaw, Wapiti,

Horseshoe Canyon, Eastend, Whitemud, Battle, Frenchman,

- »
A

‘Aand Paskapoo Formations..
2. All the study areas are located near or within

preglacial valleys, meltvater channels, or along the

»

slopes of escafpments or iateaus. Moreover, the slopes
of these topographié fe tures in general face against

the .flowing directigh of the last wisconginan glacier .
“that.invaded the region. For example: the Cypress Hills

: 2
) !ﬁm.

3. The presence of the glacial features such as hummocky

Plateau.

disintegration moraine, glaciolacustrine deposits, and
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meltwater channels in the study areas seem to indicate

that the last glacier had stagnated with its margin at

or close.to the study areas. For gxample: in the 'Wabamun -

§

Lake area, the presence of a relatively thick hummogky
disintegratioh moraine nofth of Isle and Wabamun Lakes
and the presence of meltwater channels along the.
50uthwestern‘shore‘of the former seem to show that the
stagnant ice margin had remaiﬁed still in the area.just
north of these lakes for some period of time.
Rejuvenétioh and mihoruadvénces.seem to have occurred
(at‘leést locally) during deélaciation in a few Sf the
study areas. For example: thé Red Deer - Stettler and

the Hanna - Sedgewick areas, ch aree composed of a

till-filled stream trenches e-flow markings,

suggest that there were rapi readvances after the

stagnation of the glacier in these regions,
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4 MORPHOLOGY AND SURFICIAL GEOLOGY OF ICE-THRUST. TERRAIN .

' ﬂTh1s Chapter 1nvest1gates‘;he morphology and dlstrlbutlon of

.1ce thrust features in the study areas and the1r wh,-

I

relat1onsh1ps W1th the adjacent glac1a1 dep051ts and

photograph 1nterpretat10n and f1eld mapplng, is used in this

'?topographlc features.

] ) -

)

" 4.1 Method of Study - .

Terraln analy51s, whlch chlefly con51sts of aer1a1

llnvest1gat1on._Typ1cal ice- thrust r1dges are found in an
arcuate belt that con51sts.of parallei to sub—parallel
:-sq‘kp—"lded curv111near rldges w1th thelr concave side o
.fac1ng the dlrectlon of 1ce movement (Gravenor etcai.[ 1960
'3g§; 25 Mollard 1982 P 32) andptypxcal ice- thrust hllls
'appear as a serles of aL}gned mounds whlch decrease in 51ze

Tﬁh;downglaC1er from a source area (Moran et al., 1980)

g

hHoséver, it'is noted that unllke well known ice- thrust

. *{ﬁeatures wh1ch are qu1te dlStlnCt on aerlal photographs";

_many 1ce thrust features are often expressed as llnear forms

on the: ground and may be ea51ly m1s1nterpreted as other

' moralnal rldges such as. end moralnes (Kupsch,/i862' Rutten,i

(d1960' Bluemle and Clayton 1984; Stalker 1973 plate IBQE

”.ﬂgphotographsAand,zn the,fleldu »

Oldale and o' Hara, 1984). Thus, a c13551f1cat1on method 1s

‘“bdeveloped and descrlbed below to dlfferentlate ice- thrust

4

'vfeatures from other glac1al features appearlng on aerlalv

P 26
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4.5 Ideytification‘of ICe-Thrust Featuresq
4.2.1 Descr1ption and Class1f1cat1on of Mora1nal Features
F1gure 4 H shows that ba51cally, mora1nal features can

‘be broadly d1v1ded into (1) parallel to ice- fLoth(Z). |
transverse to 1ce flow,-(3) non- orfented Since thlS the51s
is concerned with ice- thrust r1ﬂges whlch lie transverse ora:

: perpend1cular to the dlrectlon of ice movement onlylthe

‘,moralnal features that are transverse to ice-flow are
vdescr1bed They are further cla551;}ed into features

‘ depos1ted by actlvely flow1ng 1ce or stagnant rce.‘Furtherx-'
c1a551f1catlon may be based on the comp051t10n and |
,morphology of these transverse features. Table 4. lndicates'
‘the morpholog1cal character1st1csw the dlmen51ons, and

i '
comp051t10n of these transverse features. The termlnology

u‘“d here ma1nly follows the nomenclature of moralne and

, Stalker (1960b) and Kupsch (1962%.

Based on the dep051tlonal enV1ronment morainal

}; . @

_transverse rldges are c1a551f1ed (Flgure 4. 1) ‘as:

‘ e;lce, depos1tlonal transverse features whlch
include: (a) Ice- thrust rldges, (b)‘Push moralnesfwh1ch are
aﬁtype of end moralne, (c) rlbbed moralnes whlch are alsoﬁd
known as. Rogen moralnes and (d) pe Geer moraines or cross

‘valley moralnes. Subclasses (a) and (b) are- composed chlefly ;



28

[

ﬁwuwxomkp ui czosm St SdulRJOW pILY _mmm,u ayl wumu_oc_ 03 pasn >mo—0c.ELmu mumcgmu_mv g R
larog|y. |BIUBUIILO] 4O saJnieay u_c_mLoz 40 co_umu_m_mmmpu : ﬁ.ﬂ.wu:mﬂm;
- > ‘ - : + - - r
Yy -
; (Puieuoy um:LLk wu—v 3 *
i : abpy: um:urk mu, B - - k
. : N
S o i
(3uivioy pu3 >Ju0553z..0c_mL0t pu3)
; ’ ia ‘ autel0ol Yysnd
B > . :
\ : Ammc_—h.u 3s55£A34) - ,
- am.wmv_x uoy3eabajuisig »mwc,Jv . ’ ..
" 26piy yo0(g-29| Je3UI] . e ’ A
- . " : ‘ . N ' . P . . . g . 3 . m,.o A .¢ N A@C.‘m mLsz i
I S , (suiesoy pu3) (3u1eaoy uaboy). ’ Aa}1ep mMMQuV
auiea0y _mcm_mmmumm suleion Paqqiy ﬂwc_mLoz J939 2Q
e L > -

1

-

SUIBIOY vcsouu p21iebniao)

’ a 2 — -
R LS S
—ﬂ [4
(1043ud> MO|J-pP3l1dayul yiim)'

mm;:umwm {euoilisodag 231-peag

i1 Lochm 3201pag

1

saJnjeaq _mco ‘3ysodag ad1-23A17]
R d

|

L

pPaJUI ) JO-UON-

,}Q—u 224§

01

hmp—mgmm




Morphological Characteristics .

¢
gt
b s

Pimension

' 5
v ‘l ’

Genesis

- Transverse ridges, .or a gzoup of 11dges.
that are arcuate in outline, regularly .

HE o= 3:1 to 152 m or

' more

- Glaciated material produced at the front
actively flowing glacier; or a ridge of
pre-existing material structurally distu:
the ice push

Al

- Construction of a transverse ridge at the
ice- snout during a halt in glacier retrea

ed

- Subglacial thrusting, pushing, squeezing c
intq. subglacial fracture system or zone of
weakness in an ice marginal' zone and were
bedéuse of subseguent stagnation of the lc

- Deposited subgl@cially at the base of. thrt
‘in‘the ice,during ultimate stagnation

spacéd, and are emphasized by intervening] k. = over 0.81 km
depress;ons, outline a former ice margin

- Composed of ‘structures that show pushing,.
ploughzng or overriding action in the A ‘
unconsolidated material in a generally
unfrozen state - .

LW
: =
i a former "

- Transver§e ridge that outline p As above

ice margin : k
? . . ' . o

- Low relief ground moraine that consists Ht, = 0.3 - 3.1 m
of short to elongate, irregular ) L. = 91 m to over
transverse ridges with troughs that form } -~ 1.61 km Ce
a broad arcuate system that outlines t W. =96 <274 m
position of former ice lobe - S. =.30.5~ 91 m

- Form a corrgﬁated or washboard like
pattern on an ;?JTmOtO and on the ground .

- A succe551on/of discrete, narrow r1dges Ht. = less.than 12.2 n
from short. and stralght to long and L. =1 km 0
undulatory B W. = 2 or 3 times the

' : : "height

- i f former lake or sea
Found in areas o 3 S. = a few hundred

cover. Best develops and commonly
restricted to low areas

to thousand metres

- Formed at the base- of an ice..cliff ground
glacial lake -

- Formed underneath a glaciér lobe thdt exte
water ! .

helatively large .scale lineaments that

=9,1-27.4m

- Formed near the margin beneath an activel

are often gent{y arcuate, shightly concave L. = up to 4.83 km glacier, and the individual ‘ribs represer
and. gentler q ream, and give a nibbed ‘ plates and folds that formed in a zone of
pattern on the ground A . : compressive flow
S. = crests of ridges '
- Depressions between ridges ay be o upFied ;; to 305 m agart - Formed subglacially in a region of compre
by elongatedﬂand multifingered lakes glacier flow, possibly where obstructions
- Ridges crests are oftén fluted and Al glacier flow qausedvthe‘formaFion of shea
drumlinized. Ridges in places are in the'basal zone‘qf the glacier and upws
connected by cross ribs » thrust%ng and stacking of slices of debri
basal ice
- Better developed in lowlands ‘and shallow . .
depre551ons :
- Small, elongate ridges transverse to Ht. =0.91 - 10.7 m - Either by squeezing of till-from beneath
parallel tovice—flow direction L. = a fewm to a few or by the slumping of debyis from the ice
- Generally thereare two sets of ridges kW into a crevasse system
. ; ‘ . W. =15.2 nm
intersect a¥ acute or at right angles - Occur in stagnant ice
racteristics of Morainal Transverse Features ( Ht. = Héighﬁ, L;= Length, W. =_wiéth;_s;= Spacing)
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of bedrook and/or £ill while (o) and (d) -are usually made pp
entirely of till.

(1) Dead;ice} depositional,.tranverse feaﬁnres which
can be classified as: (a) recessional moraines'which‘are a®
type of end moraine, (b) linear ice-block riddes which are
also kn0wn.as.1fnearldisintegration ridges and crevassg
fillings, (c) conrugated groond moraines

The classification and descriptions of these.transverse
features noted above have suggested the basis for
1dent1fy1'g ice-thrust ridges with topographlc expression
and outcrops on aerial photographs ano on‘the ground.

The following examples show the ﬁse of this classifying

method to recognize ice-thrust ridges }n a glacial-terraiﬁ‘

4.2.2 Examples : : o '2
' On aerial photographs, transverse. rldges show1ng 2 sets .

of rldges 1ntersect1ng each other probably 1nd1cate that the

rldges are l1near 1ce—b1ock ridges. A sequence of broad
ridges separated by depressions in the form of multifinger

lakes (Mollard and Janes, 1984, plates 3.16 and 3.17). may

indicate ribbed‘moraines (Prest, 1968). When a succession of

narrow and discrete rldges w1th spacing of a few hundred

metres (Mollard and Janes,v1984 plate 3®5) and are found
on a broad open depre551on, such as a former lake bed, it is

probable that they are De Geer moraines. If the tramnsverse

ridges do not belong to any of'the above categories, the

9 . ‘ . .
features may be ice-thrust ridges, end morgines or
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cdrrugated‘gcpqnd mgraines, This is because in plan'vie§,
ice—-thrust ridges, end mo:aines-ana corrugated moraines may
show similar morpholog1ca1 features, that is, linear to
arcuate rldges near the front of the former ice and\wlth
their concave 51de,fac1ng the ice direction. Thus, grognd‘
vcﬂecks andzsubsurface data‘are needed to disvinguish
ice—thrus; ridges,. which are mainly composed of deformed
bedrock, frdm_end,moraines and cor:ugated.gtqundAEOraines‘
which are chiefly 9q6§osed of till, It needs to be noted
that live-ice deyééitional’ﬁeatu:es (end-moraines and
'ice—ehrest ridges) ahdhdead—ice depositional Eeetﬁfes
(cef;dgated ground»ﬁo;ainee)‘may occur adjacent to eech
other along Ehe-margin'of a‘élacier ae the'formatiéﬁ,of
'these features is governed by local topoéraphy, surficial

geology, and local thickness and flow of.the ice.

4.3 Tefrain Analysis 4o
Based on the classifyfﬁq’meﬁhbd described above, aerial

. ‘ : ' .
photograph analysis outlining an area which is composed of.a

singie morpﬂologic feature, for example, an ice-thrust
ridge, defines a land form unit (Grane,'1975a,A1975b).
Subseqﬁenﬁ ﬁield work_pfbvides field data on the’dimensions(
“surficial éeposits and subeurfa;e strucfufe>of the
morpﬁologic feéfures within the land form units and’éhecks
on the- boundarles and descrlptlons of the land form unlts

?

" outllned durlng the prellmlnary aerlal photo. analyjei. After
thin a

" all the characterxstlcs '0f the morphologic .feature
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land forﬁ\unit and‘its'bouqdary with other units are clearly
known and modified to be consistent with the field data, the
land form unit is termed a terrain unit (Grant, 1975a,

1975b).

.4.3.1 Definition
~When terrain analysis is pefformed on a glaciotectonic
area, the terms ice—thrust terrain unit end ice—thrust
terrain pattern are mgjehrepresentat1ve of the ice-thrust
features in the areas. These terms are defined as follows.
‘1, An ice-thrust terrain unit is an area in which the
surficial and subsurface"struetures are made up mainly
of bedrock deferﬁed by glaciotectonism. The defermed
" bedrock may be expreésed es a topogtaphtc feature such
'Eas an ice-thrust ridge that can be detected on an aerial
phetograph‘on.f scale of ebout 1 IQf} This study found
that photo sets, with a scale of 1 : 30,000 to 1: 60,000
ahd Coveriné an area with ste:eoscepic=view of about 48
km? to 190 tm’ respectively, would provide suitable
' eoeerage and resolution, for detect1ng ice- thrust
features and their relatlonshlp with the surroundlng
dep051ts.{However,_sometlmes no topoéraphlcal expression
of the ice-thrust geatures are:visible on the grehnd. It“
is to be noted t.het Moran et al. (1980,.p. 460) ‘have
defined glaeial—thruet terrain ‘as a region consistihg of
‘ice-thrust feétpres with topogrephic expreseions;

2. An ice-thrust terrain.pattern is the association and
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spatial relations%ip of the ice-thrust terrain unit with
other (glacial) terraln unlts formlng a specxflc terrain
pattern which indicates the occurrence and dlstzlbutxon
of glac1otectonlsm and 1ce thrust features in a ¢
particular area.‘rvv B
,This‘pattern, unit tefminology basically gollows Grant
-(1975a, 1975b) | ¢

4.3.2 Results .
‘Airphotegraphbipterpretation and field observations of
the ice-thrust featﬁres,fthe adjacent glacial deposits, and
topographlc features of the study areas are shown in
jﬁppend1x C. Ice- thfust terrain unltsland other glac1al

!

‘terrain units and.the éssoc1ated ice*thrust terrain pattern
of each of the studyhareas are also.indicated in Appendix C.
For illustrative purposes, the terrain units observed at
Lowden Lake and Beltz Lake_a;easfare described particularly
‘in detail in Sections C,3.} and C.3.2.

| The geﬁerai characteristics of these ice-thrust terrain

units and patterns observed in the study areas are described

‘below.

4.3.2.1 Lce—Thrust-Terrain Unit
1. The icé—thrust features in the ice—thrust terrain
units observed 1n the study areas may :
a. express themselves as dlStlnCt topograph1c forms
such as ice-thrust rldges, fon:example, the

southern shore ef'isle Lake and Lowden Lake area
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(Appendix C, Figures C.10 and c.12).
b. expréss themselves as some indistinct\

topographic forms such as gentiy'rolling hills

S

and ridges, for example, southern shore of

Wabamun Lake, Beltz Lake area, and area

nortﬁwest.of.Suﬁiivan Lake (Appendix C, Figures

c.4, C.19, and C.22). =

c. not éxp:ess themsélves as any distinguishable
topograbhic forms related to icé thrustihg, for
‘example, the gently rolling plain observed in
Niskﬁ area, and Hanna - Sedgewick area'(Appendix
C, Figures C.11 and C.27). ‘

Icé-thrust features with poor to no
topographic expreSéions.cause’the boundaries .of
the ice—thrust terrain units to be difficult to
trace:except in the immediéte vicinity of
'epréuqeé, for example, Beltz Lake area.b

Despite the diffuse and‘inaiétinct boundaries of
most of the ice-thrust terfain units and the lack of

knowledge on the areal ektent of subsurface

deformation due to ice thrusting in most of the

study areas, the ice-thrust terrain units and their- -

associated ice-thrust ridges fbund along the *
J

southern shore of Isle Lake and Lowden Lake areas

‘seem to form an arcuate-shaped belt .of deformation
; .

with its concave side facing the direction of ice

" flow -(Appendix C, Figurés C.10 and C.12).
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3.

W

It is noted that most of the bce-thrust feature; in
the ice-thrust terrain units,invthé study areas are
overlain by ground moraine and/or hummocky .
d151ntegratlon moraine. For example- Wabamun Lake
‘area, Lowden Lake area, Nevis area, and Cyprese
Hills erea (Appendix C, Figures:‘c.4, C. 10, C;12,
C.25, and C.28). The three areas, the Nisku afea,
Beltz Lake area, and Hanna - Sedgewiek area, are
found covered by glaciofluvial and/or
glacjolaéuStrine deposits.(Appendix'C, Figures C.11
C.19, and C.27). This shows the occurrence of rs
élacial and/or postglecial erosion end deposition in
the ice-thrust terrain units after glac1otecton1c
deformatlon, résulting the reduction and/or
destruction of the‘topographic expressti of =most of

[

the ice—thrdst features in the study areas.

4.3,2,2 Ice- thrnsi\Terraln Pattern

1.

2.

In general, the 1ce thrust terrain pattenn of the
sfudy areas are made up of four main types of

terrain units: (1) ice-thrust terrain.unit, (2)

meltwater channel, (3) ground moraine and/for

hummocky moraine terrain unit, and (4) glaciofluvial

- and/or glaciolacustrine terrain unit.

Examination of the spafial.relationship of the

’ : A
icerthrust terrain unit and the meltwater channel”

-with respect to the glacial direction in the étUdy

A : . N

areas indicate that most of the ice-;&rust terrain
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0 . . -

units are located on the downglacief slopes or edges

of the meltwater channels that face the d1rect1on of
ice movement, for 1nstances, Wabamun Lake area,
Nisku area, Nevis area, and the area northwest of

Sullivan Lake. Moreover, it has been noted thetifggr
trends of the meltwater thannels and the ice-thrust‘
ridges within the ice-thrust terrain units observed
in the study areas“often'he:e appréaimatelyﬁparallel
to each other and both seemed to lie roughly
perpendicular to the direction,of the ice movement

inferred from the adjacent glacial features. For

.example: Wabamun Lake area, Lowden Lake area, and

the area‘nofthwest of Sullivan Lake (Appendix £,

_Figures C.4, C.10, and C.22; Figures 8.2 and 8.3).
'Furthermore, the ice- thrust terrain unit and the

’meltwater channel are chlefly surrounded by ground

i

moraine and/or hummocky moraine terrain units.

(Appendlx C, Figures C. 4 .10, C.12, C.22, and

C.28); however, two areas were found in whlch the
ice- thrust terrain units were malnly bounded by a:
glac1of1uy;ai1§nd/or glac1ola£u;tr1ne deposg““
(Appendix C, Figutes‘c 11 and C. 27) One areaﬁgfgf

seén in which the ice- thrust terraln un1t ‘was§

surrounded by glac1ofluv1a1 gladiolacustrine, a‘d7
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pefformed by the vriter erf the region between and
adjacent to the Lowden Lake and Beltz Lake areas
that covers a total area of ab%Pt 400 km?, Th1s
1nvestlgat10n indicates that there are many linear
to curvilinear rldges present in the reglon (Figure
. 4.2). However, rldges with dlst1nct outcrops and
ground checked to be ice-thrust features (see
Appendix C) are only found at the Lowden Lake and
Beltz Lake areas. Since no exposures were found on‘
the linear featup€s located outside the areas, it is
uricertain whetﬁer they Eré features due to ice |
thrusting ortenly some‘ot%er,kind of glacial form.
.__~_—«%néeed7—the—linea{ed ridgesxfound adjaeent to the
(‘ moraine plateau at the Lowden Lake area (Appendix C,
Figure c. 12) closely resemble moraine ridges formed
- by ice-pressing process (Stalker, 1960b, plate XII,
XII1I). Nevertheless, the presence of linear forms -«
- between ice-thrust terrains w}th]?istinct iee-thrust

‘terrain units suggests the follovkng:

a.  When ice-thrust terrains are found only tens of

“km apart, terrain stuiies should also be
performed in the area between these 'closeby'’
ice-thrust' terrains.

b. The differences in the morphology and trends of
the ice-thrust features within the ice-thrust

terrain units (Figure 4.2) @nd the distribution

of the associated glacial terrain units within
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.. the ice-thrust terrain patterns. in Lowden Lake,
' S R C N L , L
. area and Beltz Lake area‘(Appqngx C, Figures
’ . o ) ‘ ] nd : )
";- C.12 and C.19) indicate that the morpholagic

- information obtained from an ice-thryggi@Arrain

- . may not be abplied;tg its immediatej

ice-disturbed region.

1. The arcuate-shaped ice-thrust ridges and ice-thrust
terrain units with their concave side facing'the flowing

: direqt@pn'of the glacier in the study areas (Appendix C,

‘ Figufé@hC.TO and‘C.12) which resemble the. push moraines

that were formed at the’snbut&of the glacier (Gravenor .

,fQ/ etual.,71960,_p. 22 and 25) syggest that they(yere

ice-marginal phenomenab(Moran et al., 1980 Aber, 1982f’
Thus, the meltwater channel whlch the 1ce~thrust terrain
{unlts are located close to or within, has 1ts trend

'roughly parallel to the llnear to curvilinear dlrectlon

of the unlts and thelr assoc1ated 1ce thrust rldges and

B

{ is 1dent1f1€d as a proglac1al channel
2. mThe general occurrenoe of the 1ce thrust terraln units

-~ mnegp-br within‘a proglac1al meltwater channel and

t"_surrounded or dovered by dead-ice dls1ntegratlon

]

,moralnes, g c1ofluv1al and glac1olacustr1ne dep051ts

2

(Appendlx C, F1 ures C.4, C 10 C. 12 c.22, C.27, and
C. 28) 1nd1cate that ice- thrust features 1n the study

areas are formed near or at the marg;n of a stagnant and
Bl . 5 I
PR L ' f’i*L; o
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downwasting-;\ayier. This is an area of‘ablation which

‘would prov1de large amounts oﬁ*meltwater to form

spillways or meltwater channels. MoreoJ%r, fce thrust

G ‘?r .
tidges could also channel meltwater flow.' o

The location of most of the ice-thrust terraln unlts in

",the study areas‘at or close to proglac&al channels which

_ are formed on‘theAslopesuof preglacialevalleYS or

escarpments (Chapter 3, Appendix B),. éeems'to'indicate
that both the reglonal sloped surface ahd local |

topographlc barr1er that 11e parallel anci/at or.close to
the margin of a glac1er affect the occurrence of ice

thrustlng. 'This will be dfscussed in Chapters’ glana 9.

Glacial rejuvenation or readvance had occurred~along the

;margln of the stagnant glac1er 1n some of the study

LR

- areas. This is shown by the llnear glac1al er051ona1

features (glantfgrooves) that 1nc1sed the lcefthrust

.

hridges_near the eastern shore of Beltz\Lake (Appendix C,

Figure C 19; Chapter 10 Section 10.1. .), and the

presencé of till- fllled channels “and flutings’ in the;

»

wstudy areas of Red Deer'J Stettler and Haﬁﬁt —;Sedgew1ck”

W

V(Chapter 3 and Appendix B)

The'investigation discussed iﬁ this'Chapter‘suggests

glac1otectonlsm in the study areas was probably assoczated'

_w1th rapld (7) readvances of the margin of a stagnant ‘and

ﬂdownwastlng glacier which was located on the “slopeé of ',if
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a

‘preglaciai Qalieys of{near local_tobOQ:aphic tfoughS‘sﬁbh as

fpfoglacial_helfwégér‘chanhels.;Dead-ice diéTﬁtegfétiOn'_”'

moraines, glaciofluvial and glaciolacustrine ' sediments were

left adjacent and/or covered the ice-thrilst features in the .

study_aréas after this rejuvenated glacier had melted.
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'In th1s theels, macrofabrlc 15Ldefined as the 5011 or rock -

in these p1ts 1n detail. F1gures C.5; C 6 C.7, and C

g . T b? '”?’

' ‘ 5, MACROFABRIC

featur@s that are too large to be directly observed 1n thelr
ent??ety in outcrops (modlfled after Bates and Jackson,
1980)@ |

The-macrofabr1c due to glac1otectonlsm found in the

study” areas is descr1bed below.
% .

5.1 Faults

s
N

I

0 B Soleffhrusts or Shearuiones o

¢

In the \;summer @‘%1984 the mapping of the geology P’

two 1andsl1d&s, which occurred-in Pit 3 and a 301nt survey

“in P1t 2 in nghvale mlne,'whlch is located in an 1ce thrust

terrain at the southern shore of Wabamun Lake ‘(Appendix C,
j N 3(\
Figure C. 4), have enabled the author to observe and descr1be

ice- thrust shiar zones and their related structures exposed

&1

Appendlx C show the IOCatlons and the stratlgraph1c sectlons

3

‘of the-two slédes in the mine surveyed by the author.

SO _
5.1.1.1 Fleld Descrlptldn"

(A) In Pit 2, which'is about 8 km southeast of Pit«_

\
" }

Q3, ‘a horlzontal shear zong*was exposed near the ‘bottom

of the hzbhwall and could be traced for about 1600 m.

\K,

The* observed shear zone 1is. about 0, 3 - 0 46 m
‘thick,*composed malnly of dark grey to dark brown grey, -~
soft to very soft mudstone whlch could be moulded by

42
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flngers. The zone .is overlaln by deformed llghg:giey
£

sandstone to sxltstone and is underlain by unde ed .

1 +

llght brownish sandstone to siltstone, and shale. The

contact of the shear zone with the, strata above and

below is sharp and distinct. The bottom of shear zone is

about 3.7 m above the top of the main coal seam #1 of

the mine. Coal seams #1‘to”#6 which are ekpdsed 670 m
northwest of the observed shear zone, are in general

.

flat lying and undeformed but are orthogonally 301nted

3

Most of this shear zone is flat and tends ta ;un
parallel to the ovetlying-and uhdeflyiug horlzental
bedding. |
Three to four slickensided and polished Qlanes that
can be traced for several metres were found within the
shear zone (Plate 5;1) Anticlinal structures with a
wavelength of 2 5 cm could be seen w1th1n the shear -
zone. Two 1mbr1cate thrustsfaults splay off the shear
zone with a- separatlon of at least 0.46 m, and an
apparent dip of 30°. The beds that “have been dlsplaced g

hy the imbricate thrust faults have a dlp/glp d1rect10n

of about 30°/ 355° and two shear planes'within the

. )
shear -zone also show an average d1p/d1p dlrectlon of
>

abeut 56°/ 357° (Appeng1x C, Flgure C. 9a) The :
intersection of the She§F zone with the imbricate
. . A B . .

thrusts in Pit 2'have%caused some small slumps and wedge

-~

fallures along. the h1ghwall Langenberg (1985 p. 5)-

h'measured four folds and twelve 1mbr1cates present in the

A co. . - . . v N
. S
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nelghbourhood of the shear zone in Plt 2 and obtaxned a

mean trend/phﬁnge of about 065°'.h3° NE for. the fold

axes'and a mean ‘dip/dip d1rectlon of about 23°/.012° for

thetimbtioate thrusts. The attitudes of the deformed

structures observed in Pit 2 suggest that they are due

to compresiion originating from approximately north,

(BL”In Pit 3, the shear zone is exbosed on the

highwall néar the slide reé1ons The structural geology

S ,"

of this zone is described *id detail by the author. It'is

composed,malnly of two,layers (Plate 5.2) .

1.

Bentonitic Mudstone layer

The.layer is aoout 3.4 m and 0.4 m thick at
Slldes 1-and 2 resoectively Abundant coal lenses
and root remalns up to 2.5 cm wide and 12. %/ m long
were found near the lower port1on offi the layer in

slide 1. The'presence of these carbo aceous remains

has caused the layer at this level tg be stiff,

Nhlgh}y-fraCtured aﬁd shattered ApproFchlng the top

of the layer,: the amount of carbonac ous remains

decreased to become totally,absent and.the layer

became Soft and'plastic. Here, un ulatory,‘wavy and

’

' randomly orientated planes werée observed, they

ranged'from a few cm to 60 cm long and had smooth

2

and shiny shrtaces (Plate 5.3). Slickensides were

"found on .some of them._These'wavy\ﬁianes'were formed

in'material!that was crumbly and in lump form (about

1.5 szin:difméter); however, the lumps coula;easily.
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Plate 5.3 Minor Shears withih!thg Shear ane,‘Pit 3,
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Plate 5.4 Minor Thrust within Shear Zone, Pit 3,
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be remoulded by finger pressufe when moist. The
contact betﬁeen the bentonitic mudstonelénd the

3
.overlying bentonitic sandstone was sharp and

“undulatory. :

‘At Slide 1, about 1 m below' the eontect with
the overlying bentonitic sandstone, a horizontal
‘shear plane was found‘yithiﬁ the\mudstone. It has
been'inferred as ene of tﬁe principal'slip surfaces
caused by ice thrusting and was also ceneidered to.
be the failure sur face of-the slide mass. This major
shear plane could be traced acnoss the stable :
portion of the north-facing highwall for almost 300
m west ofvSlide 1 (Plate 5.2). A closé_examlnatlon
of this shear planevrevealed that it was located in
a zone of very soft .and moiét clay bounded between
two distinct, crumbly, fissuged, 1eyers of
‘bentonitic clay. The mesoscopic and m1croscop1c
character1st1cs of these layers will be. 1nvestlgated
in deta11 1n Chapter 6. Many randomly orlentated
wavy surfaces diverged upward and downward from this
major slip plane (Plate 5.3). Digging ‘into this
majer shear surface west of Siide 1 revealed that
,this sgrface is planar with‘distinct slickensides
perpendicular to the strike of the east—west_mipe
wall. The measured dip/dip direction of thie shear
plane are 89/‘0J1°, 6°/ 000°, and 6°/ 320° with an

average of 6°/ 355°. However,\the accuracy of these ,-'
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'measurements is doubtful because of operator errors
involved in measuring the small strike and dip of a

beddjﬁg plane with small inclination with respedt to

[ ] . :
the horizontal (less than 10 degrees) using a
geologic cohpass (Cruden and Charlesworth, 1976;

Ragan, 1985).

‘Bentonite Layer

e ThlS layet was overlain and underlain. by two

"~ thin coal beds about 15 to 25 cm thlyﬁ/\ln Slide 2,

the contact between the upper coal and the top of
the bentonite was wavy and 1t was common for the
upper coal to intrude down ‘into the bentonite. The
coal also intruded into the overlying bentonitic‘

mudstone with dlsplacements from 0.46 m to 0. 76 m

-(Plate 5.4). On the other hand, the contact between

‘the bentonite and the lower coal bed was undulatory,

and no invasion of the beds:was obégfved. Folding in
tﬁe-io&er coal bed usﬁally had a wévelength'and
amblitude of 15.2 cm and 10.2‘cm‘respectively.
Seepage occurred locally at the contact between the
coal beds and the bentonite._As-in Pit 2, field
obsetQations showed that the main coal seams in Pit
3,~wh1ch were ‘located below the two slldes, vere
horizontal qnd*undgformed It was concluded that the‘

bentonitq formed at least part of the basaL.pbrtion

. of the zone of decollement on which. most of the

movement due td ice thrusting had tatehhplagg.

U



In Pit 3, the top of the shear zone is‘diStihqt?ékd*

is gf the contact df,yheibentonitic mudstone with‘thi ,
overlying gent;y deformed benton&fic séndstdne (Appeﬁ&iﬁ
C, Figufes 6.7 aﬁd c.8). Thg\contact, which is
undulatory and-Qith pebbles f;ﬁhd locally in the
sandstone, is iﬁlerpreted as a erosional surface or an

unconformity. The base of the shear zone is defined as

in coal bed thaﬁ underlies

the boundary b
the bentoniée and the carbondceous shale that overlies
the the main coal seams. This[/is because the deformation

and shearing were quite inten in the bentonite and the

o

argillaéeous strata agbve. This 1 ident as the
presence of at leaét three principal slip surfaces in
the behtonite, the thin coal bed which immediately
overlies the bentonite has been intruded into the
mudstone and the underlying bentonite (Plate 5.4), and
the bentonite sampled in thé'field waé found to”contain
many angular coal chips and mudstone fragmenté (Plate
5.5) which arevbelieved to ‘have been intruded into the
bentonite from the ovérlying‘mudstone and,thiﬁ coal
layer during'shearihg.'However, ﬁhe degrée of
deformation decgeases when the bottom-éf”theﬂbentonite
and .the undeleing main coal beds are approached where
ohiy small:-concentric and dishafmbnie folds are found.
The occurrence of thgéé disharmonic folds and thrust
faults with depth indicate that at a particular depth,

the 6vgrlying_deformed beds must have been completely‘

~

.
o

,"i
‘;‘
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;Moreover, the top of the shear zone or decol‘ement in

)

& Qsz .

detached from the underlylng strata.’ ThlS requlres a

*
;shearlng off or decollement at the base (Ragan, 1985 ”ﬁ

A?230) Thus, 1t is. concluded that ‘the deformed bentonlte

«

l(and the tg1n coal beds 1mmed1ately be}ow form the base

of the. shear zone or the decollement and are compara le

to the 1ce thrust fabr1c observed by Slater (1927b)

'Mackay (1959L, Hansen et al® (1961) and Wateren (1981)

-

.5P1t'3 nghvale m1ne, 1s[at a depth of about 8. 7 - 27. O
m below the ground surface, campared with the depth (25 ff

: m) of glac1otecton1c deformatlon observed in other

"

ice- thrust terra1g~ (Wateren, 1981) Ice thrustlng has

.r‘also been reported to cause deformat1on up to a depth

"because fielj

N

X

.excaw@tlon 1hto layered sequeﬁbe of rockwgz}ther
{ 3
a

¥y
that exceeds 60 ‘m (SaueL, 1978) to 150 - 183 m (Byers,

1959 Brlnkmann, 1953) however, the fellablllty of

v

;these valueslcﬁnnot be ascerta1ned at present.lThls is

qnvestlgat1ons (this Chapter) and

o

x‘theoretlcal con51derat1on (Chapter 9) ,on. glac1otectonlsm

suggest that glac1otecton1c deformatlon/teﬁds to occur

at a depth less than 30 m be]ow the ground surface.
e : .

o It has also been con51dered that the sheap zones An

1

-nghvale mlne wereé formed oy thg excavatlon of the mlne.

Slnce it is known that unloadlng due to-a lafge,ht

artu??cialeor na;ural would cause an -up rebound of
L ! ) ﬁl oo . s 3

- the excavat1on floor and an 1nward movement of the

- S §
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v !

.,oavation walls, resulting flexural"Slip bétueenlbeds'

d'%Matheson, 1972) As a resultv an analysis of the“ L@
displacement along the layered bedrock due to rebound
caused by excavatlon ‘was performed (Appqulx D).
Append;x D shows that the shearlng in the strata at the
highwall due to rebound after the excavat1on 'in H1ghvale

fmlne is not suff1c1ent to produce a shear zone in the

~mine. ) o . >

e ' . - B . ' . ; . - - ) 'p ?
5.1.1.2 Subsurface Investigation - = = = RCE =/
A 300 m long, flat 1y1ng shear zone has been é

5 &

'observed on’ ‘the E- W trendlng hlghwall in Pit 3, H1ghvale

»mlne, Wabamun Lake area (Plate 5 2) Unfortunately, only
_ . o .
- seot1on of the shear zone is exposed and the other .

51des Qr fhe plan v1ew whlch shows the area of the zone.
J ‘are stlll unknown ‘Since a humber of boreholes have ‘been

drilled in £1t 3 of the mine where the shear zone 1s
@

,exposad va détakl;%{analés;.&*@the log data and thn o

~corns Struction oi iubsurface\:Joss sect1ons of the area

-

' w1ll show’ the geometry of the shear/;one/énd 1ts related

deformat1ons 1p “this ice- thrust terrain. Moreover, 1t is

‘belleved that ‘the 1nformat10n c& %he subsurface deformed

structures obtalned from th1s study can be applled tO‘
other ice- thrusﬁﬁterralns.. |

1

R Drlll Hole Data /i \ . ?/
. BRI R
o Drllllngs (1nclude auger drlfllng, rotary». v

dr1111ng and rotary corlng) in. the nine: were,‘

.

-

performed bY MOnenco Ltd. and Alberta Research.‘”47fw7



Counci; (Monenco Lta., 1983a, 1983b; Alberta
Researoh Couhcil; 1983f§Paw¥owicz et al., 1985).
errors.that mayube invoLved?;hen.jnterpreting these
drill loétdata vere investigated and areviisted.
ﬁﬁ below. = ‘ | | e

K al Dry auqer drllllng and rotary dr1111ng can
N
-supply* 1nformat1on on the subsurface 11thology

but»noi on the underlylng structune such as

»shear zone (Fenton et al., 1983). .As a result,

v

‘the 1n1erpretat10n of theSe logsis always‘
- »accompanled by speculatlon and/or'control from
| adjacent cored dr111 holes.(lf any) |

»

b,' KnOW1ng thé presence of shear ‘zones in the mlne,.
B the horeholes were logged by the Fonsultants

' ‘(Monenco Ltd.vand Alberta Research Counc1l) and

v

the-logs hence' are second hand information.
: - - . - R . Bt
¢. The shear zone in Pit-3~is believed to oécur

<

-~

égﬁﬁ' above the top of the ma1n coal seam #1: however, '
| some logsyere obtalned from boreholes whlch
.ended a?the top of these COal layers. This’
1s espec1ally true for all ‘auger drlll holes‘
‘wh;ch.cannot penetrate the.fhard! mudstone
layerss S o |
2:, d. A few . logs were taken from the g&mbllfled ’
L 'cros!agectlons d?awn by the cons1}tant in: whlch .

the 1nformatlon on. structure is-missing.
o "

. | ..ép
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With theSe drawbacks of the dr1¥l log data
in mlﬁﬁ the constructlon and 1nterpretatlon of
| the cross- sections of the shear zqne ;n, ‘1‘3‘1t 3,

nghvale m1ne,.followsr

‘Location of Line of‘Sections
lon” o Lt

t'In‘general the llne of sectlon of a basal

" thrust should be chosen to lie' parallel to the/sllp

or movement,dlrectlon of the structure»so that the'

LB a3 . s
. sections can be balanced~and the m1n1mum

- dlsplacement “on the thrust may. be estimated (El}1ott

’_and Johnson 1980"Elllott 1983) Fleld

1

1nvestlgat10n of 1ce tHrust ﬁeatures that are

3

'1n the mlne 1nd1cate thatﬁ

- &

exposed 1n;P1ts 2t %héﬁé

the last glacier‘enfs -d the area malnly from the

¥

‘north (Appendlx C, Fifure C;9a, §ectlon 5. .1) and

‘aterlals. Because of th1s, elght

. :q"‘» :
.*section lines, four orlented north south (N $) and .

3

'S .
four orxented ‘east-west (E w) vere constructed

(Flgures 5 ﬂ 5 2 and 5 37k The N-S. sectlons show

the true lateral VTEW of. thrust sheets and the

,related d15cont1nu1t1e5° whlle the E-W sectlons

¢
'dlsplay the exlstenae of transverse structures. The

rcombmatlon ;f‘ theses sectlons would produce a 3-D

'perspectlve of the subsurface structures in the

i
1ce}$hrust terra1n 1n WabaMun Lake area. A
. £
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The constructron of these sections is based on the

logs of 36 dr:ll holes which covered 1 24 km? of the

e stern portlon of Pit 3. Most 6f these,drill holes ﬂ
£ ¥

are not aligned with the sections anérare prOjeCted

onto the sections with a distance varied from 5 m

(Hole #11 on E4-E4') to 150 m (Hole #1 on E3-E3')

-3

"with an average ofN%bout 54 m (Figure_5.1).

As shown in the followihgeparagraphs,ithe
correlation between boreholes are maiply based on.

the main cOal seams and the structure‘ofvthe shear
d

‘ jzong which are extenibve horlzontal features

(Sect1on 5. 1 1:); as-a result, the constructlon of

3
0

\,the lines of sections based ‘on some of the boreholes

that are 54 m away from the sections can stil

Justified.
Recognition and Correlationgof_§%ﬁce—Thrust_Shear;?~

Zone in Drill Hole. Logs . ) \

(A) Recognition:
. ; 4 -
Field evidence, shows that the bedrock in:

HighGale mine at the southern shore of Wabamuh Lake.

formed‘mainly in a deltaic and fluvial depoSitional

. .

environment where interfingering and pinchout gaf

strata are common (Monenco Ltd., 1984). Except r

o - . - *
the main coal seams, lithology changes over a short

.

distance, for example, less than 100 metres, both 1n

the vertlcal and lateral d1rect1ons.:Marker beds are

-

-

absent In)thls case, a detalled stratlgraphy cannot

i
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be drawn and correlation of boreholes based on, -
l1thology is difficult. - . ; |
Despite this shortcemlnf in strata correlatlon,
a shear.zone can be 1dent1f1ed in boreholes. This
‘lnvolves knowledge of the structure of -the shear
zone, the 1ithology in which a shear zone is likely
to occur and the materlals that are usually found
above and below a shear zone. The follow1ng r
. describes the cr1ter1a and procedures for the
1§ent1flcatlon of the shear zone in borehole logs of
thehﬁlghvale mine, Wabamun,K Lake area. These cr1ter1a
are bhased on studies by the author-or many log data
and outcrops in the area.’ |
a. A control or reference borehole should be
. carefully cored and’ iogged with detailed
lltholog1cal and structural descr1pt10ns that
show the characterlstlc 51gnature of the shear
zone and its adjacent strat1graph1c units ‘in the’
area. Borehole #HV- 83 406, which. ;# located 125
m northwest of Slide 1 whel¥ the sheat ﬂﬂne is
f o ‘X. exposed, serves as thefcontrol log for.‘
S identifying=and correlating the shear zone in
the st?dz;area (s&\\rigufe‘7.13).‘
b. The control log and field observatlons 1ndacate

that the shear zone in Pit 3_tends to have - a

. : N . - r l"‘
~lithology described as "brecciated,_shatteredhng' )

’ - o -
A ) i . "

crUshed),rubbléd;;hfghlyeradtdred;rnumerous 's>
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wfl‘ielickenéers, and very high deéree of internal’
fracture". Aithough these térms have been used
'xdpgte loosely by drillefs and siEe geologistdg to
deSCrlbe a disturbed layer, these descr1pt1ons ??f
found-in other logs of the area probably
1nd1cate the occurrence‘of a shear zone in the
‘associated drlll hole as far as the study area
is concerned.

c. The rock quaiity of the shear zone, which has a
RQD than ranged from 50 to 100 %, .is usually
deSCrlbed as poor to excellent. AS a result, RQD
alone does not seem to be a good»lndlcator of
thd shear zone formed by ice thrusting. HoweQer,
when :;e L1tholog1c descriptions of the CO{SE\,?
are accompanled‘wlth RQD, t\e conf1dence in |
id;ht#fying the shear zone increases ™

.go;x?ﬁe?mpdstopg iayer that overlies coal seam #1 in
the mine is the most_prob;Lle horizon where the
shear zone is expected to’ be found. This is .
based on field observations in Pits 2%and 3
where the flag—lying shear'zoneslat leé§t 309 m
long were found in the mudstone to bentonitic

. - mudstone about one to-affew'metpés aboye the toP .

‘ fsurface of coal seam #1. B

j;_';‘The top ©of coal seam #1 is treated as the rowest

Thew,

r

% ¢
. A
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underly1ng them are expected to be undegormed or‘ .

only sl1ghty deformed Thig” ¢onclus10n was
reached after fleld obSe:bat’ag and exam1nabion
tens o} borehole 10gs which shbv that in
general’ the matn coal Seams are_ undlst?rbed
"The strafa below also do not show Qﬁy
significant disturbance. ' '

(B) Correlation

4

Based on-the five criteria stated above,
lines of eections were constructed that show the
fconfiguretion ofdthe shear zone and its deformed
]environmeot. The'sectioos'of E3-E3', E4—E?K,
E5-E5', E6- E6', N4eN4', NS*NS‘ showlthe'presence
of a shear zone (Flgures 5.2a, 5.2b, 5.2c, 5.24d,
5.3b, and 5.3c). The absence of a shear zone in
;JSeCtIOnS N3- N3' and éﬁ—NG' (Figures'S 3a, 5.3d)
' may be due to: (a) the types of dr1ll holes
(auger and rotary cutf1ngs which may not be able
to.detect a brecc™ated zone), (b) the actual -
irﬂéguigr shape of the shear zone (which may not
be encouhrered by the pattern of the line of"
sections used in thlS study) .

‘The - deformed subsuffscggs*ructures observed
»'{h the cross—sectlons-of Pit 3, nghvale mine,
are decribed;and iqtexpreted'below.d”‘ o

¥ -
. N . R . .
. e, .. P . ,
= S b T e T > !



"5,1.1.3 Observatlon and Interpretat1on of e Subsurface

Cross Sect1ons *~4 _ ’ ‘
The term1nology used 1n descrlblng the thrust
system 'in ithe area follows McClay (1981) and Boyer and
Elliott (1982). T o

1. ‘Monocllnal and geane antlcllnal structurésvwere A
bfound in the ma1n coal seams. (F1gures 5.2a, '5:2b;
-b5 29,‘and 5 2d) though foldlng and faultlng 1n the

m1ne seem to be* restricted to strata ovérlylng these
ucoal layers. Nevertheless, the de ormatlon of the
,seams in general i's 5llght and .the- coal can be
~generallzed as the r1g1d basement !hat has not been Q:
“involved in glac1al deformatlon. »

2. A shear ;one with a’ thlckness ‘that ranges from 0. 5.

tog4 2 m with an average of about 2. 3 m, ‘a 1ength of
v

about 395 m or greater and a w1dth of at:least 1200

mis found ]ust above the top of the main coal” seams

(Flgures 5 2 and 5.3). shear z%giwobserved 1n
ithe study_arealls-a.planar strueture ith-an E- W 1'v
‘wmajor’EEisdand'a'N:SLminor ax1s. The E w axis of the

shear zone tends to remaxn at- the same stratlgraphlc

\ :

' Horlzon along the entlre length of the gect1ons. The lkv
N- S axis’ of the. shear zone seems to orlglnate from
e the northward d1pp1ng bedrock slope the

1nterglac1al North Saskatchewan Valley at- the"

3

7 southern shore of Lake Wabamun and extends southwa;d

3

along the flat ly1ng mudstone layer forxf d1stance

,J.“ . . *

L& . I

IR S s,
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=7“*———bEfore 1t termlnates e1ther 1n the form “of thrust

faults Wthh cut across‘the overlylng san?stone and
/ r .

rs1ltstone beds mpward to reach the' surface, or d1e

out 1nto the hor1zontally lylng 1] competent bed’

[}

(Flgures 5 2a, 5 2B, fs 2c. and 5.2d) .
\ - .
f‘ Wf-_:. Con51der1ng the presence of d1sharmon1c folds

te /

e

," and minor thrusts in the shear zone (Sectlon
5 ﬂ 1) fthe close contact of thls zone. w1th 1ts
- underlyxng rlgyd and apparently’undeformed basement
(that is, ‘the/ main coal Seams) ang the presence oi

5
thrust faults that splay upward from 1tr thls shear
S

‘ zone can be rtgarded as a sole thrust, a floor
z, /

v '~thrust or a’ decollment fault of the thrust system‘

o P’e of;the f@ea.iThe contact between the bottom of the
uppermbst layer of tlll and the underlylng thrust
napoe whlch is" malnly comp?sed of shale can be B

. treated as the roof thrust of?the thrust system in:

the m1ne. It needs&%o be noted that -‘masses of .
’}bedrock "float1ng"!w1th1n surf1c1al materlal’appear‘
1/h1n dr1ll logs and were 1nterpreted as due to grav1ty

'gllae actlon by Monenco Ltd (?979 p. 2). However

;;’ B accordlng to the stratlgraphlc settlng angt%he 51ze
/f ;IOf the deformed bedfock Wthh is shown on the
/* t 7'cross sectlons“TF1gures 5.2a, 5.2b, 5 2c), it 1s‘”‘d
| more reasonable to 1nterpret the d1splaced blocks as'’.
‘M‘ norlglnatlng from the underlylng 'shale layer that ‘has -
* N

' been thrust along the shear zone. southward and

e
4



3.

-

.

s A 65,
'd — . ;‘,_ Lo T )
N ’ . i . o N ’ e . . " *
’p&ard'into”its‘present position due to ice
®
thrust1ng 1nstead of mass movement. , fi,,
’t - e \ RN £

The lateral v1ew of the thrust system in the area\
r ‘

.

(Flgur 5‘5 2a,v5 2b, and 5 2c) show a h1nterland

dipping, dupléx structure wh1ch had - caused shortenxng
i
and thlckenlng of strata, and. ‘thrust older beds over

younger beds. The tr;;s:EX@e view of . the thrust

system of ‘the area (F1gure 5.3b) shows the’ floor
- 1 .

thrust, two horses—of the. duplex structure and

thickening of the strata.'v” \ '_ w_,_ R

4
¢

~ Reverse listric faults (RLF) are observed in F1gures

~5 2a,*5. 2b,and 5. 2d that connect the floor thrust

e .

2 .
w1yh the roof thrust formlng horses restlng on a

]

frontal ramp~ (The apparent absence of a footwall ‘

-

"_ramp or RLF in Flgure 5. 2c may be because thev

boreh@le data, which were obtalned by the rotary.and

[

-,
auger dr1111ng methods, could net preserve the shear

and faulted structure 4N the weakly cemented

-

sandstone.)fBecause of the truncatlon of the upper

ts horses by the till layeT, it is notﬂpOSSible to

determ1ne whether enough Sllp has occurred on the -

ub51d1ary faultgto produce a duplex w1th an

antlcllnal stack. R

F1gures 5%2¢ and 5.24 indicate,that theﬂshearv

‘zone continues to extend horizontally beyond the .

-baée of the lower horse, giiijpg-a structure
'analogous“to a splay thruse-with aptrailing
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"5branch line on the reverse l1str1c ‘fault (or N )’
. trailing thrust fault) and a lead1ng t1p-11ne (Boyer
and Ell1ott 1982, flgB\V;Q Hossack, 1983, p.. 104)

"

Tth splay observed 1n the study area is. lnterpreted

~+ as an 1nc1p1ent fracture or develbping thrust
. . . ¥ Ld

generated by ice.thrusting and has not fully
j developed into another RLF' that joined with the roof
bhrust to form another’ horse.uThls also suggests

that the portlon‘of the shear zone that formed the'

r

leadlng t1p*llne should develop later than the.

l port1on of the shear zone: that occupled the basal o
portion 'of. the RLF. In this case, the duplex in the =
area i is a piggyback structure with the sequent1a1
branches becom&ng older toward the h1nter1and ThlS

-~

seems to indicate that durlng glac1otectonlsm
~N

thrusts develOp in the footwall of the first. thru t
and in Sequence forwards. -

Cross-sectlons s that the shear7zonefand'thev' ‘ &
over1y1ng thrusts in the study area are in’ general |
planar structures and have not undergone any

R ¢ e-scale foldln after fallure, suggestlng all
255 )

f
&) wf ‘h\’»\

vtructures~are probably contemporary and
formea”durlng the same period of glac1otectonlsm.'
‘In the thrust s;stem of the area, the ‘minimum . -
\'dlstance of travel of the upper thrust blgpks due to’
) foldlng and thrustlng 1s Estlmated to be at least :

280 —‘860-m (Figures 5.2a, b, ¢). The dlsplacement.
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along the sole thrust i;>at«least‘355 - 408 m if the
'arrow and bow' rule, of Elliott (1976, p. 289) is
followed Depth to the basal decollement 1n the

istudy area (whach 1s dependent«upon the elevat1on of.

the rosional surface) range 8. 7 - 27 0 m and it is ™

. al ys.found 0.5 - 3, 3 m above the main coal seams.
Lahgerberg (1985? has also estlmatedrthat‘the
qmovément along the shear zone or sole thrust in Pit:
2 0of the mine ‘can be balanced with 50 ; 80 m of
. -'shorténing'ﬂy folding (20 m)\and imbrlcate-thrustingz
(30 - 60 m) |
7. ‘The oocurrlng thrusts are bllnd because due'to the
presence of a till l€yer that covered—the whole
tﬁrust sysBﬁm in the area (Qppendlx c, Flgure C.4).
'The combination of_poor}llthologlcal'correlatlon and
the surfic al cover in;the'area.preVent the |
. identification of strike—slrp faults which{may be
present in‘an ice-thrust terrain *(see Sectlon 5.1.
in this Chapter) on aer1a1 photographs and drlll
logs. .. , - AR o ff

5. 1 2 Thrust Faults

L)

. Reverse llstrlc thrust faults are “found in’ the

1

‘thrust terralh at the southern shore of Wabamun Lake

EEp—— 7/ )
studied by the author and they tend to orlg1nate from a
pr1nc1pa1 hor;zon or, layer wh1ch is malnly composed of

1ncompetent f1ne gralned sedlments suoh as shale and clay



'overlles\competent layers while the Hearly hor1zonta1
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h(éigureTSAZ"Plate°5“1Y The‘Studies agree‘witﬁfthe

»
descr1pt1ons of the thrusts related to glac1otectonlsm

described by KupschdﬁﬂY%Z) Wateren (ﬂ981) bl:hlls and Wells
(197}SS\myers‘(1959)thessig ‘and Rlce (1962),‘and Slater

.« e

. (4 9278 )vl

s

The exposures in Lowden Lake area and the°subsurface .
sectronSXOf nghvale mine at the southern shore of Wabamun

Lakewalso(show that thrust fauits in ice-thrust terrains

mlghuyhaygfa stair-case geometry ‘which appears as

. .

-."\

steeply 'inclined ‘at depth but becéme nearly hor1zontal when
approachrﬂg th§‘5urface (Flgure 5. 2b Appendlx C, Flgure
c.18). The steeply inclined portlcn of the the thrust often

: port1on overlles 1ncompetent 1ayers thus 1nd1cat1ng that the

[

_thrust: fault .changes from a d1agonal cross-cutting shear to
a bedding—plane'thrust (Appendlx c, Fxgure C.Lé).‘The
stair—oase-geometry of the thrust faults in.the study areas
indicates that they have not undergone subsequent hortzontal
deformat1on after thradt. faultlng, although vertical
deformatlon such as normal faultlng has occurred Moreover,

\

thrust faults bn the ice- thrust terralns studled sometimes

<

appear as an 1mbr1cate‘structure (Appendix C, Figure C.23).

@

5.1.3 Strike- Slxp Faults

In all tﬁe 1ce thrust terralns studled in thlS thesis,

(a str1%e sllp fault is found .only in the Lowden Lake area

"and is ba ed chlefly onraerlal photograph 1nterpreta¢10n.
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‘In that area, a similar distrioution-puttern’ofwiEe

thrust¥ridges is found immediately_adjacent to the - ~

e

. ) . { ' . : -
strike-slip'fault‘(Appendix‘&74Figure C. 12) probably
1nd1cat1ng that foldlng occurred prlor to the &trike- sl1p
faulting. It is bel1eved that, the strlke slip fault

oy
separates the thrust’ ‘sheet, which is homposeduof ice-thrust

—
!

‘ridges, into two sheets with a differential displacement

-

- — aldng theif floor thrust. Thé occlirrenceyof ‘the strike-slip

e

' §?UIt within one thrust shéet an& subsequent to the fdldlng

and thrustlng, 1nd1cates that 1t 1s,a_sécondary feature and
comparable to the secondary %;anverse tear faults 1n the
eastern margln of the Canadlan Roc¢ky Mountalns (Dahlstrom,/

Y/AQJQ, p5\375) Tear faufts or strike- sl1p faults are common
features in a thrust belt‘because-of the 1mp0551b11Lty of; ‘
“¢ranslating a huge roek mass as a single unit (mé&i@, 1984,
p. 285; Price et al..51978i.‘The thfust:sheetsvin the .
ice—thrust terrains stUdiéd.are composéd,mainly'ot o
sedimentary'strata with non-uniform material properties
because p1nchouts anq\fac1es changes are common. Thus, the
uneven compre551ve forces applled on the ends of the sheets
ourlng thrusting would result 1n a dlfferentlal stress
distribution w;thln the thrust ‘sheets. This would cause
~unequal amount-ot‘shortening or fordard movehent of the
sheets.and thus the formation of a.strike-slip ault.

_The occurrence ot str1ke slip fau1t1ng in 'ice- thrust
- errain is belleved to be more common than 1t’1s found in

this study.‘waever,-the fact,thit it 1s rarely observed i's

L]
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probably\bécause that marker beds are\in general abgent ih

thé delta1c facies ip the ice- thrust terra1ns studled and
th1s has made the ldent1f1cat10n of strike- sllp faultlng by

surf1c1a1 mapping nearly impossible.’ Thus, the recogn1tlon

of strikerslfp faulting in ice-thrust terrains must depend ,
. ]

ent1rely on the relatlve movement of distinct 1ce thrust

-
' ’ N

r1dges appearing on aerial photographs. However, glac1a1 and.

postglacial erosion and dep051t1owv§}ﬂi\f

v‘ oy

1ceﬂthrust features and their assoc1;”71
Moreover, many_rce-thrust features are.
and‘their detection is difficult.
5.1.4 Normal Faults - | L, _.'> .

In the Lowden Lake area and Cypress Hills area, normal ’
faults (apparent d1ps of 51° - 80°) were found whieh cut
aéross the fold and«thrust structures and tllted beds,
1nd1catrng that they were formed later than the latter ,Q
deformations (Apgendix C, Figures C.16 and C.18rﬂPlate'C.1).

°Norual fauitjng appears to be the last deformation to

occur in ice-thrust térrain pgobably because ice-thrust
4 o

. —_'/ ' .
features are formed in a frozen state (Berthelsen, 13979;

Clayton and Moran,41974) and deformed as a rlgld body.

Deglac1at10n and- decay of the permafrost causeépthaw1ng in
the uce-tbrust features, ‘thus result1ng in dlfferentlalA
settlementdahd‘hormal faulting. Thisbis similar to the
deuelopmen%'of a suoraglacial syste@\which shous that,

. - . . - e \ :
during "deglaciation, the ice-cores or. lateral support of ‘the
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itrough fillings would, be removed, !1eadlng ﬁlnoﬁ‘faultihg or
flexure in the fillinés (PauI 1988 p. 85' flg. 3.7,
Moreover, it has been suggested that when a block of S
,subsu;face materlal was thrust -above the foreland of "an
inland ‘glacier, the material wouid fail due to the reduction
1n'conf1n1ng pressure and in the stress level, )and a

rotatlon of the prlnclpal streés dlrectlons, resultlnglxn

the formatlon of the relaxatlon Structures such as normal
.feulua\(Rotnlck1,\J976 Wateren, 1981).

5.2 Folds» _ v

| oﬁ”Vﬁthin the 'st:udy.areas,,aerial‘;:»lji‘c>to§;1r‘a'z'ﬂrmi“w
interpretation end field observations indicate that tHe ’
surf1c1al bedrock has been .deformed into symmetrlcal to
asy@metr1cal, plunglng 1ncl1ned gentle to tlght folds.

Field measurements and descr1ptlons of the fold structures

found in the.study areas have been shown 1n Appendlx +C. Ln‘

the following sec¢tlons, the folds which are exposed at the

southern shore of Wab n Lake and the Lowden Lake areas are
nd interpreted.:-. . ) a

further described
: 3

..r",

5.2.1 DesCription
| In the H1ghvale m1ne, whlch is located at the southern
shore of Wabamun Lake (Append1x C Figure C 4) gentle folds

# _
were obsefved in the benton1t1c sandstone-that outcropped

-~

near the top of the highhall“ln the mine  (Plate 5. 6) and

open to close folds, with a wavelength of 4.8 m and an -°
. s

»
-
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,amp“tu“ of 1 8 h\, were exposed neat the base of the
‘\hzghwall about 45 m north of Sl1de 2 (Piate 5.7). The folds

. are composed mainly of weakly cementod bentonitic sandstone
and siltstone. A.coal layer about 2.5 ‘cm thick.waS’found N
lying between the open- to olose- folded sandstone béddlng
(Plate 5.8). The former has been crumpled into angular
fr;gments with part1cle 51zes generally less than 3 mm 1n
diameter It is believed that ‘the brecc1atlon is due to
flexural sl1p during folding. A jo;nt with a d1p/d1p
d;rectlon of 76°/ 094° was noted cuttxng 1ntolthe
ant1c11nes. The fold axis trends 099° and 287° az1muth with
a plunge of 12° E and 4° W respectlvaiy that 1s, more or
less perpendlcular to the highwall ‘where Slide 2 occurred,
but parallel the highwalluat Slide 1'(Figures'1p.2 and

10.3).

In the Lowden Lake area, the ice- thrust r1dgés
lrecognlzed on aerial photographs represent roughly the
general shape of the folded strata (Append1x C, Flgures'c.f7
and C.18) and show a wavelenguh of .about 160 m and an ]
amplitude of Sbout 10 m. In plan v;ew the deformatlo:;‘
appear as folds with their axial traces abproximately
parallel to each other (Appendix C, Figure C,12). The folds
ogserved vere deformed by thrust faults, and’die‘out along
thelrgaxes by plunging and/or becoming conical folds, though
_the latter cannot be oroved at present due to insufficient

exposures,:A stereographic plot of the poles to the bedding

planes and fold axes measured- in seven sections in the.
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2}ate 5. 7 Open t8 Close Folds Observed in the Bentonitic
Sandstone, P1t3 H1ghvale Mine

Plate 5.8 Brecciated Coal Lamination Observed in Pit3
Highvale Mine
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.Lowden Lake area is shown i}tiguré'8.3.ﬂ s *j+ﬁ \
[ #

It i8 noted that the oriéntations of told Axes of the

2 I &
fold structures in the areas ,mentioned above are rougly _ .

perpendicular to the inferred direction of ice movement in -
the areas. This relatidnship between ice-flow direction and

A

the trends of ﬁce-defprmed'fébric will be discdésgé in

[

Chapter 8.

t

+

All the macroscopic folds observed in the sfﬁdy areas
can be\g9tegor12ed into two main types: (1) concentric fold,

~

and (2) fault-bend fold. .
. . | . .
.5.2.2 Concentric Folds
The field observations in Pit 3, Highvéle m&ne, J
soﬁthérn shore of Wabamun Lake, indicate thgt near the
surface the fold is\open and seems to have a constant
orthggonal thickness (Plate 5.6); h&wever, when Spproaéhing
the top sufface of the main coal seanm, the folds are
tightened and crumpled with a varied shape and thickness
(Plate 5.7). Thrust faulté are seen splaying out just above
the‘top.of’the main coal seams or the decollement into the’
folded layers (Plate 5.4). Plate 5.8 élso shoys the
occurrencé of interbed slip in the folded strata. In
general, the deformation ceases at and below the top of the
main coal seam. The folds. in the area are characteristic of
concenttic folds, a special case of parallel folding in

which the thig¢kness of the layers, measured normal to the
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bed 1s c°nstant The folded surfaces,.as seen in proflleb,‘-,

[

3. . El
def1ne c1rcular arcs and deformat1on is malnly by

N

/ beddxng plane sllp, that 1s, shear parallel to beddlngJ

(Hobbs et a1.," 1976, p. 174; Carey,‘ 1962; Ragan, 1985)..

The conservatlon of volume 1n concentr1c folds 1mpl1es

’ that beyond the centres of curvature of concentr1c folds at

76 .

S

depth the meéhanlsm of parallel fold1ng falled and complex,

- crenulatxon and/or faultlng would form instead in onder to

ERAPRIEIE

196

SRET

accommodate the excess bed length and volume that develop
beyond the centres of curvature of the concentrlc folds

0 @

Th1s would result 1n the formatlon of dlsharmonlc folds and

o

“'Vthrust faults, detachment of the folded strata from the o
underly1ng bg@s along a surface Wthh w0uld undergo shearlng‘

: it andg:lldlng and 15 known as a decollement (Dahlstrom,
)

ThlS hor(zon of detachment in the nghvale mine at g

»

the southerh of- Wabamun Lake has already been d15cus€ed in

Sectlon 5 1 ; Plates 5.4 Qﬁy's 7 show the presence of

thrust faultlng and d1shar 1cv£olds near theztop of main

oy

coal seam (decol ement) 1nathe»mine..TheVoccurrence of the

'w' 2

d1sharmon1c folds and thrust~faults below the concentrlc o

fold sequence exposed on‘the h1ghwall are not hnlform malnly

because they depend on the}mechanlcal propertles of the

. strata at that elevatlon. Nevertheless, the presence of

A L Y

c1rcu1ar arc conCentrlc folds about 10 m above the shear
el e

zone (sole thrust) exposed in the m1ne (Plate 5. 6),:J he

»

"3 1ncrease 1n complex1ty in these folds tog\\her with- the

appearance of 1mbr1cate thrusts w1th depth toward thevshear
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“zone 1nd1cate that the deformatron in the area probably was
. 1 . Y.
’1n1t1ated by the formatlon of concentrlc folds and thrust

"faults,'and the: horlzon of detachment (decollement) ﬁormed

afterward> when compress1on, foldlng, and shortenlng

\‘contlnued hence can51ng the ampl1tude to 1ncrease and -

wavelength to decrease. Cont1nued shearlng along the hor1zon
_____-,__«;.——-—-//—/ : a

' ‘>of detachment also caused the beddlng along thas plane to

deform 1nto a shear zone. dr sole thrust.

' v‘~Thus,Mconcentr1c.foldxnglwould cause the formation of f
aﬁticllnal'and synclinal‘strucbures _ridged topOgraphicalf

’expre551ons, and compllcated structures such as 1mbr1care

hJ

thrusts faults and asymmetr1cal folds to exist at* depth

-

"before a horlzon of detachment or decollement has been

. reached :~_ hlz, edbl"rJ' '?xl - ';'v'r : :E o
| ’ The absence of smoo*h Mc1rcu1ar‘arc concentrlc folds
and the presence of 1mbr1cate thrusts and dlsharmonlc folds
1n some of the exposures found in other 1ce#thrust terrains
:Tstudled such as.Lowden?Lake area and area/northwest»ot
'vSullivan Lake"(Appenddxrc;'Figures7cll7/and‘crz3) are
‘*probablyvdue to glacial and-postglaci7i'erosion which has

eroded the concentrlc folds and exposed the compllcated

x<\tructures that overl1e the decollement

5. 2 3 Fault- Bend Folds

Fault bend folds are found in exposures in the Lowden

, Lake area (Append1x c, Flgure c. 18)

2.



| Fault bend folds are formed when a thru;t fault.

mlgrates by beddlng plane slip along a rather gently
1nc11ned 1ncompetent bedd1ng plane (such as shale) for some
f d1stance, however, due to local lithological var1at1on, the
:¥r1ct1onal res1stance increases where further horlzontal |
1spread1ng of. the thrust become_dlff;cult_ Thus, the thrust
;began to‘1nc11ne-upward and when itjcuts'diagonally,up
T (typically.at-about 30° to the horizdntal)~across a
h‘competent layer such as‘sandstone, a’ramp is:formed This -

ramp may connect w1th a hlgher horlzontal 1ncompetent 1ayer-«—

2

and the thrust may grow and follow this, layer for some

”distance‘before it cuts dlagonally up,thr_ughja hlgher
*competént bed to connect w1th anoth ergancoqpetent

layer (Rich, 1934- Park, 11983).., - thrust ha
stair-case geometry, and fault bend s;form uhen the

_thrust sheet slides’ along the thrustwfaultyw1th a: sta1r case

, Lgeometry. Figure 5.4 ls a sketch wh1ch shows the formatlon

of fault bend folds and the result1ng 1qe thrust rldges.
Generally, ‘the: beddlng w1th1n the thrust sheets w1ll be

parallel to the flats and ramps except at the p’"'t where a‘

ramp connects with a hlgher flat.»In this area the bedd1ng
~in the overlylng ‘thrust sheet will be bent toward the ;””
"foreland (Flgures 5. 2a(?) and 5. 4). Subsequent slld1ng of
thrust sheets over the fault bend fold w1ll _produce \.’f/;i_
1mbr1cate sl1ces or/fuplex st ucture (Boyer and Elliott \\v:>

n‘ o . c v ) y

_'1982, fig. 19)
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- 5.3 iiars

Alrphoto 1nterpretat1on and fleld studies 1nd1cated

that the 1ce thrust ridges found in Lowden Lake area are
' f

G

‘located downglac1er of a shallow’ depre551on wh1ch is
‘ probably a scar formed by ice thrustlng (Photo AS 1532-133;
vAppendlx C, Flgure C.12). This is the’ only area studled

where a scar due to ice thrustlng was detected. The

follow1ng sectlon describes the genesis of a scar in the
study area formed dueuto ice thrusting, and the methods used
to estlmate the d=pth of the structure, that is, the depth
to decollement ' ‘ o « B T

[P
*,

5.3.1 Genesis ~ . ‘ oy

. ¥ .
” .

As_ pointed out in the pfbceding séctibns?ﬁice thrUsting

caused thrust faultlng and concentrlc foldlng and the >
deformatlon should involve external and 1nternal deformatlon
in the horizontal and the_vertlcal dlrectlons. The friction
existing within*thejthrust sheet and'along the thryst fault
and the effect'of obstaeles appearing at.theﬁfront of the ,
thrust sheet may cauSe the front of the thrust'sheet to move’
'relatlvely more slowly than the back of the sheet. This
‘uneven motlon w111 lead to horlzontal and vertlcal 1nternal
deformat1on of the thrust sheet. Horlzontal 1nternal
~deformation, which‘includes interbed'slip in the parallel-
zfolds, the'imbricate'thrusting in’the lower portion‘of the_
dlsharmon1c folds, and compact1on near: the front, would

~

- cause horlzontal shortenlng and result in vertical 1nterna1 kX

2



t -
deformation such as folding. Horizontal ;hortening also
~causes tension near the back of the sheet. However, unless
the front of the thrust sheet is fully r1g1d thrustlng Y
”always involves horlzoﬁtal external deformat1on or
translatxon of the thrust sheet: along the thrust fault and
&:the decollement.-On the othen hand,vlf the overall
"inclination of'the thrust fanlbfis very«small,‘the amodnt L:

vertlcal,external;defOrmation, that.is, the rising of the

thrust'Sheet when. it moves up.the.t:rust fault would be
relatlvely small. As a result, in an\area underla1n by a (
horlzontal decollement at shallow depth it.is believed that
thrustlng ma1nly involves: horlzontal internal and external °
deformatlon, and vertical internal deformation. ?

The tensile strength of a rock mass“?tspec1ally jointed
.rock) is relat1vely low' and thus, the ‘ends of the thrust
sheets, wh1ch are under tension duang horlzontal 1nterna1i
and external deformatlon, would detach tromwthe terra1n
behind and.be displaced forward..The tensile fracture would"
soon be enlarged‘and a depfession or scar would form at the
location where the fracture of the thrust sheet took place}:-
The scar wgpld,have its depth and lengthhequal to the
original'thickness and length of the thrust sheet be}ore"
.‘deformatlon, while 1ts w1dth would depend on the amount of
horizontal internal deformatlon (shortenlng) and/or
]horlzontal external dlsolacement (translation). After

thrust1ng, thi's scar may be filled with water and become a

‘lake or be occupled by streams, or fllled*wlth glac1al and

~
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o y . L : .
Bostglacxal sediments and becomes featureless. The trace of |
th: dlmen51ons of these depressions would proyide ) ,@i '
.1nformatlon concerning the amount of dxsplacement and/or
shortenlng that the thrust sheets_have undergone, the K
oriéinal geometrical sbape‘of_the'ehds»of.theidetormed

blocks, and the depth of decoliement. /

5 3.2 Method of Study

The area balance technlque was used to calculate the
amount of shortenlng and’ dlsplacement and the depth of
ﬂ\decollement when. the scar was formed in the Lowden Lake,

area. This technique is based on the asgg%ptionS'that the

7 volume of .the thrust mass is conserved and a plane strain .

_condition‘is coﬁsidered, that is, the amount of material
~uplifted (whether folded or thrust) must be equal to ‘the
areglof tHe scar formed by shortening and/or displacementr
Once the amount of shortenlng or_ d1sp1acement is known,

depth of deformatlbn or. the decollement can then be

»‘ r'v

*

' calculated (Goguel 1962 Dahlstrom, 1969b, ,fig. 12; Ragan,
1985)
: , . . . |
A section profile of Highway 56, that passes through

the Lowden'Lake areanrom Sections 12 to 24 of Township 36,

Range 24 and-cuts through the ice—thrugt ridges fouthlpf the

lake, has been obtained from Alberta Transportation
'Department At the locat1on where the Highway cuts through
the ice- thrust r1dges, a1t1meter survey measurements were ~

I3

also performed in” order to obtain topographic control of
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— -these ridges.“Bench marks in the towns of Stettler»and

@

Erskine .were used as the reference peintsAfor the survey.
The sectlon @roflle 1nd1cates that the bedrock surface
o before deformat1on was probably located at 2757 f{/(840 m)
-yabove sea level. Since the H1ghway sectlon is not oriented
erpendiculer’to the;trend‘of the)ice-thrust tidées nor .
parallel tok%”g'ice direction, the;tesulting pgofile'js
projected 52¢ from its origihal north—eouth trend in order
to obtain a true 'section perpend1cular to the trend of these

I
glac1otecton1c ridges (Figure 5. 5)

5.3.3 Calculatlon of Depth to Decollement

v The depre551ops fou@d behlnd the ice- thrust rldges in
the study area should be approx1mately equal to the total
uplifted area ‘due tg ice thrusting which is reptesented by -
the ice—thruetfridges'found in the ice-thrust terrain uhit'
south of - Lowden Lake (Appendlx C Figure C.12). /}he minimum

shortenlng due to horlzontal?1nternal deformation was

e

obtalned by. compar1ng the horlzontal distance of these-

“ice-thrust ridges and the_length of the externalioutline of’
‘ . RS ‘ ' -
~ the ridges shown on the true section (Figure 5.5). Three
. o ' . , . 3 ;b _
‘different approacheés were used to calculate the depth of

deformation or decollement. L %/_ 4
: ' e

1, Thrusx sheet with an- immovable front and a‘horizontal
decollement at depth - the frOnt of the thrust sheet

flxed During thrustlng, only shortening due to

By
r

‘horizontal internal deformation and-the,tesultlng‘

’ .
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v

vert1cal 1nternal deformatxon or uplifting wquld occur.

An uplifted area and 16 - 20 m of shortening ke

balance 1nd1cates that the depth of deformatlon due to

13e thrust1ng was 335 ~- 574 m. ' S %\
Thrust sheet with an immovable front and an inclihgd
decollement - a fleor thrust with a hindward dip as

described by Williams. (1984) was considered. With 16 -

20 m of shortening and the uplifted'area indicated in

Figure 5.5, the inclination of the thrust is 26° - 32°

‘with respect to the horlzontal and the estlmated maximum

depth of deformatlon 1s about 340 - 577 m.

 Thrust sheet with a “movable front and a horizontal

decollement at depth -‘the front of the thrust sheet was’

allowed to move freely-along a ho:izontal decollement.

At .the Lowden Lake area, a depression. of about 484 m

‘wide is found behind the ice-thrust ridges which

appeared to act as the source area of the thrust masses

(Appendix C, Figure C.12; Figure 5.5). This is

_comparable to the transverse-ridge form.of Bluemle and

Clayton (1984, fig. 9) which consists of tranverse
ridges perpendicalar to the direction of the last -
glacier‘and a source depression upglacier.,when
con51der1ng the sheet was only deformed by folding but

without 1mbr1cate thrust1ng, the thrust sheet that

comprlses the ice-thrust rldges would have an undeformed

.

w1dth and thlckness of aboul 528 m and 10 m respectively
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which should be equivalent to the dimensions of the

depression that is considered as tﬁé source area for the
’ thrust masses. In the field, the depression shows a
width of only 484 m. The width of tﬁé scar would be
equal to 528 m if 44 m of it is covered by seaihents, j]
wvhile the’width 6f the,decollement‘woﬁia be lafger thaﬁ
this amount if part of it is dbvered by the thfusé
masses. In e1ther case, the maximum amount of sllddng
along the decollement is equal lo the width of the scar.
The total deformation of the ice-thrust rock masses
N would be made up by about 16 m of shortening due to
horizontal inte:nal éeformation and about 528 m of
translation due to horizontal external deformatioq. This
appréach also indicates that the height of the
ice~thrust ridges and the depth di‘the scar with respect
to the ground surface before fce thrﬁsting occurred haéh

. EA
a maximum ratio of 3.5 : 1 and a minimum ratio of 2.4 :

1.

5.3.4 Discussion
1. The thrust sheet with an immovable front yielded a
depression angwdegthrto decollement hundreds of metres
below the ground surface and is not camparable to the
depth of the decollement observed in other ice-thrust .-
terrain units, for examble, in the Highvale Mine at’ﬁhe
~Wabamun Lake area where the depth and movement along the

sole thrust due to ice thfustingvare‘fouﬁd to be 9 3 27.

L)
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m and 355 - 395 m respectively (Figures §.2 and‘5.3).
‘Although the maximum thickness of -a thrust sheet due to
ice thrusting documented in literature is about 200 m,
the averagé thicﬁpess of the deformed laQe{ is about 60 "i
m (Mathews and Maékay, 1960; Sauepz 1978; Moran et al.,
1980; Eyles and Menzies, 1983). Ice-deformed;thrusp
sheets at prde& Lake area with a freely movable fronf
which show a depth of decolleﬁent of about 10 m, 16 m of
shortening and 528 m of translation during ice . )
thrusting, seem to‘be close to the truth.
_/2. The,?ce—thrust riéges found af‘thé Lg¥9en Lake area are i
D believed to héve formed when, under ;ce\thrugfing, a
_rock mass abo;t 528 m wide and 10 m thick was folded,
thickeﬁéd and thrust.onto the surface to form ice-thrust
; r1dges, leaving a depre551on or a scar structure behlnd
which is part1ally ‘covered by £ill at present. For
comparison, a scar structure wltﬁ’a width of about 11 m
and a depth of about 9 m formed due t§ glacial drag on
Penhsylvaniah bedrock is entireiy filled by debris
(Less1g and Rlce, 1962, fig. 3).
3. Area balance is based on the assumption that the volume
" of the deformed block is conserved. However, because of
the actual volume reduction of the deformed strata due
to compactxon and stretching perpendlcular‘to the fold

o

‘axis, the area balance may give a low estimate of the

e

' depth of detollement.

4, Scar structures should be common features behind
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ice-thrust. ridges and hills. The fact that they are

rarely found in the ice-thrust terrain studied is
'th0ughﬁ to be because, as with strike-slip faulting in
ice-thrust terrain, the scar is usually covered by
glacial and/or postglacial deposits énd is hardly

noticeable on aerial photographs and in the field.

. o R
5.4 Joinfing ' - .
This section conc%gning joint structure in ice-thrust
terrain is based entirely on the iqformatiof obtained from.
Highvale mine, Wabamun Lake area.
>~ N

© 5.4.1 Field Description h
| A -joint survey was uqdeflaken in Pits 2 and 3 in

= : :
Highvaie mine at,the southern shore of Wabamun Lake by the

personnel of Alberta Research Council and the author during
the summer. of 1984. Terrain analysis indicate that the pits
are located in an ice-thrust terrain unit (Append?x C,

Figure C.4). In Pit 3, 101 and 56 joints were measured in

Slides 1 and 2 respectively. The results are as foi&gws.

5.4.1.1 Joint Orientation

"~ Three méjor-joint sets were found in Slide 1. The
striké?éip of the sets of joints are: 075°/ 82° SE,
155°/ 80° NE, 090°/ 84° S with‘the second set varying
between 135° and 175° azimuth. Five joint sets were
found in Slide 25with strike/dip of :ﬂ020°/ 83° NW,
045°/ 85°NW, 075°/ 85° NW, 150°/ 80° NE, 175°/ 90°.

-
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W, Langﬂnberg oﬁ the Alberta Research Counc11 has'

2

constructed rose. dlagrams of the 301nt sets measured in

Slldes 1 and 2 respect1Vely (Flgure 5. 6) It is to be"w~

‘»v noted that the observed 301nt se%s may not prec1sely
l represent the actual number of jOlnt sets present in the?
‘area because of the exlstence of a b11nd zone for joints
_.whlch are. parallel to any  2- dlmen51onal exposures ‘
“(Terzaghx, 1965 'Ragan, 1985 p. 284) More jo1nt‘”

v‘.measurements taken from hlghwalls w1th a v§r1ety of

-

‘?n:or1entatlons 1n the mineé are needed before the problems

Y

g can be completely solved Nevertheless,hcareful dlgglng -

Llnto the h1ghwall in P1t 3 seemed ‘to 1nd1caté that the :

-

lbllnd zone problem 1s not severe in- the hlghwalli

»examlned 51nce the two major jOlnt sets found are almost«~

parallel to the exposed planes (Flgures 10 2 and 10. 3) :

.'~5 4, 1 2 J01nt spac1ng and roughness a

In Slrde 1 301nt set 1 “has a spac1ng of 13 - 19 cm

1and set 3 has a spac1ng of 10 - 13 cm.'Both ha@ebtlght

: to extremely narrow separatlon and the nature of' these °

B jOlnt surfaces are rough w1th asperltles tendlng to

”7match each other, 1ndlgat1ng that no: shearlng has

-

1-‘ocdurred In3511de_2 set 1 has a wide:- spac1ng of about
_20-cm wh1le set 2'alsovha5'a w1de spac1ng of about018 =

_30 cm. The nature of thelr surfaces are 51m11ar to those’

o8

‘ffound 1n Sllde 1 The descrlptlons of the JOlnt sets

followeé-Rawllngs (1977)
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- 5.4.2 Discussion | - T :

-_According toftheLNavier-Coulomb cr&terionhofnbrittle
failure, the angle which the plane of failure makes with'the
major‘principal stress;akis is | |

8 =45 - ¢ / 2 e err e, (B i

where tan ¢ = u,'the ooefficient,of internal friction

‘of material. | SR | x

| - When Qon]ugate planes are developed in an isotropic
mater1al the acute engle 26 will be b;sected by the axis of
’a;‘, and the.line of'intersection of the shear plane wiil,be
_parallei‘to the éxis of 0, (Prioe, 3966 p. 60) fPrice
‘(1966) suggested that brﬁttle and semi- brlttle rock under
tecEs)lc compress1on and upl1ft would generally develop 4
"sets cf jOlntS, in’ Wthh the sets which are perpendlcular
andiparallel'tOZthe dlrectlon of compresslon are tension’
jointe; the other two or conjﬁgate sets, whioh'are Bisected B

by the axis of compression are shear jOlntS.
- T o<

Gough and - Bell (1981, 1982) performed studies on ‘stress
or1entatrons from oil fractures - 1n Alberta and northern .
Canada. and dlscovered that the-orlentatlons of the prlncipel
horlzontal stresses in the bedrock are in harmony w1th1n the
entire western Canad1an sedlmentary ba51n. THe reglonal
,stresezrleld‘leieesentrally a strlkefsllpltype;swlth 0 e
,%erticai; di_NQ?SW, ag.Nw-SE. lnvestigations of the . |
ézimuthal éistributions of’breakouts inFthe(six’oiiwells
near the west Pembina“oilfieid (about 55 km sonthwest~oﬁ

*

“‘Highvale mine,lw%bamun’Lake area) indicate the ¢, direction



is at about 42§‘— 5j°,azfmuth (éough and ﬁeli 1981 fig 3)
;ndeed,"theagenera1,trehdvof‘b, is at. rlght angles to the
"strike ofvthe-thrusts of‘the Rocky Mountains. Fordjor et al,
(1983) suggested'that‘the uniform stress-field in the

]

Alberta Plaln may be due to: the contemporary tectonlc

V;tract;on on the undersmde of the 11thos£here of the North
.Amerlcan Plate. . o | - '

"By combining the ‘'stress fieldain‘the Alberta'Plains,
the failure“oriterion of brittle rock' and'field
observat1ons ‘of the orlentatlons of the joint sets and

'11neaments 1n western Canada, a reglonal stress f1e1d may be
derived:; that is, ﬂ? is—at about 42° - 51°,‘03‘11es in the
same horizontal plane but at right angles to o, , and o, is
vertical'iAs a result'_a theoretlcal reglonal jOlnt system,
havrng two tension ]01nt sets striking at 42° - 51° and 132°

- 141° and two shear Joint sets strlke at about 12° .- 21°

'and 72° - 81°, is presumed to develop‘nhen considering the
overburden has a ;nternal angle of shearing re51stance of

, about 30°. In contrast, field 1nvestlgatlon of the reglonal
joint system-in late Cretaceous to: Paleocene rocks in
central and southern Alberta shows joint sets.strike

A\jappr0x1mately 55°- 65 %§y40° - 155°, 5°, and 95°3(Babc0ck,
1973, 1974). ' ‘

When this reglonal Jjoint, system is compared w1th the. .
]01nt system observed in the deformed sed1ments that

overl1es the.shear zone in P1t 3, H1ghvale=m1ne (F1gure

5.6), it is noticed that there are two joint sets.which
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deviate from this regional joint system. These devfating
local joint sets strike about 090° and 175° .»

Local 301nt system formed due to ice advance have been
'suggested. For examples, Trainer (1973) performed a Jolnt
set,svaey on glaciated ignedus and sedimentafy rocks'and
suggested that the joint system found seem to:show two sets

of shear JOlntS whlch flank the dlrect1on of ice advance and

str1ke at.about 40° to it, two sets of extens1on 301nts

t
whlch élank the dlrectlon of advance and str1ke w1th1n about

“10° of'it, and two sets of releaSe Jo1nts wh1ch are nearly
.;normal,to;the_sets of extension joints (Tralner, 1973). H
- believed that these joints were opened by oiaciation and
mostwwere'formedfaiong‘preexistfno ;Enes of weakness
afollowing,the regional joint system whiletsome new joints
were formed in sound rock when the older zones of wedkness
ﬂdo not occur near the required p051t10ns fo 'acturing
.under the stress applied by the mov1ng glac1er. Moreover,~'
systemat1cally-dlstr1buted and steeplyrlncllned flssures
oriented parallel’ and/or perpendlcular to the d1rectlon of
ice movement have also been found 1n bould@r .clays and-
: quartz1te (Pusch 1973a; Barden, 1973; Broster et al., - =
1979). o |
-From Pit 2 (about 8 ‘km southeast of Plt 3) field
;measurements in the ice- deformed bedding such as 1mbr1cate
faults whlch_dlvergedkfrom a'hor1zontal shear zone or sole
thrust, seem to fndicatefthat the recent glacial.direotion

\
¥

- was about j?Sf'azimuth (Appendix C, FigurefC,Qa); g;eating
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'this'direction as the direction of the major principal 4

\

‘ stress (due to ice thrustlng) w1th 02 vert1cal (due to the
we1ght of the 1ce) and 03 parallel to the ground'and
'orthogonal to o4, the local stress f1eld in the mine dur1ng

k)

,recent glac1at1on 1s\obta1ned Accordlng to the brlttle .
‘fallure crlterlon (Equation 5.1), thevtheoretlcal jo1nt -
system from this local stress tield should consist ijat
least tee fension joint sets whichrstrike about 6859 and
175° azimuth, and two shear joint sets'nhich strike at 175“4
t 6, that is, 620° and 150° azimuth (since the.internal
angle 6fbshearing”resistanee of the bentonitic sandstone in
‘the ?its is about 40°, quetez from Menenco Ltd., 1983c).

. The~fieid'data on the erientation;of the joint sets
(which'strike at about 020°, 150°, 175°)‘9bserved in study
aréafmetch reesonally welltwith the precediné theoretieel' i
calculationerHonever,-the joint,set'WhiCh strikes’'at 090°
‘azimuth is about:5° of £ the theoretical consideration. This
may be due te: (a) insufficient number of fielq‘measurements
to obtain the true méan orientation of this set, and (b)
other fissures due to stress rélease afid weathering ceused
be the er051on of the thick overburden 1n the geolog1ca1

' past»and‘the retreat of the glacier. It must be noted that
no shearnjoints have actually been observed:in;thei
bentonitic sandstone thatJeveriies the shear- zone in Pit 3,
‘Highvale mine. fhe weakly cemented sandstone prdbably has

prevented the preservatlon of shear features on its ]01nt

surfaces. Thus, the 1nterpretat10n of the genesis of the
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3. Strike-slip. - faults and.normal faults.

‘.}v‘ | ‘ : ' | ‘.‘.‘ ’ . : 95

-joint system in the study atrea is mainly based on ‘the P

orﬁentatlons rather than the surface nature of the joint
sets observed in the field. ‘
The arguments presented above suggest that ‘the local

jOlnt system in the study area formed due’ to ice thrusting’

e

"is d1fferent from the regional joint system in central

Alberta formed due to the past tectonlc events, ‘and the
direction of .the glac1al advance can be estimated once the

1ocal and regional joint systems of the area in an

ice- thrust have been mapped. However, this conclu51on should

be treated as tentatlve because it is ma1n1y deduced from &
small number of 301nt measurements (Figure 5.6) obtalned
from two particular 51tes in an 1ce—thrust terrain. More

Jo1nt stud1es must be performed in the m1ne and in- other

ice~-thrust terra1ns before a deflnlte conclusion can be

5.5 Kinematic Analysis'of the Formation o£ Glaciotectonic

reached.

. Macrofabric

The thrust sjstem found in the ice-thrust terrains

studied chiefly consists of:.
1. Decollements or sole thrusts.

2. Concentric folds and fault-bend folds.

4. Imbricate thrusts, -
5. Piggy-back thrust sequences.

6. Scars. -



‘7. Local joint systems. '

Field observation andvscaIEW%@gels indic

excepting their smaller scale, the types and eometry of 'the

macrofabric appeared in glac%otéctonl hrust Systems
resemble.clbsely the thrust\syiﬁems observed in the fonéiaﬁd
margins of orpgenic tectonic terrains (Dahlétroﬁ, 1969a,
1969b,’1970;'Boyer and Elliott, 1582; Eliiott,’19fé; Ussing,
1907; Berthetsen, 1979; xoétgr, 1957; Bucher, 1956). This is.
"pnbbably because both.the gravitationaivgbreédiﬁg of -
supracrustal rocks which is {esponfible fof‘£heffo;eland
orogen{c deformation (Pfice, 1973) and‘tﬂb g%avifaﬁidnél
 $§réa?ingof.a confinen&él ice sheet which is gégpbﬁsible
for the ice thruStingfhavevapblied a 'similar mode of stress
system in the surficial sediments‘and deformed them. Thus,
itlséems reasonable that a kinematic analySis of'ther
_‘glacioteétonic macf%fabnic, that is; the redonsffhdiibh'of
‘éhe movéments thaf take place during the formation of
ice-thrust ridges and i;s associated macrofabric, can be .
performed basedﬂon theﬁévailable understanding of the
orogenic tectonics. Thenkinematic analysis, .which mainly
applies-té-the ice-thrust terrains found along tbe'séutherﬁ -
‘sﬁorejof Wabamun Laké and Léwden-Lake‘areasi is described
below. |
1. Durihg jcé fhrusting, horizontal ébmpressiOﬂax (8 was

applied to thé_ends of horizontai layefs of £. #&C.c.

bedfocyfzn‘an ice-thrust terrain., Deformatio: pioharly
B . . ) »

Started as an initial fracture which subsequently spread,
- . .
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hor1zontally along bedding toward the foreland,

follow1ng the zone of beddlng plane sligpage as

described by Douglas (1950)

'Depend1ng on the 11thology and defects in the sedlments,

further compre551on of these layers of bedrock probably

led to the following cases (Figure 5.7):

a.

while a flat-bottomed syncline would be formed

”f*crumpled and faulted, and detached from 1ts-

Formation of beoding“plane‘step thrust‘(Figure

5.7-1) - Depending on the amount of sliding of ‘the
thrust sheet on a stair- case thrust fault, a broad,
flat- topped ant1c11ne or a narrow ant1c11ne with a
rounddﬂ crest’ wouldﬁbe formed at the location where
the thrust breaks upward from the lower glide plane

’

between these thrust breeks (Rich, 1934; Douglas,
<~

1950, fig. 17, p..81). Thus, the ice- thrust rldges
are the topographic expre551on; of a\serles of
fault-bend folds.. |

Formation of concentrlc folds, imbricate faults, and

decollement (F1gure 5.7-2) - .Obstacles appear at the

front of a thrust sheet that prevent further r

‘movement of the sheet towird the foreland thus, the

contlnued pushlng of the .thrust sheets from .behind

will cause the dlsplaced mass to be further folded

~

{,underlylng r1gld basement. In this case, the

1pe-thrust ridges ‘are the topographic expressions of

a serjies of doncentric folds and/or disharmonic
L r . ‘ :



98

putiInel ISNIYL IQ/PuUe

Butprosz vmuunmuwou 031 Stp sainjes] ISNIYL-33I JO uoT3ITWIOS oYl 3O Y23I3XS orjeuweideIC ¥ ¢ £°§ aanbtd

burisnayy 223 o1
anp 1snJy) daig aue|g-buippag
pue Sp|O4 2141U3dL0) O UOilewlOy (e)¢

wm@uFOm puag-1(ney pue buip{O4 2111U3IDU0)
Jv 031 anp sabpiy 1SNuy) -3} 30 uoilewsoy (q)¢

- ) : - WP 04-40141U32U0) Buiisniyy 33| 0w anp 1uawa||0d23g pue ‘sijney
01 anp sabpiy 1snuyr-32>f J0 uoilewioy (Q)Z S 21ed1iquj ‘P|O4 2113Ud33U0) 4O uptlewsioy (e)g

juawa{|{od3q o Lo U

(56p 1y : memwgaow 331n05) \\ : 4
. eos . :
ISNIYy1-321)~y ) “ ) ljney 3yediaquy
mv—ow u_uu:ouCOu \\\\ syiney 0wmqunE_ P1O4 2143u33U0) ,
) Buipio4- puag-31iney . = buiisniy) 33| o031'anp )
01 oanp sabpiy 1SNiyj}-3d] 4O uojileuoy (q)i . 1sniy) dalg auej4-buippag 30 uollewsoy (e)r*
- R .
= = T e e
- /// n.J;A- {
(uotrssaidag 3dinos)
umom;
1sniy)] dailg aue|4-buippag
(s3bp1y 1Snuyp-32)) SP1Oj pudg-1ney Buiisniyy 295y Buiang eiedlsg

ayl o1 nm__anﬂ‘uuLOM 1eU015532dwo) |eluUoOZ a0y

:

: ) . i »




aoyany oyl Aq paisabbns s1e (g) pue (p) ‘(7)) f(8IGT) TIEIIap

‘pue (gz 5T ‘0L6l) woxisyyeg Ia3je patjrpow aie (g) pue (I) : (penutiuol) .. LS wWﬂwﬂm .
ain3oni3is xaydng bur3sniylL ad] 03 anp sSplod OTIjuasuo)
PU® (<) STITH 3ISDIYL-3D] jJO uoT3ewIo] (q)§ 243l UTIY3ITM 3ISNIYL JO UOTIRWIOS (P)S§
- . e ’ -

IUHWITT022q

(sabpty 3sniayr-aos1p/

< ~ SP1O4 9Ti3u3duol asnayL 1oleW © O3UT
” N (¢) STITH 3IsSnIyr-2d1 : . . : T :
-s31N%3 23edtaqur jo juawdoraaag

2an3oni3s xagdong , . :

ainjaniyy xatdng . put3sniyl @31 o3 anp duwy
pue sSabpry 3ISNIYL-3IDI 3O WTywwrog .(q) b 1Iem3003 @yl UO 3ISNIYL JO uolIewiol (b)¢p
N “ "

S

>

(uotrssaxdag 323NOS),%

Iedg

T~ \

sebpry 3snIYI-257 SpIoJ pu3g-3iney . . .

4 duwey [1emiood
¢+ =~ uo 3snaylL jo juauwdoraaag

&
a1n3on13s xatdng .

4 R bur3isnayl 3dI butang elriis
. 9yl o3 pariddy aoioj jeuorssaidwo) [eIUOZTIOH:

=




100

‘folds.

c. Formation of concentric foldé and bedding-plane step
thrust (Figure 5.7-3) - Stair-case\thrust faglt and
cpncentric folds were formed simultaneously; o
Continueé forward pushing will cause the sliding of
the cohcentric folded thrusf sheet along‘the,
stair-cage thrust fault and formaton of anticlines
and synclines at the ramps and flats of the
stéir—cése thrust fault. In this case, ice-thrust
ridges are the topogfaphic expressions of a séries“
of concéntric folds and fau{t?bend folds.

d. Formation of duplex structure (Figure 5.7-4,-5) -
The collapse of the footwall ramp of the bedding
piane step thrust terrain or the grbwth of the
imbricate thrust onto the grouhd.surface in the
concehtric foldkterraiq;under }pe continued forward
pushing woudd fesult in the oQérriding and stacking
of concentric fold and/or fault-bend fold thrust
sheets, resulting in thé formation«of duplex

structure. In this case, the ice-thrust featurfs are

s

‘the topographic expressions of a series of
concentric folds and faultfbend foldé of the dupleyg
structure.
3. A scar would %orm behind the thrust sheet and i£5'
formation has been described in defail in Section 5.3.

Moreover, the lateral discontinuities of the

glaciotectonic thrust sheet in the ice-thrust terrains
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-
were probably completed by opening and connecting the
near- -vertical ]OlntS formed in sound rock or along
pre-existing zbdnes of weakness such as a regionaly JOlnt

set under the stress applied by the moving ice,

i

The first and/or th1rd cases (F1gures 5.7-1, =3) are
probably equivalent to the subsurface fold1ng and fau1t1ng
deformation and formation of ice-thrust r1dges in the Lowden

L4 o ¢ :
Laﬁe area as .shown by the thrust faults with a stair-case

geometry and the fault-bend folds exposed in the area

' (Apbendix C, Figure C.16 and C.18); furthermore, the

topographic cross-sections of the area indicate that the-

glaciotectonic thrust sheet was deformed with a freely

" moveable front (Figure 5.5).

\.

‘the presence of duplex structure’(ngures 5.2 and 5.3).

The second and fourth cases (Figure 5.7-2, -4, -5) are

probably qu}vaient to the glaciotectonic.defdfmation in Pit

3, Highvalé’mine, Wabamun Lake area, as shown by the

well~developed decollement;. concentric folds, disharmonic

folds, imbricate thrusts (Plates 5.2, 5.4, 5.6 and 5.7); and
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-6, MESOFABRIC, MleOFABRIC AND SUBMICROFABRIC OF ICE-THRUST

SEDIMENTS

lg -
7

6.1 Introduction
| In this thesis, mesofabri& refers to the(geil or rock
featureé that are large enough to be observed without the
_aid of a m}croscope yeﬁ small enough that they qan.stii be
.observed directly in their entirety; Microfabric' is déf?ﬁed
as the féatures,of the soil that require at léést a sténdard
light microscopg to idgntify them. Submic;ofabric cqmprises
the gpil units and arrang?ments that can only be seen under

an electron microscope.

This -study involves £he investigation of mesoscopic
fabric 6f ice-thrusi clayey sediments appearing in outcrops
and hand specimegs, and the recognitioh of thg microscopic
and submic£05copic fabric within the clay matrix such as fhe
partvi'cular patte.fn of arran.gementv,pf the %a'nd and silt
grains gndgclay aggfegates and deformed structures appearing
under «a polarizing microscope and a scanning elecéron
microscopeﬂ(SEM);.. |

“The hand épecimehs-and sampies used in this study'(fof
petrographic andRSEM studies and for the geotechnical
property teétf) Qere from block samples collected at the )
horizon where a coﬁpjnuous’horizéntal slip surfaCe;was
located wiﬁhin thé?shear zone that was about 3.4 m thick

- exposed in Pit 3, Highvale mine, Wabamun Lake area (Piate

'5.2; Section 5.1.1.1). Appendix E describes the=location and

/

& | : /" | /

102



o 6 2,1 Fold Structure

lmethod of block"sampling;l“ _ 4. \
S T T R T Wod A ot

iG.Zhuesofabric‘k‘ Y . ‘,,

s
N

Small scale folds and monocllnal structures were found

7

"jin the-bentonltg and the thln coal layers whlch overlie and

‘underlle 1t (Plate 6.1) "in the nghvale mine. These beds are/

}rather undulatory and wavy with fold axes approx1mate1y

‘,.perpend1cular.to the dlrectlon of recent ice movement in the

..area (Appendlx C Flgure c. .9a) . Both the bentonlte and thd y
'th1n coal layers are located at the bottom of the shear zone N

or sole thrust of the: area (see Chapter 5, Sectlon 5. 1.1 4) t

a

Many hlghly deformed 51der1t1c nodule layers were found

37

embedded rn the exposed gently folded strata 1n the

cice- thrust terralns stud1ed For example, 1n the NlSkU area,,'

'lvthe 51der1t1c nodule layers were commonly deformed 1nto
lgentle to t1ght folds w1th ampl1tudes and wavelengths of
| about 0 3 - 1. 0 m and 0 3 -1, 5 m respectlvely; wh1le the

,gbeds above and below the nodule 1ayers st111 malntaln gentle

',folds. The deformed nodular layers are 51m1lar to the-

, convolute folds. and ptygmatlc folds wh1ch sometlmes are

~ o

- assoc1ated W1ﬁh concentrlc folds and are characterlstlc

' folds of h1gh grad_'metamorphosed rocks (Hohbs et al., 1976

sence of these klnds of folds 1n the study

: p.» ¢ o

‘l:areas 1nd1cates that the beds mlght have beh%ved 1n a

> a0

- ductlle manner dur1ng the'perlod-of glacmotectonlsm. Indeed,

A
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] ) : : - . ) '-7& . '.. . o
Plate 6.1 Monoclinal Structure Observed in the Bentonite,

Pit 3, Highvale Mine

5

Plate 6.2 Hahd.specimenwObfaineq ét.Siiﬁ Surfaqe;of.the- ]

i

 Shear Zone , Slide 1, Pit 3, Highvale Mine - EE f‘

«



s

‘ smallxscale glaC1otecton1c structure in subt111 beds that
.,resemble metamorphlc sediments have been found in the

Edmonton area (Shaw, 1982, fig. 19).

‘6{2.2 Displacementlshear ‘ |

The exposed shéar zone adjacent‘to Slide 1, Highvalg .
m1ne, chiefly con51sts of.. benton1¢tc mudstone that . contalnsv
a-few continuous and horizontal sl1cken51ded surfaces with
one happenlng to c01nc1de w1th the present failune surﬂace
of the slides 1n the area. These shear surfaces are knOwn as‘.
the pr1nc1pal displacement shears that develop in a shear
zone after large movements from at least several to 10 cm or
more havevoccurred (Skempton and Petley, 1967). Examinatlon
- of the hand.specimens'obtained from the block samples |

collected at this flat—lying slip surface in the»shear‘zone

=’ﬁdjacent €0 511ae'1 indicates that the portion'above the -
sdip surface is a light grey to dark grey, very
1f1nergra1ned ~moist and plastxc>1ayer .while the bottom
.port1on is a dark brown to dark‘greylsh brown,'stiff o
‘fissured, relatlvely dry layer w1th many angular clay 1umps
i(Plate 6 2) These two layers are separated by the
'flat lying horizontal slip plane observed in the f19¢d The "
' spec1men5'@an‘ea51ly e split gﬁong thls d15cont1nu1ty. ‘

> Examination of'the"thiﬁ sections made from‘these hand

o spe01mens by the unaided eye show that this slip surface

~
"also’ appears horlzontal to gently undulating Figure F.1 in

5
Appendix‘F shows the locatlons 1n'the block samples for thin
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‘sect1on1ng. The th1n sectxons also. show'that,. 1mmed1ately
vadjacent to the sllp ‘surface, there is a mixture of 11ght
‘grey to brown nodules“or lumps varying from less than 1 .mm

to.3 mm in length, and vertical to inclined fractures
diverging upward and downward from the shear surface. Apove
the sl1p plane or toward the top of the thin Aectlons, the
) material is chlefly a llght grey to l1ght br'own clay matrix
~with scattered nodules. There is a tendency toward a
decrease oftslzefand number of frssures‘and nodules. Below
the'slip'surface or toward'the bottom of the thin Sections;f
the mater1al is composed essentlally of dark brown to l1ght
ngYISh brown: angular lumps and peds up to 7 mm long The

"size of f1ssures or cracks are.relatlvely largeriand may be-
A ‘ 4 L

BN A
[ I

‘up to 1 mm wide. |
‘Hand specimens were also obtained from ajbentonite
layer, which is'13'- 20‘cm'thick‘ "; at_least'three
'.undulatorj pr1nc1pal dasplacement!:ar surf‘aées,‘ expO'sed
" *near the base of a sheﬁx zone about 0.9 m thick 1n P1t 3,
' nghvale mine. Examlnatlon of the samples 1nd1cates that the‘
shear planes generally are overla1n and underlaxn by a
,black,‘brownlsh grey to dark .grey, moist, plast1c, and dense»
clayelayer which is 0.5 to 3,5 cm thiCk (Plate}6.5), Manyf
angular coal fragments'were.found‘in the layerr Away'from
thevshear_plane,'the.material becomes'a‘light-hrown, lightZ
greyishdﬁhite to-light grey,,dry,'stfft, crumbly.and porocs‘
clay. At the Shear SQrfaces)'angular coal fragnents Qith :

,lengthfof less than 1 mm to 8 mm were noted with their sides
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Plate 6.3 Hand Specimen

‘Highvale Mine
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of the Bentoqite, Slide 2, Pit 3,

7
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. oriented parallei to the plane; however,xthe\orains‘become
’rahdomiy’oriehtedhébout 5 mm below the shear plane (Plates = "
6.4 and 5.5), | ‘ |
Between the principal slip surfeces observed‘in the
sheér zone exposed in ‘the. mine, the sediment is relatively
dry, porous and crumbly with many 1hc11ned to horizontal -
f1ssures, clay lumps or lenses (Plates 6.4 and 5.3). These L
are probably the minor . shears, which 1nc1uded 'd1splacement
'shears or 'slip surfaces', Rledel- and thrust shears, as
termed by Skempton and Petley (1967) It is belleved that
‘the porous and crumbly,zone between’ the pringipai'slip | e
‘surfaces withih-the shear zone'observed ih the.study areapis
‘eéuivaient to the zone of minor sheers.'Thebrelative
movement along indiViduai minor'shears isvsmall and probably
of the order of a few millimetres at most since generally
E they are polzshed but are ‘seldom sllcken51ded This is
“comparable to the sheared features observed in tectonlc
sheq; zones by.Fookes (1965), Skempton (1966), and Skempton
and “15{etley (1967) | o
.No mapplng was- performed on the m1nor.shears observed
in the study area because of the d1ff1cult1es 1nvolved in
measurlng the true attltudes of these undulatlng sur faces

jthat weregexposed on a steeply inclined p}ahe,
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6.3 Microfabric

The laboratory preparatlon and the mé!%od used in the1r

A

-,

*

.>1nvestlgat1on of the mxcrofabrlc of ice- thrust sediments are

’

descrlbed 1n_Append1x F,
The characteristic microscopic features found in this
'investigation'are shown below.
8]

6.3.1‘6bservation (for béntoniticAmudstone only)

<nThe continuous horizdntal‘slip surface observed in Pit
3 (Plate 5.2) and also in the thin sections Qas;used as the
plane of reference to describe the microfabriaZobserved.
"Thus, the upper portion and the lower portion of the thin
‘ seetion which are mentioned in the followingfparagraphs
) 1

refer to the materlals that 11e above and below thlS

T

hor1zontal sl1p surfac' resp ctively. All the th1n zections

k(l/ !

studied were oriented 1th heir top normal and away from

the ground surface and the bottom normal and towardfthe
- . /

. . /-
" The termlnology used to descrlbe the texture of the

ground (Flgures 6.1 and F. 1)

features: observed 1n the th1n sectlons are outliped be low.

f

Thi's. 1s after the modlflcatlon of the work of B#ewer (1964)

and Yong-and Sheeran'(1973) by the author. ,; - 4
Peds (aggregates or crumbs) are mesoscoplclfabrlq unlts
v1s1ble to . the unarded eye and are deflned as an 1nd1v1dua1
natu;al‘soll aggregate, separated from ad301n1ng peds by
surfacé«df weakness which are recognized as;natUral7'

discontinuities. Natural soil aggregates are cOmposed
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TOP (hgrmal ahdvaway from the ground surface)
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- — | —— Majof Principal Displacemeng

Figure 6.1 Location References of the Thin Section
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chiefl§~of microscopic fabric unitg visible under the light
microscope such as nodules (skeleton grains and organic

4

inclusions), fractures (voids), and clay matrix (domains or
plasma) Clay matx;x cd;51sts of 1nd1v1dua1 or gédups of -
clay part1cles which are submicroscopic fabric units and ar9
only v151ble'under electron microscope. F1gur; 6.2_shows a
diagrammatic sketch of these fabrie umits. The observed

texture of the ice-thrust sediments is now described.

: 1

6.3.4.1 Textlre

Q‘%l_1. Grain Size and Shlpe - Examih;tidn of the thinl

| sections show that basically the ice-thrust

~ sediments sampled conslst four main'compohentsr
vpeds, nodules, fractures and clay matrix. It was
ppserved that peds and nodales were angular to
rounded in shape aad ranged from 0.08 mm to 2.7 ;m'
in length or in diameter, A cla§2matrix composed
mainly of‘qlEEoscopic to submi¢r05coplc clay
particles surrounded the nodules or the spaee

A R between peds. Organic 1nclu51ons were malnly organic
rema1ns wmth 1rregular shape usually dlstrlbuted

‘randomly within the clay matrix. (Particles with
outllnes oftspicules were observed under high
magn1f1cat1on which resemble rellct glass shards in
altered tuff found in the fine-grained rocks in
centra Alberta (Locker, 1973» plate 5, figs. .1 and

2). ’No ‘photographs vere taken due to ‘the )

'd1ff1cult1es in focus1ng these partlcles under high
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magnification.) ‘ . ‘ . Y,

+

In the upper portion of the thin section a few

nodules were found agd were always scattered widely

"in the clay matrix (Plate 6.5). These nodules were
rounded to very rounded and some have boundaries so

- diffuse that it was difficult to distinguish whether -

they were n?dules or clay‘matrix. On the other handg
the lower portion of the thinfsecéaon was mainly
made up of peds that were angular to subangular and
had definite boundaries (Plate 6.6). The boundaries
or edges of these peds usually matched the adjacent
ones thus forming aﬁ inferlocking ffamework..This
seemed to inéicéte that the.latter were broken from
the former and very little,digblacement had taken‘~

place befween them.- Near ‘the middle of the thin

section, that ‘is, at and immediately adjacent to the

horizontal slip surface, both angular and rounded

nodules were found embedded in a clay matrix: The

4
sides of the no%ﬁies that /Were in direct contatt

b8

with the slip surface tended to be smooth andsflat,

,suggesting they had been moved and sheared along

this plane (Plate 6.7).

s

?Graih Sorting - In the%upper portion of the thin

section, clay matrix dominated and Cewer nodules
were present and in general were ra aomlyvoriented
and not in contact (Plate 6.5). Organic inclusions

were often fbund_scattered’in the Clay matrix. In
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OS.._,' ‘= Nodule (Defined, Appro&imate)
#'® = Organiec Inclusion
= S_< = particle Orientation’

Plate 6.5 Nodules and Conjugate Sets of Lineations in Clay0

‘Matrix, crossed nicols, 42x ’
1 B *
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”
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Plate 6.6 Al o Subangular Peds, crossed nicols, 42x

R

Plate 6.7 Sheared Nodules at the Slip Surface, crossed

'nicols, 42x
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Cole

flce thrust sedlments follows Skemgton (1966) and Brewe

‘_yd, y't d‘ -\“‘h7fj;lﬁf7 L
contrast, the lower portion of the-thin section was.

‘;Vcomposed chlefly of peds w1th very 11tt1e clay
matr1x and few organlc 1nclu51ons. The clay matrlx
was essent1ally absent or was ‘in a minute amount
between these peds (Plate 6 6) “The' peds were

’ usualzfjin contact with each other:and theéspace
'betweentthe'larger peds'was often-filled‘by'

‘relat1vely smaller angular £6 - subangular peds. At

»

approx1mately the mlddle of the thin sect1on a thin
layer about 7 tofTB~mm'th1ck-was dlstlnguishéd both

by naked eye and under mrcroscope, it seems to @ o
- o~
con51st of equal amo of nodules, clay matrlx,

~and organlc 1nclusxons..The horlzontal slip- surface
+

was at or near the~m1ddle of thlS layer. In general

*

i =the amount of nodules was . 1nverse1y proportlonal to

“‘the dlstance up and dlrectly proport1onal to thev

dlstance down the horlzontal sllprsurf e. This .

 middle 1ayervwll}‘be.descr;bed_1n detall.later.f

6,3.1 2'Stru¢ture - o o . ) ”"fn‘ '

. . ) 7
. - .
. . : 7 ) .

| The termlnology used in descrlblng the ':h fvl;‘ﬁﬁ

d15cont1nu1t1es and mlcrostruct‘e observed in the

'_,_(1964r T ".‘-7.:»

; S g \
1. D15cont1nu;t1es o G _ e

a Prlncrpal dlsplacement shear - A hor1zontal ang

flat lying d1scont1nu1ty wit ";ooth surfaces_

bounded by a thin layer of clay partlcles or1ented

e - . L



° ‘ AN . .' » . - ‘.‘ W " L 4".‘«'.: v‘ K ' < »'v '” P 1..18’ “.‘;‘ful
_parallel to the surfaces and about 12 to 300 pum |
thick was observed near the mlddle of all the th1n
sectlons; Thls was the pr1nc1pal dlsplacment shear
‘and sheared nodules were. found along it (Plate 6. 7);

furtharmore,‘lncllned f1ssures and 11neat1ons'

resembllng Rledel and thrust shears were noted to

b %

‘dlverge upward and downward away from this shear-
tplane.-ln fact, the d1st1nct, contlnuous, flat lylng
Sllp surface observed in the f1eld was located
iexactly at the posxtlon where thlS pr1nc1pal \

displacement shear was - found 1n,the centre of the

thin sections..

Other shear planes which bear sinilar‘
llstrué%ural features to‘that just described were
found in the upper portion of the thin sections
‘although'in.general'the layers of clay parti:les‘
“that were parallel to these planes were relat1vely
thlnner and had a thickness of 15 - 60 pm, Moreover;
. these planes uSually didznot remafn horizontal all
along the1r length and somet1mes became 1nc11ned

(Plate 6 8) Because of thlS, the contlnuous and

,flat lying pr1nc1pal dlsplacement shear that- was

‘,.iound near the m1ddle of the th1n sect1ons was

referred to as the major pr1nc1pa1 dlsplacement
shear in order to d15t1ngu1sh it from other,‘
~continuous and'horizontal/inclined shear»planes4in‘”'

the.specimens. The observed major pr1nc1pal

I DA

,.@,:y,
B L
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bisplagément Shear ‘F = Fracture

m .
Y
i

C:b‘:v) Nodule (Defined, Approximate) ) o ’ : ;

Il

== Particle Oriéntatibn’ R .

8 )
;\
1

.Organic Inclusion

. v,'.zr,? s ‘ . K . . L ; N 4_" e '_ L :
Plate 6.8 Inclined Displacement Shear, crossed nicols, 42x
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"dlsplacement shear was in general t1ghtly closed
although locally it opened up. \ki

Riedel and thrust shears - Dur1ng the rotatlon

of‘the stage of the polarlzed m1croscope between
crossed nlcols, preferred or1entat10n of clay
partlcles, sometxmes appearing as conjugate sets ofl .
'llneatlons, were found in the clay matrix (Plate |

- ’ "'ﬁ"’t‘ m“"
qa “?nd 4 'to 24 um th1ck and . w1th a’ densaty of

%6" )é"d&ngfrally, these llneatlons vere 0 45 to 1.13
-about 8 llneatlons per millimetre. They occurred
within the clay matrix, followed along the
'Hb0undaries of the nodules and shear planes, or

_ extended through aggregates of clay particles and
. ot [ N ~“P'i"‘_ :\ N

ey i

other deformed structures (Plates 6.5);} 5

| Those;hicroscopic'liniatlons,lwhibh.diverged :
from the pr1nc1pa1 d1splacement shears and had an |
inclination of 16° ; 30° and about 130° from ‘the

Vh:horizontal are.bel1eved to be the Rledeltand thrust:t'

_5rshears. These shear d15cont1nu1t1es usually have a' :
length of 0 3 to 1k65 mm and a WIdth of 4 to 80 um._‘

" Other 11neat10ns in the clay matr1x found in the
upper‘port1on*of‘the thin sections vere relatrvely
more discdntihuoUs than the Riedel and thrust shears -

’ldescrlbed above- and often occurred as conjugate ‘Ql/

sets as’ well Nearly 20 1nc11nat10n measurements of

‘ these lineaments found in the’ upper portlon of each

thin sect1ons were taken and-the.resu1t1ngvdata show

-



‘that basicaliylgagge conjugate discohtanitiesfcan |
be divided'into‘tud sets'(Figure 6.3). The first set'
“had an 1nc11nat10n that ranged from 12° - 64°1w1th
respect to the horLzontal with most inclined at 35°\
- 46°; the 1ncl1nat1on of the second set ranged from

'110° - 168° w1th.rgsgect to the horizontal and-most

were inclined at 127° -'344°. Thus,~these lineationsf
N [

1nterseqted each other at approxlmately rlght angles
to acute angles. ' The relatlvely dlscont1nuous nature
and general orlentatlons of most of these.conjugate f
sets of lineations (Figure.6 3) which diffe: from‘
the conflguratlon ‘of the Riedel and thrust shears
observed in the spec1menﬂ;tud1ed (Plate 6.8), and
their abunéance in clay matr1x w1thout distinct
shear q&s;ont1nu1t1es (Plate 6 5), resemble closely
of the‘ﬁtght b1masep1c fabric and clino- b1masep1c
-.fabr1Cg1n soil formed due,to shrlnhage and swelllng

r}

(Brewer 1964, p. 336), o

LA

v

Generally, shear dlscont1nu1t1es appear1ng in
‘the clay matrix were found adjacent to the major
pr1nc1pal displacement shear and 1n the upper
'portlon of the thin sectlons, and rarely appeared in
the 1ower .portion of the thln sectlon which were -
,composed malnly of angular peds.

Cutan and Arglllan - Cutan 1s deflned as a

,modlflcatlon of the fabrlc at natural surfaces in

so1l mater1als due to concentratlon of. partlcular

\
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eonstxtuents or insitu mod1f1cat10n of the clay
matrix (plasma) ‘and it is called arg1llan when the.
,constltuents'are\qomposed essentiglly of clay
pafﬁieles (Brewer, 1964). | ST
'The study of the microfabric of the ice-thrust
sed1ments show that embedded gra1n arglllans, which
are layers of preferred orlented clay partlcles w1;h
a thxckness of 4 - 7 um 1y1ng parallel and/or around'b
.the boundarles of nodules, were commonly found -
wi;hin‘the claykmatrix in the upper poation ogﬁthe :
thin section (Plate 6.5). On‘the othernhand,vthe
lower portion of the thin section was composed of

o A
'jnt of nodules"

peds with none or a very small a
and arg1llans were usually found around peds forming
ped arg1llans or free graln arglllans. Embedded (
grain arg;llans were common in the upper portion of
"the‘thin‘sections and near the‘major'princiﬁal
'displacement‘shear where nodules are‘surrdunded by
' elay matfix and the clay particles might orient
themselves around the‘features during compression._
Cutans alsd‘found bordering fractufes and shear
o

planes.
Fractures and Voids - The fractures found'iﬁ“

thé upper portion of the thin sections were'
relatively short. narrow, 4nd skewed, and‘generally
had a length and a vidth of 0.6 - 1.65 mm and‘0;01§

- 0.3 mmvrespectiﬁely. Commonly these fractures vere



clean,=nith.n6 infiiling.fhoweVEr, the'fractures in
the lower portion of the thin section were Ve
‘reiatively longer and wider, and. had a’length'of
0.08 mm to greater than 5.4 mm and a width of 0. 03
to 0.3 qu(Plate 6.6). These fractures were, in
general, filied by well—packed angular to'subangular

aggregates often with their asperities matching the

sides of adjacent'peds,vsuggesred that.ne to very

little displacement had bccurred along them. The -

fractures found in the lower portion of -the thin

' sections aqtuallyAdelineated the sides of the peds

‘and were probably formed by the connection of

numerous short, flat and/or curVed planes.which -
' ;

_ resemble cra21ng planes formed due to.1rregu1ar

drying (Brewer, 1964 p. 204, fig. 42).

Hor1zontal and slightly 1nc11ned fractures were
41#“! .
found at and adjacent to the major prlnczpal

' dlsplacement she&r at the middle of “the thin’

sections. The fractures were rather continuous with

smooth fracture surfaces and had a width of about

0.20 mm. It isvbelieved'that these fractures wege

formed due to the opening of the displacement shears

and/or due to the coalescence of shear lenses.

' Fold structure - About 4 mm below the" major

pr1nc1pa1 d1sp1acement shear, an organic lam1nat1on

,fs,coal) about 6.4 um t'hiek&s deformed inre

¢ -

anticlinal and synclinal structure. Conjudate

£

L
4
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lineations (Riedel and thrust Shears?), wvhich seems
to act as nlchJthrustsL had segmented the fold

4

' . PR .
structure into many tiny uneven pleces.

6.4 Subm1crofabr1c

‘The SEM studles of the submlcrofabrlc of the clay
lumps, peds, and shear: d15cont1nu1t1es found under the
optical microscope may reveal ev1dence of deformation due to
pefmafrost,»weathering, and -past high overburden pressure
. which have not been found at lower'nagnifications (Tovey and
‘Wong; 1§77 1980; Mérsland et al., 1983). This information °
will throw llght on the subm1crofabr1c of the sedlments in
" the study .area before ice thrustlng occurred and the ground.
condltlons such as the presence permafrost when ice )
thrusting took place. This knowledge is essentlally for the
understanding of the ice thrust1ng mechanlsm.

Due to the quality of ‘the block samples and consistent
with the petrographlcal studies descrlbed in the previous
sectlons, SEM 1nvest1gatlon vere only performed on the
bentonltlc mudstone collected ad]acent to the major
‘principal dlsplacement‘shear in the shear zone of Slide 1,
Pit 3, Highvale mineo | |

. The laboratory pr eparat1on and method used in tKe
1nvestlgat10n of the submlcroscoplc of ice- thrust sed;ments«

”are descrlbed ‘in Appendlx G. The character1st1c

submlcrofabrlc found in this study are shown below.

3
!
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6.4, 1, Observatlon

The general spatial relationship and distribution of

the subm1crofabr1c observed in the ice-thrust sed1ment5tare

indicated: in Figure 6.4. The terminology used:to describe

the submicroscopic éediment units mainl{ tollows Collins and

~ McGown (1974). . : o ¢

3

6.4.1.1 Elementary Particle Arrangements

}

B The elementary partlcle arrangements of the clay

'y studled can be described as densely compacted, random to

preferred oriented, partly discernible groups of clay
,platelets (Plates 639 and 6.10). However, these groups
of clay platelets maﬁ be in an open arrangement locally
‘(Plate 6. 11) Partlcle 1nteract10n, spch as cardhouse_
1arrangements vere not seen although at the shear
dlSCOﬂtlﬂUltleS, individual clay platelets were found
1nte§act1ng w1th groups of clay particles (Plate 6.12).
In general, Lnteractlons between small groups of clay
‘platelets are the domlnant elementary partxcle
arrangements in the sample studled The group of clay
‘platelets may have a length of 3 - 6 um (Plate 6.9)
though single clay platelet with length up to 10 - 20 um.
were seen (Plate 6.11). Sometimes'perfectly oriented
platelets were piled up to form a large‘particle

°

resembling a book or a stack structure wi;h a length of

«

15 um and a thickness of 2 - 3 um (Plate 6.13).

Generally, the h1ghly compacted and or1ented groups

of clay‘platelets were similar to the turbostratlc



127

Aligned Shear Matrix

Displacement Shear

Major Principal

External Layer or Onion Skin with

Oriented Clay Platelets

3 5
3 (]
[ I B
[ VNS
) O & -— n
(8] c O C & (V]
. ) o —
Q - T - QO (8]
(o] ) O - a. —
QO Q= -0 -
w € E 5} >~ Fal e
o 0O @ > © ~ @
N O N a — — — Q.
(3] o . £ EO 2
— x . o O >
E 01 L O OV 4% . - @
o v - c o 0 —
R i o I =t > @ (TS
VT WY - —_ »n =
- RS 1} a w T
! 3 N NN - L2
/ “\\_/,/// Q — L o o
’ a 3w C -
» x <<
—_— ]
-
;n
N
/,\\\«\

W74

|

e ._Tff
U.\_;.M ,.,f_.~ | !
._.L::: 11
Uk { 1 \:///f“\
:f:; ~\C 7/ mf:.Zi%g

Aggregations

S G AR AN

_,L_:.M«r ﬁ?u\\ . :O.Vkaw/prk lw//p///rll\ \\\\

=S

lce-Thrust Sediments

in the

Spatial ‘Relationship and Distribution of the

~Submicrofabric Units

Figure 6.4




[T St T L (AR R ot R
« %7 S 128
i 2
+ - ,,“
q . ,
e M *
- ! .!'
K. .
LR

Plate 6.9 Compacted Partly Discernible Groups of Clay

Platelets ' ) , \

&

Plate 6‘.”10 Compacted Partly Disc-Q’e”'rniblg(Groups of Clay

Platelets in Core and Onion Skin of Aggregation



Plate 6.11 Loosely compacted Partly Dlscernlble Groups of

Clay Platelets

s

XY

Plate 6.12 Ind1v1dua1 Clay Part1cles

Clay Particles o 4
~ i
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Plate 6.14 Stack Structure and Oval-Shaped Aggregaion .

Plate 6.15:Eliiptical~5habed»Agg;egations
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arrangements proposed by Aylmore and Qu1rk (1960). The

' compacted«and random11 or1ented groups of clay plateletsi'l

that were’ largely made up by . facejfacc assoc1atlon of

.. clay’ platest(Plate 6.13) .can be visual1zed as the
. .# \
result1ng submxcrofabr1c after the collapse and

‘@ compactlon of the edge-edge, edge- face floccuated and
' aggregated arrangement, the bookhouse arrangement, and
f* the stepped cluster arrangement suggesged by Van Olphen
g (1963) Sloane and Kell (1966) and Smalley and ngréra l
(1969). The strong tendency for clay pbatelets to" form

. ) -
faceigp—face arrangements-;s supported by thls.study.

o

6. 4 T 2 Partlclé Assemblages ‘ _ v

e Partlcle asemblages are deflned as. the un1ts of
‘part1cle organlzatlon that consist of deFlnable ths1cal
boundar1es and a spec1f1c mechanléal function (Colllns g"'
andsMcGown, 1974) . The types of partlcle assemblages |

Qvserved in thetclay ‘examined are as follows’

1. Aggregataons = Exqept at the major pr1nc1pal sﬁear, ‘ l

| densely‘compacted oval-, cellular—‘ dlamondbxfto S
1rregu1ar shaped aggregatlons were found in. alﬂ

~_’samples obtalned“rom the m1ddle and lower subzones

*&\;ates 6 13, Q\14, and 6 15) The aggregatlons

- 'v':\
A ’ observed were composed of' (a) a dense 1nternal core*

‘ made up of randomly orlented groups of- clay | |

- platelets ghtly compacted together (Plates 6. 10

and 6. 13), and ‘(p) an external shell whlch __"

re'embles.onlonrsklns, usually.made up,of dense
; : L Hage : v



2

layers og,clay platelete in a turbostratic

 _aftangement\o§£$nted apofoximately pstéiiei'fé‘éhé?"

surfaces of the aggregations (Plates 6.10 and 6. 15).
: \ 1 3

_ 1on sklns vary from’'a few

to: tens qf clay pl-i  ,s'th1ck The observed length

of the major and mlnor axés of these aggregatlons

v,are 29 - 68 um and 15 - 42 um respectlvely, w1th a

~common ratlo of about 1.2 : 1 to/ 1.

The StUdleS show that at the onkacts of the

~~~~~

. cores and the onlon sklns of most of the

: aggregatlons,'the clay platelet groupsuof these‘twov

‘Units intimately touch each other but without

-

linkaae‘or fusion (Plate 6.16). The randomly

. ; <4 ) .
oriented ard turbostratic arrangements”of the groups’
of clay platelets within the cores and the on1on~

sk1ns of the. aggregatlons respectlvely a d the close

P

~ but dlsconnected contact between these two features )

seem to suggest that the onlon skins and: the cores

of the aggregatlons were two dlfferent mﬁcrofeatures

before they were unlted 1nto aggregatlons..

'S

The mode of interaction of these aggregations

with other microfabric features is.essentially'by

the contact of their onion skins (Plate 6{14). Minor

- 'shears may appear between these contacts aékevident

ﬁi;ghe.particlebalignment along these

4

discontinuities that extended through the onion ~

L sﬁinsf(glateseﬁe12;;@:15, and 6.17).

- ; A
4 b 4
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:Plate 6.16 Contact of the Cores and the ‘Onion Sklns of

Aggregatlons | "'”  . BT Y VN *_

-
T

~P1ate‘6}17 M?ho: shédfé"Extehd"pthﬁgh¢Ehe‘Onion‘Skihg .

Plate 6,18 Absent of Aggregat1ons at Major Pr1nc1pal

Fy

D1splacement Shear a Sl "ig "" e ‘ L
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2. Connectors —‘ConneCtors are elongated clay and fine
l"511t assemblages that form between 51lt and sand
gralns (Colllns ahd McGown, 19;23/ No connectors |
were found between the 511t size aggregat1ons of the ;
Ace-thrust sed1ments stud1ed However, connectors
-made by a partly dlscernlble part1c1e system that
‘11nked ‘groups of clay platelets were found w1th1n a
few of the cores of aggregatlons w1th an open !

structural arrangement (Plate 6.11).

3. Interweav1ng Bunches and. Part1cle Matrlcesf— It was

%

observed that aggregatlons were oﬁten densely

‘

~compacted And thelr onlon\;k1ns tended to connect

and fuse WIth each ‘other, forming an 1nterwoven

'system that conS1sted of . 1nterweav1ng bunches of
‘ 5 ? 1y
' orlented groups. of clay plateletS/Grapped around

aggregatlons (Plate 6.14). Except at the major ,
"prlnc1pal dlsplacement shear, where aggregat1ons are
absent (Plate 6.18), the 1nterweav1ng bunches are.

the maln particle matr1x that bound the aggregatlons

N o
together and also. acted as the backgrdund of the Ce s

-

-

submlcgofabrlc of the SEM samples.,\fﬂ,g;,:.“
N . | | . [}Q “ * » .
6.4,1.3 Pore Spaces N RS PR “.i"ﬂ-

In general the suﬁmlcrofabrlc .of the soil stud1ed

was made up-. of deﬁ%e*g compacted groups of clay

~

platelets. Thu &kqntra elemental pores such as_
g ; .o "
1nterpart1cle pores were absent. However, 1ntergroup :

pores were found survxgzgg in a few aggregat1ons (Plate. 1
S - : il Lo Ve et ‘
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6 11). In%ra a55emblage pores, wh1ch are. 1rregular

=

spaces found w1th1n aggregat1ons such as between 1ts B
external layers (onion skins) and cores were more common
‘than the intergroup pores (Plate 6.11).

Inter-assemblage pores are an elongated space that’

was observed between aggregatlons in the samples

‘stud1ed Some of these 1nter assemblage pores - vere

‘s

connected to each other and form trans assemblage pores

wh1ch were fractures that extended across several

o
[N ¥

'aggregat1ons (Plate 6.21). However, the spbmlcrofabrlc
sometimes'is so=compact that only densely compacte%ﬂ

&g%mterheaving bunches and shears‘wefe found between .
’ : . . ‘, . ’ . !
® aggregations (Plates 6.13, 6.15, and 6.17).

6.4.1, 4lshear Structure
A 3ubm1croscop1c shear zone 10 - 20 um th1ch and .
composed malnly of al1gned clay. platelets was found

‘immediately below the magor pr1nc1pal dlsplacemegx shear
L

(Plate619) B r:%l

Away from the ‘major pr1nc1pal d1splaCement shear

a and this m1croscop1c shear zone,’ the matrlces of the
-samples?varled from porous to compact and clay
platelets that coalescedatnto aggregatlons were common

VF(élate'Gflgl.'Minorshears sometimes were tound’aththe .

. cOntactsroflthe'ekternal.layers~(or onion shins)voflthe_
aggregatlons wh1ch may have been deformed into
undulatory d13cont1nu1t1es attached by allgned clayﬁ

platelets (Plates 6. 12 6.15, and 6.17). The '
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)
Plate 6.20 Fractured Clay Platelets at the Shear
; <4
a |
‘ .

Plate 6.21 Trans asseWblage

3 3 :4'\ o

iﬁ and Frac;ures -
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[
”

d1splacements along these m1nor shears varied ana
probably were small usually only a few clay platelets
vwere found oriented parallel or inclined along these
? séont1nu1t1es ‘(Plate 6.12). This seemsjto‘indicate
’gggaat there was 1nsuff1c1ent movement and deformatlon-
along the‘m1nor shears to cause the reorientation of
clay partlcles along'their full length 'Plate:é .20 shows
that the platelets that 11e normal to a minor shear were
¢ fractured and have angular edges in contact with, the
shear whxch 1s about 0.5 cm below the major prlnclpal
.displacement shear. About 1 cm below thd major principal
displacement shear,la fold structure overturned in the .
d1rect1on of the sllckensllde was observed.
Aggregat;ons, wh1ch were a common subm1crofabr1c 1nn
: thé sample, were‘absent‘in the immediate v1c1n1ty of ‘the
ma]or pr1nc1pal d1splacement shear. However, aboutlla - .

120 um away from the pr1nc1pal shear, aggregat1ons, foldsw

o

"and minor shears were commonu ‘Some of these aggregatlons

A . . . >

seemed to have their major axes orlented in the S . °.

dlrectlon of the sl1cken5113es ‘observed. on the pr1nc1palu

s

zdlsplacementushear (Plates 6.13 and 6.15). Th1s~seemsnto.V

showbthat at principal shear, the Shearing.waSZStrong -

eenough to break down the. dense cores of the aggregations
*,1nto allgned shear matrlces, but the deformat1on rapldlyf’.
/;fd§m1n1shed and became unevenly dlstrlbuted (about 10 -

.. I

’20 ym) awa;’hyom the ma]or pr1nc1pa1 dlsplacement shear;n:

¢“7_alxhough fracturlng and shearlng of clay platei

- \“' ~ e el
. X . TR . EEN o
‘. : K, W “L,‘" a0 ‘,7 Ny Lo ’ ’ - B Tle .
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local areas mlﬁ still have taken place. .~

A

6.4.l.SVPernafrost and Freeae-Thaw Features

The trans—assemblage pores and'fractures that
traversed the“aggregations'(Plate 6.21) with aldensely
c0mpacted'nature in general are comparable to the
close packed aggregat1ons and large cracks w1th1n the ‘
peds of a clayey 5011 after belng subjected to
freezing- thzwlng drylng wett1ng cycles (Smart and cheyf
1981, fag.‘12 2). However, it 1s to be noted that the
d1scont1nu1t1es suspected of be1ng formed by freeze- thaw
actlonecannot be d1fferent1ated from those fractures and
mlnor ;hears caused by ice thrustlng It is billeved
that.both mlght-haye occurred slmultanOusly in the

deposits in the study area.

6.5 General Discussion

1.

In the ice—thrust sedlmentS‘studled s1ngle partlcle

'arrangement or individual part1cle 1nteract1on is. absent

" .and clay part1cles always appear in groups aggregated

into aggregations of various shape’and size (Plates 6,13

>

and 6.15). The presence of subhicroscopic fractures and

B L‘l

-
g

minor shears,: that extended through the onlon skins

(Plates 6.15 and 6. 17) which are composed of roughly
COmpacted allgned cla§\platelets wrapped around the.
dense cores of these’ aggregatlons, are probably the

reason for the sedlments having a granular nature and a

endency to break into large 1rregular lumps or
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aggregates under finger preseure. At the same time, the
cohpaoted”andltigid nature of the silt size aggregations‘
: between these submxcroscoplc d1scont1nu1t1es and some of
these 1nd1v1dua1 part1cles wh1ch are thé 51ze of a s1lt
graln (Plates 6.14 and 6.20) have obv1ously created
dlff1culty in. breaklng the sedlments down mechanlcally °
(even accompaﬂﬁed with blender1z1ng, see, Seotlon 7 2.1)
into primary 1nd1v1dual_clay platelets for grain size
analysis. Indeed, grain size claséification tests
(Flgure 7.1) have shown that the bentonltlc mudstone
‘studled is a silt although the SEM studies: 1nd1cate that
most of the‘materlal seem to c0mprlse clay platelets. |
This type of phenomenon is not uncommon for heavily
-oyeroonsolidated soils. X-ray analysis on the heavily
’overconsolidated Triassic.Keuper Marl haa shonn'up to 80
% of clay. mineral parsgcles vhile standard sed1mentary
tests show the percentage of clay size vary1ng from 10 %
for the unweathered materlal to 50 % for the weathered
1mater1a1 (Barden and Sides, 1971b) . Studies suggest that
.the unweathered Kueper Marl is composed essentially sQf «
clay partlcles aggregated into silt size clusterséghbh a-
-number of clay minerals larger than 2 um (Barden and
Sides, 1971b; Chandler; 1969).:Another example lé that

. . . . i Y . »f/ .
the silt content of ‘the Paskapoo Formég1on.determ1ned by

the hydrometer tests always exceeds t ;hmeasured by

th1n sect1on point count method, an@§${~is believed that
thls is due to the difficnlty in Breaking down the rocks .
S : Mo :
1 . g '

;')’ -



2.

!

A
'C

d

l

4. 140
B ,‘/

into the1r prlmary particles mechanlcally fbr the

conventxbnal sedimentary techn1ques in gra1n 51ze

ana1y51s (Locker, 1973)

The sed;REnts stud1ed by the author from a non- m;?Tne;\_\
/heav11y overconsolldated sedlgentary deposit that have'

" been subjected to extremely high overburden pressure ‘up
to 11,900 - 15 700 kpa (Carrigy, 1971; Nurkowskl, 1984),
show poor to absent f155111ty and tend ‘to 8&51ntegrate

gnnto smdll angular clay lumps or peds (Plate 6 2).

. ﬁetrograph1c studles have indicated that randomness pof»

clay flakes domlnates in non- f1531le claystone while in
shale w1th moderate tquoor fissility, the partlcles.are
in general parallel but cemposed of certain domains with
other oriented particles (O‘Brien,_]970r Odom,']967).
SEM studies indicete that the absence of fissil{ty in
the sambles studied is mainly because/the portion of the
clay platelets that areypriented instead ef’being

\

arranged into horizontal ‘layers, formed' interweaving

' bunches made up of compacted and‘preferentially oriented

groups of clay platelets between‘aggrebetions (Plate

6.14). Moreo@er re11ct volcanlc glass was observed in

»the sedlments studled wh1ch indicates that some of the

’

clay m1nerals in the aggregates have a d1agenetfc

orlgln. Locker (1973, p. 31) suggested that the

Thus, the soil studied show poo;fto absent fissiiity

-

subsequent alterat;on of volcanic. ash to montmorirlonite

would nOtfleag to theafqrmation of oriented aggregates.

e
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o

. ‘ ' /
although composed of many oriented clay particles

(Plates 6210 and 6.15). Indeed, London clay and many

other heavilyfoverconsolidated clays, which exhibit a

' turbostratic microstructure of domains'formed by clayw

plates locally oriented around . 51lt grains in an onion
skin arrangement (Barden, 1972a, f1gs. 12 and 14),

always show a tendendy to dls1ntegrate into peds, crumbs

-and aggregates (Barden, 1972b). It seems that these-

turbostratic microstructure and onion skin arrangements
of the aggregations often form lqkal planes of weakness

which microshears and other fractures are most likely to

.followr- : ‘ - /—_‘

Petrographic and SEM studies”indicate that compression
texture and. kink band structure, which/are found in
natural and laboratory prepared clay soils subjected to o

direct shear (Morgenstern and Tchalenko, 1967b, 1967c;

Tchalenko, 1968b, 1970), were not seen in the

ice-thrusted sediments exposed in Highvalé.mine, Wabamun
Lake area (Plates 6.5 and 6%.8). Foster and De (1971)
postulated that the absence of k1nk band structure in

the heav1ly overconsolldated kaol1n1t1c clay (OCR = 19) -
after.being subjected to direct shear was because the o

degree of the initial preferred orientation parallel to

‘the shear direction was insufficient to allow kinking to

occur. The ice-thrust sediments studied are stiff and
compact submicroscopic aggregates (Plate 6.10). The o

shearing along the major principal displacement shear"in$

ahe



142

the ice- thrust sedlments 1nvestlgated during ice
thrusting seems to be strong enough to break down the
microfabric. immediately at this shear plane 1nto an
aligned shear ma%?lx. However, the magnitude of
deformation, wh1ch diminished rapidly away from the
major shear as is evident from the presence of minor .
sheans and slightly deformed aggregations only tens of :
m1crons away from this shear plane (Plate 6.19) was
probably not ‘capable of breaking dowf the densely
compacted aggregatlons/orlent the clay platelets 4

adjacent to the shear into a kink band st;ucture.

s

. The engineering behav1or of the heavily overconsolidated

ice-thrust sediments in the\study‘ayea at presett is
controlled by the macrofabric and mesofébric such as
joints and,principal displacement shears (Plate 5;3);
hcwez??l the location and occurrence of these planes of

loading and unloading, and weathering are believed to be

caused by deformations such as ice thrusting,

governed by the submicrofabric of the-soils, for

example, .the onion skins of the aggregations which are -

made up by oriented clay platelets in a turbostratic
arrangement (Plate 6.15) are potential breaks during

. deformatlon. : ‘ 3 -

The ice-thrust sediments compose many horlzontal to

inclined meSosccpic, microscopic and submicroscopic

vflssures, fractures, and shear planes which are opened’

locally (Plates 5.3 and 6“%9) and are expected to” have a

. N,
4

S~



- conduct1v1t1es of the disturbed and undlséhrbed me&stone

.3 segandary permeab111 “higher than other unﬂd&Ormedgx o
) bentonxtln_mudatones ih the area. Th\s is shown by tﬁﬁ %

et Y v e
AR SO AR
e '\ Ry ‘.‘ » '.,. -

' 4 i

field measurements wh1ch 1nd1cate that the hydraulic

hin the study area are 0.0064 cm/s and 0.0002 - 0.00874

cm/s respectlvely (Monenco, 1984, vol. 1, table’ 3-5).

It is noted tha so- and microfabric such as

Riééel shear and principa

displacement shears observed
L d

thrusting are in general

shear zones of different

in-the sole thrust due to ic
similar to those found withi

magnitudes caused by tectonic actiwities such as

'landslides, earthquake faulting and f;exurél slip, or by

laboratory shear exper1ments such as direct shear tests

or ring shear tests (Morgenstern and Tchalenko, 1967a,

'1967b; Tchalenko, 1968a, 1968b, 1970; Garga, 1973).

Tectonism. (such as earthquakes) and glaciotectonism are

able to produce shear zones less than a metre to tens of

metres thick; while other tectonic activities such as
landslides -and laboratory shear tests generally produce

shear zones a millimetre to a few centimetres thick

*(Morgenstern and Tchalenko1.1967a, 1967b;'Tcha1enkoj

t#GBa, 1968b, 1970; Stimpson and Walton, 1970; Skembton-'

 and Petley, 1967; Skempton, 1966; Garga, 1973). It has -

-

been suggested that the structural evolution within
: 2 . ' . B : -
shear zones formed by earthquakes, Riedel experiments

.7 Lo

. and shear box tests fglléw a similar pattern (Tchalenko

" and Ambréseys, 1970; Morgenstern and Tchalenko, 1967b;'

»



- by Otsuki (1978) to

s

% .
‘kﬁpematlc restraints, the

S w T R T
Tchalenkb; 1968b, 1970). Thls is probably because all
these shé&; zones were"ormed under a 51m1lar mode of'
kinematic ;estraxnt during shearing. For example, in the
dir ctlshgar test, thekinematic’restfg;nts a;e }hposéd
upon the samples by the boqndaries 9f ;ﬁg appargths; for

tectonic faulting, the restraints are‘thevéurrounding

strata and rock masses; while for glacioteéibniSm, the

kinematic restraints that act upon the underlying,ghear
zone include Poth the glacier which lies’directly above
£he sheared sediments ;nd the surrounding strata that
enclose the shear zone.

L

Since ,shear zones formed by strike~sl&p faulting

’

- 'ang ice thrusting are believed to be under the.similar

mpirical equation developed
ate width/displacement of

be applicable to the prediction

of the w1dth/%15placement of a shear zone formed by ice.

5hfust1nq The pred1cted dlsplacement of the shear zone
3 h
observed (Wlth a maximum thickness of about 4.2 m) ;I_f

-nghvale~m1ne based on Otsuki's eguation ﬁs about 240 m;

‘compared w1th the d1splacement of 355 - 395 m est1mated

from borehole correlation (Figure 5.2). When the 355 -

e OF

395¥@'of %isplacement of the éhear zone in the study

1) . .
area are used In the equation,‘thelpredicted thickness4

of the shear zone has a range of 6. 2 - 6.9 m. Thus, the
error 1n the width and the dlsplacement pred1ct1on on

the shear zone due tqﬁgce<thrust1ngnfound in the study

4



*

;area based on Otsuk1 s emlﬁrlcal equat1on are 32 - 39 %

a5

'and 48 p 64 % respectlvely (Flgure qu) Some of these

) errors may have arlsen from ml% 1dent1f1catlon "of the

-

' sheared materlalc‘ln#the boreh l ‘logs thus leadlng to.

along the Shear zone. Nevertheless, the - Otsuk1 s

an error in correlaftng and estngtzng the movememt

=

yequatlon seems to prov1de an’ upperbound for the w1dth

and lowerbound for the dlsplacement of the shear zone

"

-

. due to ice. thrustlng. Thus, glac1otecton1c soho-thrusts

7,shear zone 1nd1cates that the magn1tude of" stra1n1ng and

|3
and" tecton1c*%tr1ke sllp faults are probably formed

_under 51mllar modes of klnematlc restra1nts.,

q
%he study of the m1crofabr1c ‘and submlcrofabrlc of the

A

4

'deformatlon such as, the breakdown of peds and the

i[or1entat1on of clay paltlcles, are uhevenby d1str1buted

’ -

“oriented: parallel along the traces of the shear planes

‘except along the pr1nc1pal dlsplacement shears.where i

tthere are m1croscop1c clay layers w1th partlcles

ﬁ(Plates 6.8 and: 6. 18) ;f’TE not uncommon that regions

»

.,rw1th random andfpreferred orrentatlon of clay part1cles,

.

are present w1th1n shear zones XMorgenstern and

ATchalenko, 1967a' barga, 1973)’ Laboratory work and

hf1eld 1nvestlgat10ns suggested that thgs 1s because,

.dur1ng the 1n1tlal stage of shearlng, the entlre shear -

¥

.

‘

and faults such as Rledel and conjugate R1edel shears

-

;were produced (Morgenstenn and Tchalenko,.1967b

4 o

!
3

\

)

: -
i zone was deformed in 51mui§/shear and many local stra:ns
. _ < Co
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R1ede1 shears were 1nterconnected by d1scont1nu1t1es

v

'Tchalenko, 1970). owe‘ver, due to the kinematic -

restralnts 1mposed upon the shear zone by ‘the *

surroundlng materlal the mode of deformatlon of the

gstrata was, tranformed from a s1mple ‘shear to ‘a direct

147

shear condltlon. Subsequent deformatlon malnly-occurred _

. in the central port;on of the shear zone where the

.1

-

known as. thrust or P shears. At large stralns, all the

.deformatlon -or dlsplacement of the shear zone was

concentrated along a horlzon-less than a few m1111metres
tthk, that 1s, the pr1nc1pal d1splacement shear; whlle
leanng the rest of the shear zone essentlally

ugdlsturbed (Skempton,,1966; Tchalenho, 1968bv.*970;
v -

:Morgenste"n and Tchalenko, 1967b; mchalenko,and '

Ambraseys, 1970). The preservatlon of loosely compacted'

groups of clay platelets near‘d’prlnc1pal dlsplacement

v?shear in the .ice- thrust sedlments studied (Plate 6, 11)

-71

seems to support this v1ew." N o ﬁf-; o
m1crofabr1c of 1ce—thrust'sediments discussed in
thlS Chapter, for/example, the densely compactedmoval-

to 1rregular shaped aggregatlons, are based on the

L;/fxamlnatlon of . 15 = 20 hand spec1mens, 9 thin sect;onS'

'.block samples collected at a hor1zon 1n a specflc 51te

~

v

(3.9 x 2.2 mm? per sectlon) and 12 SEM samples‘from o
W

- in H1ghéale-m1neg*W§Pamdn Lake areg‘ Although f1eld

'gobServatlons show that the samples from a shear zone

seem to represent the typlcal deformed materlal caused

d% L o ,"‘ . ‘a

Asy

oo



;4‘8 |

by ice thrustlng, the sampling size is small compared to

P

- 'the large volumes of rock massgs and the d1fferent typesew
| of materials affected by glaqxbtectonlsm in the study
area.:More studies should be performed’onldifferent‘
horlzons in the shear - zone and ice- dlsturbed sedlmengﬁ
in other 51tes béfore the m1crofabr1c of ice- th(¢§t
sedlments are fully known, for 1nstance, whetner
'fnaggregatlons are a common feature in heav1ly
voverconsol;dated ice-thrust clayey sediments. -
_6 6 Shear Subzones, B o O wf‘ib 1f | o .

Ju

The studleSJOf the mesofabblc, mlcrofabr1c,'
LR h e : . .
,’shbmlcrof“i ;/ and the nnnetal comp051tlon of the shear

/‘*'\
ng ale Mlne show that the portlon of the

[ ]
P

%one;foundqf

§bbar zone here the pr1nc1pal sllp surface located can be

>

6.6);"The recognltlon of these subzones is i

'Pecause: (a)ﬂit,wouldTprovide iiformation ‘on the“gesoscopic, .
» .

3 N

microscopic, and subm;croscoplc geolog1ca1 features

”~

hat’

- indicate the p0551b1e locatlon of a prlnC1pa1 d1splacement
| . .
- shear w1th1n the 1ce~thrust=sed1ments in an ice- thrust

. terraln,y(b)‘the understandlng of. the varlatlggrand
dlstrlbutlon of fabrlc and strength propertles w1th1n a
'*shearvzone, whlch 1nfluence most’ of the eng1neer1n%
| propertles (suchras permeab111ty, consolldatlon, and shear‘e
trength) of;the sedlments and the degree of anlsotropy of‘”

4 these prbpertfes.ln;the rOCk mass, W0U1d'hekﬁ fﬁtura\51te

e

. -
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,inveStigation in the abea-in selecting appropriate fieLd
Sambling teobniques and insitd»andflaborato;Q testing
methods, and a551st the 1nterpretatlon of the test ’&sults ﬁ
of these dlsturbed materials (McGown et,al., 1980 McGown,

”v1982 Marsland and Butler, 1967) The characterlstlcs oF

theSe subzonesirhlch are shown 1n Flgure 6 6 are, descrlbed

Y

as foliows. . R , ) ",'55\;"

1. Lower Subzone - ThlS subzone 1 equ valent to the lower

_portlon of‘the th1n sectlo‘

-%flow the horizontal. sllp R R A 'tffved in ‘the field."
‘i'v'%%}s is, a brown, dark brown’;-nﬂ ;'5grey15h brown
.subzone w 5fA Aomposed ma1nly of angular to:

subanguilagligs
indicating,.
failure.. Fraotures are relatl;ely larger, longer and
'more 1fregu1ar than those found in the overlylng

A_suhzones. The clay mlneral content 1nc1udes 35 -%68 %

,montmorlllonlte w1th waverage of about i8 %, 1111te

_\\quthat ranges 11~ 45 % ;?th an average of about 30 %, 15‘-"

21 % kaollnlte4w1th an averége of 19 %, and about 5 %

Y, chlor1te~ The top of th1s subzone 1s 0 75 to 6 mm below

. . v f . . o
%0 4 S : '

e the major pr1nc1pal dlsplacement shear._
2: ;Central Subzone -'The central subzone s the very thln
| 'layer of mater1a1 found approx1mately in- the middle of
;'.;; the tﬁwn sectlons andfls eqh1valent to the’ sedlments
| mﬂ'hat 11e at and 1mmed4ately adjacent to the hor1zontal
sllp.surface observed in the fleld (Plates 5.2 and E. 1)

}‘* o ‘._4

9 <
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. w1th each other. These nodules resemble 11thorel1cts and

T

L el W ?ggif,‘: ﬁ% L S 151
‘This is.a 1lght gréy, brown to dark brown hor1zontal o
layer about 7 to 15 mm th1ck The maj'r pr1nc1pa1 ‘

d1sp1acement shear 1s s1tuated at the n;ddle to near then

bottom of thus subzone. Many 1nc11ned fﬁneatlons >‘ﬂ

\

ere found’lylnggo.rallel
R
-or. 1ncl1ned to the major pr1nc1pal dlsplacemen; shear. “mm

fractures wlth smooth surfaces

It is bel1eved 5ﬁ§z~most of these d15cont1nu1t1es have&@

.

"been sheared'and slzcken51ded because layers. of clay :ﬁ

partlcles wlth pre?erred orlentatlon are always found

along these dlsc-ont_l_nult.&e‘sa-(Plates 6.7/ 6.1,2, and ‘

.

6.17?. The central suhz :'is'helieved'to have been .
formed during ice’thrust?ng*ﬂhen‘the materigl at'the
contact of the ever,«lylng and underlylng subzones were
Y 1neral content of
*ont&n_orlllomte
with an average of ahqut{73 %,,5,— 24 % iliite'with an

Y

sheared and mixed tbgether. The cla

tg?; subzone is compdSed of 65 f 85

oo Co : m
_average of approximately 15 %, 5 - 15 % kaollnlte with

an'average of 12 %, and a trace amountri%‘chlorlte.
Upper Subzone - This- subzone .is the mat@ial’ ‘found at
thehupper portionuof‘the;thin_secfﬁons or the' sediments

Gbove the.ho;izont%i SIipqsurface in the"field. This

subzone is essentlally llght grey to dark grey 1n color

>

and 1s composed of nodules or aggregateg of clay

partlcles scattered in a clay matr1x and not in coﬁtact P

&

"tend to have dlffused sides. Closéé}and small fractures

. "

e
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together w1th a‘tonjugate set offlineatlons are common
in the, clay matrix (Plate 6. 5) About'60 - 65 %

' L.montmorlllonlte,-l - 3@'% 1111te, 5 - 25 % kaolxnxte,

and 0 - 5 % chlorlte are‘&gund 1n the clay s1ze
partlcles in this subzone (FYQUne 6 6) The bottom of

the mpper suszne is at 6 = 9 mm above the major

e pr1nc1pa1 d‘Splécement shear.’iu

v . .
S ]

ot
e

The presence of 11thore11cts and géds abov, and below ‘the
- K g w h“"‘“scﬁi" ,\ M’?B

central subzo@e seems to suggest thatuthe hor1zontal sllp
Lé

surface observed ﬂ._the fleld was located at the qontact -

“‘that was overla1n by a weathered layer and underlaln by a

'J:ly less weathered layer. Durlng ice thrusting,

'rmatlon and shear d1splacement probably were
IR J

concentrated along the contact between the weathered layers
ThlS res:lted in shearing, dllatlon, and breakdown of the \\)
peds and nodules- that ve¥e located adjacent to the contact
'and migration and m1x1ng of the mater1al both from tffe
overlylng and the underly1ng layers, formlng a highly .'“T
’;deformed layer (central subzone) that was composed of a
 mixture of. sheared pedsdand l1thorel1cts andha pr1nc1pal
dlsplacement shear (Plate 6.7). Moreover,'lt has been shown
that the presence of a clear separable shear plané bounded
- w1th strongly or ented clay on either s1de such as the oo\

x
h_m1ddle subzone/?entloned*here;1s an indication that sliding

/ ’ .
~ ’



was the dominant mode of shéax behavforvduring the residual

state of deforma ionmof‘this“subzone‘(Lupini,et\a14,'19§1,

figs. 18,.23) | |
.Examinationkof_the ménega;ogical,content also*indicates

1

that there is more‘montmorillonite and less iilite in the

Pl
'

central subzone than 1n the underlylng'and o"tlylng

',bdbqes (Flgure 6.6). ThlS is probably because ?here was a

ripid*lnotease and decrease in the amount of volcanlc ash
v

deﬁ?s;tlon in than part1cular perlod of the geoloqﬁcal past

d?}tgnct d1fference in ?he amount of bentonlte content.”

o

"_;’ﬁl’é’i‘xcé—rhrust Sediments |
R ]
o Chapt@r 5 has shown that- ice thrustlng could produce

,f_ y, »

f‘ macroscoplc deformatlon such as pr1nc1pal d1splacement

idshears, folds, and fractures' however, brecc1atlon and
#. ¥ e,
‘f;no s resembl1ng l1thore11cts in the 1ce thrust sedlments

ﬂ in® Hgghvale mlne 1nd1cate that in add1t1on to ) 3
4 glaploté%tonlsm the materials 1n'1he shear zone 1n ‘that
area have. also undergone other k1nds of deformatlon. For.
example, brecc1atlon could be formed by .valley bulglng

(Holllngworth et al.,‘1944) the decay of permafrost

(Chaﬁdler, 1972), or glac1otecton1cs (Gelke, 1889; Sauer,'.

@

@ .

B). By examlﬁhpgftﬁeﬂfTETa‘ : ‘ the geoioglcak . :

—
r —

istory'of %he study area; four p0551ble deformatlon

- pregesses. other than glaC1a1 thrustlng that may, be



responsible for the- development of- some of the fabric
observed in the bentonitic mudstone in Pit 3, Highvale mine

are discussed below.

§ 7.1 Deformation Agents | e
§11; Perhafrost - It has been suggested that the format ion:
and/or subsequent melting of grougd'ice lenses miqht

"‘have:causéd internal crumbiihg and brecciation in
& afljillaceous sediments which would resuylt in a

m nicrofabric with‘shattered peds or ifthorelicts ifa.

‘matrix-of brecciatedy disturbed, remoulded, and - L
Stfucturelessmsoft clay (Chandler, 1972, fig. 15;
: Marslgnd et al.,;1983 fig. .54). The appearance of . ,
rounded nodules in the clay matrix found in the uppe; e

. R e y
subzone (Plate 6.5) and the broken ped structure (Plate ‘ ;

Hear

6 6) in the lower subzone w1th1n the shear zone in the R

%

-study area resemble the brecc1at10ﬁ5due to. permafrost
Jff During and after the Plerstocene glac1at1on, pernafrost, }
which‘pEOSably forned and decayed-in the‘Wabamun Lake
area‘and other ioe-thrusthterrafn in the region, had';
-caused.disturbanef in.the underlying argillaceOUS.
" sediments. | ‘ | »
2. Loading,pistory - It has'beenasuégested tha{’unloading
might:befthe»cause of the microscop;eshear,planei-ip
/the‘stiff overconsolioated clay (Morgenstern, 1967} ' fr'\“
- .B;errum,_1967)r-Unloadin§ occutred in the study area due

to the.erosion of thick layers of Tertiary sedimentsv~

¢
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' before Pleistocené'time (Nu;kowski, 1984; Locker, 1973);
0]
whlle loading and unload1ng ocurred agaig durlng the

‘i e

last glaciation when the* contlnental glac1er advanced

and retreated,from the-study area. Minor shears must

»

</hgx€’been developed in the underlying-strata due to the
-

uneven\stra1n1ng caued by these cycles of load1ng‘and
ye

.12, 6.15, and q.17), although those

he principal displacement she%'s were
- , :

unloading'(Plates

thattappeat neac

probably formed due to shearing hy ice thrusting.

3. Surface weatherlng - The presence of an er051onal
%urface near the top of the shear zone in the’ Highvale

mine shows that the bentonitic mudstone hadﬁheen under

subaerial erosion before glaciotegtonism (Plate . 5.2;

Sect1on 5.1.1.1). Since the mut was once close to

the ground surface, g; ‘had probahly been dlsturbedkpy
s
weather1ng due to seasonal and annual water content
T gen TR Ak
changes and/or freeze thaw act1on. MQ:eover,

. |
mlcrostructure, wh1ch.1s closely analogous to the

*
-

: /
rounded nodules, clay matrix and conjugate sets of
) ’ : -
micro-lineations found in the upper subzone within the

bentonitlc mudsfone in the’study area (Figure 6. 5) ‘has
been found in London clay whlch has unde;ghne surface )
weather1ng (Tchalenko, 19685 flg.~4} Brewer (1964, p.
532 340) also commented that weatherlng such as
(dis;ntegratlon, phy51cal,soften1ng, shrlnkage_and
x‘swelling,fwduld‘Cause combression,gtension and shearing
in the cl»ay"trslatrfi\xfxand form a striated orientation
- e ' '

\ . P -

\ . . T



'amount of fraeturlng in the samples caused by sample/

~believed to follow ekisting‘planés 6f weaknéss fprmed,by_.g

shear the adjacent_clay matrix and cause embedded'grain

or nodule cutanS‘tovdedelop Indeed, embedded graih f”“
cutans are a common features in the ice- thrust sedxmeﬁ%s
studied (Plate 6.5). Furthermore, fhe presénce of

trans- assemblage pores and fract?res in the lower e

I

- subzone within the . shear zone in the study area 1nd1cate'?

’

the probable occurrence of freeze- thaw action (Plate -
ez L o NS
Sample preparation - The‘siaé and shape of the fractures
and 1nfllls suggest tPat some of the fractures{ig the K
3pper and 1ower portlons of the thin-sectighstway be‘due
to shrlnkagé“upon drylng (Plate 6.6). However, the ’//l"
preparat1on £0r Ehin sect10n1ng is con51dered to be

small because the"hatural moisturefcontent of the

benton1t1c mudstone was at,ér near its shrlnkage limit~
during the preparafTég of the th¥n sect1ons (ApDend1x

F). Nemertheless, ‘cracks formedﬂgurlng th1n seetlon1ng t\;g
should tend to follow exiStingsplanes of’weakness sueh o

as microgh ps in the samples. Thus, most of the T e ;

-

fﬁacture and voids found in the thin seé\ionS'are'

;

geologlcal processes such as permafrost, weaﬂ'“

-

. ﬁ" ; ‘, L W 2
ice thrusting., . <« * . j) %3
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To summarize,#it is inferred that before tﬁeégast

glaciation, surface weathering and removal*of‘the k”géé‘égg

‘o\erburden are the main deformation processes that“‘y' -

re pon51ble for the development of some of the 2

microfabric 1n'the benton1t1c mudstone in the f |
. area. Durlng the stage of glac1otectonlsm in Plﬁp ene

time, ice thrustlng deformed the sedlments in tﬂa,‘

and the loading and unloadlng due to the advan nd the

e

hretreat of the continental glac1er should have further

deformed the”underlyl g .strata; and finally, permafrost
should have caused mo e-disturbauce ln the ice—thrust

’ sediments observed in

LR

" ‘ s
. Ea before the glac1otectonlsm.

6.7.2 Evolution‘of the Microfdbrrc and Submicrofabric of the~

the study area durlng ‘and probably

LEe-Thrust Sed1ments, d!f | L jf

Pusch (1973b) proposed a so11 model far natural -
sedlmentary clays and postuated that~501ls consist of Stlff
‘g egates of closely spaced partlcles connected by links or
"br1dges og part1cle network " Under suff1c1ent1y high
external shear stress or: stresses exceedlng thev
preconsolldat1on prEssure, a ‘number of these lans wlll
collapse into groups of orlented partlcles €doma1ns) in
,connectlon w1th a movament of_the aggregates 1nto stable.

~p051tlons (PuScﬁ“‘Fﬁﬁgﬁ,,ﬁag BT wﬁms v1ew Of‘the;prlmary -

K3
‘

m;orofabrlc of c}aye& 50115 1s supported by the SEM 'studies

‘of post glac1al normally consolidated to llghtly

L . ‘ *

-
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onerconsolzdateq ciﬁgs (not subhected to hzgh overburden
pressure,,shearxng, andjﬂgather1ng) whach have shown
a‘gregat1ons Chaéﬂed to e&ch other by relatively narrow, and

‘6ngated 3ssemblages madewup by fine silt to clay part1cle5

‘tgvform large pore spaces (Coﬁalns and McGown, 1974, fig.
10e) . Studies’ by Pusch (1973ci and Barden and Sides (19715;
also show that the general microfabric of natural. clayey
5011 1s that of 1nterconnected part1c1e aggregates or silt'
size grains separated by voids of vary1ng size. On the other
hand, other SEM studies on heavily overoonsolidated, stiff
fissured clay such as the Londoh clay (erosion of about 330
m of overburden) and the Upper Lias Gretton clay (erosion of
about 1000 m of overburden) have shown that the large silt
size partlcles are wrapped with a closely*packed dlsperaed
turbostratic clav;atrUCture and_have_a tendency for
horizontalvorientationj(Barden, 1972a, fig. 12 - IkaBarden,
1972b). garden {1972a) concluded that the microfabric
.observed in t™e stiff fissured clays seems to have

e

(or;ginated from an originally flocculated structur'e that -

subeequently collapsed into a turbostratic arrangement. In -~

»

contrast the 1certhrust sediments Studled which are ’ , \x
.
heav11y o’brconsol1d§td¢falso shew an overall compact o

-structure without' connectors or large pore spaces be%ween"

-

aggregat1ons (Plates 6 10 and 6 15). THe connictlonﬂind

fus;on ofithe. onlon ‘skins of these ‘aggregations have’ .

’

pnoduced an 1mage of a bralded stream network' of orlented

clay partacles flow1ng around the dense cores of

- ~
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: aggregatlons (Plate 6 4); resembl1ng the turbulent f”nF:“ .

'~fum1crostructure proposed by Sergeyev et al (1980 f1g 5)

wh1ch is bel1evedoto be fOrmed dur1ng the coUrse of

'rl1thogene51s by compactlng clay sed1ments conta1n1ng

_ honeycomb and p0551b1y matrlx m1crostructures.’ |

a Comparlson of the submlcrofabrlc observed in the

lﬂ samples obtamned from the nghvale mlne, Wabamun Lake area,.;u
mw1th the mlcrostructure found in other normallyw |

consolldated llghtly overconsolldated to heav11y ‘ i 'J/,”

»,,-c—..’t o @

'f‘OVerconsolldated so1ls ment1oned above suggest thaUnthe

or1glnal m1crofabr1c of the 1ce thrust sed1ments studled
were. probably composed of 31lt s1ze aggregathns that v
con51sted of flocculated groups of clay platelets l1nked by

narrow and elongated cha1ns of clay platelets)(Plate 6. 11);

;Under h1gh overburden pressure, these chalns collapsed and§\‘~

were furned 1nto groups of orlented part1cles (domalns) aSs
N .
,suggested by - Pusch (1973b flg. 3c)! Since’ the pr1mary

'aggregatlons are relat1ve1y dense and Stlff compre551on
' caused the groups of clay platelets 1ﬁ the aggregat1ons to‘
'_cqmpact but not to reallgn probably because of the lack of,

‘fspace fer*the groups of partlcles to reorlent 1n the

\

udlrectlon normal to the major gr1nc1pal stress On the other
hand the chalns between these aggregatlons are relatlvely

fraglle and are. located in a space that is much freer and

¥

.yiallows rotatlon to the preferred orlentatlon. Prolonged

| compre351on should haVe caused the domalns to pness tlghtly
. - : ,
f_onto the surface of the aggregatlons and subsequently

3.

RN FE N
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| compact\rnto,a dense matrlx. Thls is probably accompanled by )
weather1ng whlch cause (a) uneven breakdown of the\51lt srze'
flocculated aggregates of clay part1c1es as noted in Keuper‘
Marl (Barden and Sides, - 19{lb) and (b) part1c1e 1ntergrowth
" that bbund 1nd1v1dual clay platelets)into patches. as
I'evadenced by the dlfflcylty in rec6§l1z1ng individual clay
a3 part1cles; Subsequently, 1ce thrustlng caused the formation
’:‘of subm1croscop1c deﬁormed features such as . the pr1nc1pal
,#? dlspLacement shear (Plate 6 18) and further compressed and
moulded the groups'of clay partlcles 1nto aggregatlons.,f
s lhus, the final products are densely compacted Secondary
aggregatlons th%t are composed of a dense core of randomly -
. orlented groups .of clay platelets ‘surrounded by an: on1on’
sk1n that 1s made up~of ‘groups of orleﬂted partlcles w1th a(
turbostratré arrangemeht (Plates 6.14 and 6. 15) ‘The . |
presence pf the open and flocculated structure in focal
areas offthe sedlments studled (Plate 6 11) is belleved to -

/

be the or1glnal m1crofabr1c of the materlal that surv1ved

1

the post dep051t10nal processes probably due to. the archlng

\\
. T - . PN :

' »effect (Barden, 1973)

o

-4
/,

u_/‘ Flgure 6 7 1nd1cates the conflguratlon of the observed-

4 -

/

partld!e assemblages in the ice= thrust sedlments at present |
¢ and the postulated part1cle assemblages befo the - sedlment,\)

/
//ﬁ was sub]ected to the ‘high overburden pressure, weatherlng,‘

I
ES &

and glac1otecton1c deformatlon. Flgure 6. 8 1s a d1agrammat1c
draw1ng that 111ustrates the evolution of‘the submlcrofabrlc

vof’theﬁ;cefthrust sedlments_studled subgected to the
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. post-depositional processes.y

‘. ..
)

T

Thrust1ng : "\

The exlstence of permafrost related features such as

T
llthorellcts in a matr1x of brecc1ated clay and the;
1 4

trans- assemblage pores and fractures 1n the ice- thrust'

sediments: studled (Plate 6. 21) and the format1on of

ice-~thrust features near ‘or at the marg1n of a stagnant

‘glac1er (Chapter 4) where permafrost tends to occur

(Rutten, 1960 Mathews, 1964 Clayton and Moran 19741

seem to indicate that the ice- thrust sedlments in. the

l

Study areas were - -under: permafrost durlng

gla01otectonlsm. That sedlments were frozen during ice

thrustlng seems to be supported by the studles of the

L_1ce r1ch permafrost 5011 along the Great Bear River

~where 1ce-deformed glac;ofluv1al dep051ts of Pl istocene(

age were observed in the area with a- max1mum dep h of

.permafrost about 61 m at present (Sav1gny, 1980, p.

1C0ast (Mackay, Z71)

'T20) and by thﬁ\“}esence of massive ice’ in glacrally

deformed sedlments observed along the western arctlc .

'

“”r‘to 1ce thr sting, most of the arg1llaceous

ﬁhts in the study. areas vere already d1sturbed and
composed of mﬂhor shears, fractures,'and llthorellcts

" due to the post depos1t1ona1 processes such as cycles of

loadlng and unloadlng, §urface weatherlng and permafrost
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that occurred in central and_séuthern Arberta‘(Chapter
’ , . - - - 4 "'.

3. As far as the sole thrust in the glac1otecton1c thrusg
system- is Sgnaerned the sedlments within the fault
*\qgurlng ice thrusting were k1nemat1cally restralned by .

the overlyﬁﬁg ice sheet and the surroundlng rock masses.

‘e
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7. GEOTECHNICAL PROPERTIES ‘QQ ICE-THRUST SEDIMENTS
. *

PN R

_7r1llntr03uctioh. | - .

The . geotechn1calug50pert1es of ice- thrust sedlments‘r
dlscu95ed‘in thlg the51s are’ based chlefly on the
geotechn1cal laboratory tests performed by the author on the\
block samples collected w;th;nvaxshear~zone near tWo sl1de
“masses. (Slides 1 and 2) in Pit 3, Highvale mine, Wabamun.
Lake ‘area (Appendlx C, Flgure C. 4)) The locatlons and the
procedures for the bloéﬁ sampllng and the fabrlc of theaf
samples have been descr1bed 12~23;a1l in - Chapter 6, and the
geology Of the site and the shear zone has been dellneated
in Chapter 5. , S

The cost of An51tu dr1111ng in the m1ne to. obtaln core
samples for exam1nat1on and testlng exceeds the fund1ng of
. th1s pro;ect Fortunately, 1n the past few years, fany
boreholes had ,been dr1lled by consultants in the m1ne
Figure 5.1 sho;s the location of the boreholes ylth respect-
to_the slide masses in Pit 3. A numbe r of . these boreholes‘
were logged both geologically and geophysically; ahd core
vsamples were‘takenvfor'geotechnical laboratory testing. In
. parthular, borehole #HV-83-406 had been drilled and logged
'Carefully'by the consultants in the summer of 1983 about 150
m northwest of. the 1984 slldes where detalled field mapp1ng
and block sampllng were performed subseqo;ntly by the

?

- author. 5 o e

165
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The test results of the qore samples together w1th the

.‘\ B

geologxc and geophy51ca1 logs of boreholes~have enhanced the

)
1nterpretat1on and .generalization of the geotechnlcal

propertles of the 1ce—thrust sedlments obtalned from
o

| laboratory tests on the block sampies performed by the
author. Moreover, the . analy51s of these subsurface log data,'

field obsetvations and tests results of the 1ce thrust

?sedlments in the study area ‘have also enabled a subsoil -

presented The

7.2 LabOratory Work
Laboratory tests were performed by the author on the -
block samples of bentonltlc mudstone and benfonlte.
. .
7;2!l Classification Tests
For grain s1ze classffioation, in order. to break down
~ the lumps and aggregat1ons in the benton1t1c mudstone and -
benton1te,_the(samples were subjected t0'hlgh-speed
blenderizlng following the procedures suégestedvhy Heley and
Maclver 11971) before aﬁglysls'according to the‘methoos
'outlined in_ASTM-%tandards (1986). Figures 7.1 and 7.2 show
the grain size‘distribUtion of the samples.“TheAresultsmof
" the classification'tests on the»bentonitic mudstone and |
‘bentonite are summarized in Table.7 1. The dlstr1but10n of

clay mlnerals in the benton1t1c mudstone has been g1ven on

o
s
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Table 7.1 C)égilfication Test Results of Bentonitic Mudafone‘

.y
and Bentomisge
Cithology [Depth W P | L |1 I C.F. A
. L L P L
(m) (%) | (%) (%) (%) (%),

Bentonitic| 14 22.9 |39.8 76.5 |36.7 |-0.46] 63 0.52 .
Mudstone to : to | to to

32.1 [ - " -0.21] 70 lo.s8

Bentonite| 17.2 {53.2 |59.% 176.5|117,0|-0.05; 80 1.45°

t0 | to

C.F. = Clay Fraction (less than 2 micron3)
A = Activity
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Figure 6.6. . 5
Based on the Unified Soil Classification System, :he g; \
samples described as bentonitic mudstones are classified as
inorg?nic silt (MH) and the bentonites are classifiéd.as ;
ihorgahic clay (CH), It is to be‘notéd that most of the'
silt-size particles are probably clay lumps and/or coal
chips which appeared to remain in the soil mixture‘affer at
least 10 minutes of blenderiﬂ‘ng. Indeed, the petrograePicél
and SEM spudies on the block>samp1es (Chapter *6). indicatgﬁ }
that théZ:??;-size pafpicles in the sediments investigafed

mainly are clay platelets. The bentonitic mudstone has an

M}

-

und:éined shear strength ranging from Cu equal to 65 to 107
kPa (discussed in the triaxial test section below) which is
characteristic of a clay rather than muds;dhe according“toq
the classification of argillaceous material suggested by |

: Morgenstern and Elgenbrod (1974), who proposed a Cu of 1,800
kPa as the upper and -lower lipit for clay and mudstone
respectively. However, the mudstone in the study area, which -
has a Cu less than 300 kPa and a plasticity below t
Casgrande's A-lineé, would be classified as a sidt according
to Grainger (1984). NeverthgieSS, for simplicity and
conéistent with the terminology adopted by other workers in
" the stUdy area and in céntral Alberta (Locker, 1973; FéAton
‘et al., 1983; Pawlowicz et al., 1985; Monenco Ltd., 1984),
the term§ bentonitic mudstone and bentonite will be retained

in the remainer of this thesis.
-
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The values of A ‘lbbrg Limits of the, bentoni;id

»

mudstone stud1ed (Tabhf 7.1) agree with the physical

* I3
&

properties of the mudstonbs found in other parts of the pit
which have a liquidi z 1ndex varying from 0;58 to -1,41 with

moat falling between 0 and -0.3. The plastxcxty 1ndox varias

" from 21 to 195 % with most the ranging. of 30 to 74 %

-
-

‘(Appendix H, Table H, 1) ' s w':{
X-ray diffraction analysis indicate that the cla; .

fractloq of the bentonite conszsts of 100 % montmor1llon1te,

while t e clay m1nerals in thg clay fractlon of the

bentoriitic mudstone var1ed from relatively higher

: mo;Yr;rillonite and 1ower\i11ite and kaolinite conteﬁts as

the continuous shear surface within the shear zone to

relat:;ely lover montmor1110n1t and h;gh:: 1111te and .

kaolinite contents away from this surface (Figure 6.6).

LY v

J

* - *

7.2.2 Consolidation Test o ) ‘ ~
.Conventional one-dimensional incremental consolidometer
tests were performed on the bentonitic mudstone sampled from
the brecciated zoné containing the continuous failure plane.
Two samples were tested, one was collected 1 cm above the
principal shear plane and the other was from the upper
subzone (Figure 6.6) about 5 cm above the first sample. The
naﬁﬁral moisture content for the former was 28.2 and for the
latteér was 17.8 %. The low moisture content is believed to
be partly dhe.to'the nature of the material and partly due - .

to drying during sampling and storage. The Casagrande Method
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l_was used to éstlmate the 1n51tu precbnsolldatlon pressure o
P'. In order to obtaln a well deflned v1rg1n curve to R
C B
'calculate P , the samples were carrled to ‘a stress level -»
c -
_ equal to about 8 t1mes P 'ras suggested by . Brumund et a}
c

5(1976) The test data are presented as vertlcal straln vs»s

N

”*effect1ve stress rather than v01d ratlo vs the effect1Ve'
‘vstress because thlS enabled the consolldatlon data of the

d1rect shear samples to. be plotted on the same graph and to

[

“compare the dlsturbance between samples. Flgure 7. 3 1s the €

v log P' plot for the samples and shows a P " of 320 and
:; c _
: 370 kPa, and an overconsolrdatlon ratlo (OCR) of 1 8 and :

\J

_2:1}l1nd1cat1ng that ‘the benton1t1c mudstone*tested is -

‘;1sllghtly overconsolldated at present. The summary of the

'consolldatlon tests 1s shown in. Table 4. 2 (Appendlx H).
“‘ NurEowskl (1984 flg T3f tabbe 3 pe 292) studled the
‘ relagjon betueen the - coal rank varlatlon and the overburden
pressure of the d%per Cretaceous and Tertlary Pla1ns coals
1n Alberta and calculated t\at41 176 -1, 548 m of overburden E
<'was needed “to mature coal to a rank of subbltumlnous B. The o
icoal of the m1ne is ranked asxkubbltum1nous B (Pearson, |

~1959) and the saﬁples for the consolldatlon tests are about

<«
LIER

";3 8 m above the top of the ma1n coal seams and about 14 m
'below the present ground sugface. Assumlng the eroded .
‘;overburden has a total un1t welght of 20 KN/ma the samples 3

a.colletted in the area are:pres{

‘ed to~have an effectlve
preconsolldatlﬂﬂ pressure of 1 945 - 15 735~kPa.h51nce1thes

present 1n51tu pressure Po 1s & sout 176 kPa, the OCR of the

™
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&samples‘based‘onlgeologiC‘eyidenceérangeslfrom‘§8:to'89.-k .
7.2;3‘Triaxia1-Tests‘ o o |
| 'Triaxial tests were performedVOn‘the bentonitic

mudstone samples follow1ng the standard procedures
delineated by Bishop and Henkel (1962) The dlameter of the
"samples was 37. 8 mm ‘and had a hezght of 71 2 - 76.4 mm. The
"samples were. porous and con51sted of angular lumps l - 15 mm
long, and many_hor1zontal to—lncllned f1ssures 2 to 15 mm
long and from closed to 1. mm wlde. All samples show llght to

,pale grey, relatlvely plastlc, soft bands w1th wavy

boundarles resembl1ng a flowagemstructure. The bands were 6

- 15 mm th1ck and- at least 0.38 m long‘uahd were underlain

‘ or/and overlaln by a relat1ve da‘

nlsh grey to

yellow1sh grey, crumbly, 511ty 3shows ‘the

11thologlcal and structural des ip tons'of these trlaxlal :

samples before and after the tes J(Appendlx H)

The samples were stage consdlxdated;rsotroplcally to an

',effectlve conf1n1ng pressures of 400 526 and 701 kPa Two

(S

p_rubber membranes with a thickness. of 0.5 -mm and 0. 25 mm for

—
the outer and 1nner membranes respectlvely ﬂ§?§ used to

enclose the samples, w1th grease on the surf ce of thewlnner
-membrane. A 200 kPa back’ pressure -was applled to all samples

- to. ensure'full saturatloniand to de-arr the\volume measur1ng.'
'”dev1ce. The pore pressure coeff1c1ent B after the Jfinal

\

'consolldatlon stage varief from 0. 95 to 1. 00. Radial /nd o ep

- end dralnage were used for the dlss1pat1on and equallzatlon
‘ » o
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of pore water pressure durlng shear. The samples were tested

w1th a rate of straln of approx1mately 0. 002 - 0. 003 mm/mln -

ano pore pressure was measuredidurrng shear1ng, The\samples
failed nagnly by bulging with shear planes inclined 30° -
'.55° from the horizontal uhich tena to follow the orientation
of the‘relatively plastic‘laminations'and’fissuréd surfaces.
The rupture patterns of the samples after the trlaxigl tests‘
are shown in Appendlle (Flgure H.1) quure 7.4 shows the
“change of the dev1ator stress vs vert1cal strain dur1ng
, shearlng .F1gure 7.5 is'a p'- q plot Wthh shows the stress
”path of the tr1ax1a1 tests.’ The pore pressure coe§f1c1ent A
cﬁ—the 501ls at failure ranged from 0. 38 to 0. 52 which are.
etyplcal values for a sl1ghtly overconsolldated 5011 to
. normally consol;dated sandy clay (Bishop and Henkel; 1962, -
table 5 fig; 8;‘Skempton ‘1954 ‘table 2).-The sediments
failed. at an ax1a1 strain of about 6.0 % for 0 ';=;406 kPa;
10.7 % for o ' = 526 kPa, and 3. 05 % for o t‘=C701 kPa."
tFlgure 7.6 1: the\a vs 7' plot obtained fgom CU tests and
shows the sedlments ‘have an €ft§9t1ve strength of ¢ "= "0 kPa-
‘and ¢' = 22.5°, The results of /the triaxial tests are shown‘
in Ta9§e5H33 (Appendik’H){ | |
| Due to the lack of test§samples; only one.
unconsolidated undrained test.was perfqrmed'to'measure the
‘ undrained strength of theISeéiments. The samp}e had ia
; diameter 0f'37.8 mm and theight of 70.9 m;.The samplexwas
mainly«détg;grey to da k browﬁgsh grej; however, a light

grey, relative plastic zone of about 0.5 cm thick‘and

N
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inclined about 30° from the horizontal was found near the
bottom*of the sample. In order to decreaSe the influence of
'joiuting andlf%seuring in this soft aud friable material, a
strain rate of 0.35 mm/min (0.49‘% etrain‘ber min) and a
confining pressure of 350 kPa were used in this UU test as
suggested by Morgqhstern and Eigenbrod (1°74 p. 1143); No
back pressure wasyapplled. Failure qccurred after 5.5 %
axial str ¥n and the deviator’stress (o, - 0,) remained
'COAStant,z:yond this strain (Figure 7.7). Two shear planes
ﬂ_Were developed at'failure«(Appendix»H ‘Figure H.l); One of
these shear planes was mainly along the 1lght grey plast1c
zone with an 1nc11nat10n of about 20° - 25°. The other
developed within the relatively crumbly Zone and inclined at

L

about 35° - 45° from‘thefborizontal,
The UU test result fé this study'tegether with two
‘other UU tests performed by Hardy Associates on the
. materials w1th similar lithologic descrlptlons are indicated
in Figure 7.8 and Table H.4 . (Appendlx H). The resultlng Cu

S

varled from 65 - 107 kPa. Thé variation probably is due to. |
the dlffe;;uce 1n llthology, m1neralogy, the degree of
saturatlon, and structure between samples and the amount of
disturbance during éamplingDand the orientation of-the

fissures relative to the plane of the maxifum shear stress

(Marsland and Butler, ‘1967, fig. 6). - :
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7. 2 4 Direct Shear Test \ \

\

The samples ‘used 1n the shear test were 152 4 mm square

and were 24,0 to 38.2 mm gk . Difficulties “{‘

1n°tr1mm1ng the samples dug their brlttle and éimté
nature. As a result, some disturbance due to sample
.

preparation was expected. Onjthe other hand, Townsend and
. . ' \ .

Y

Gilbert- (1976) noted that residual strength is indgpendenf‘
of specimen preparation procedures and combarable Jalues
have beén obtained from intact, precut, and remoulded
specimens of clayshale- henqe, the effects on ¢ ' of\;ne
dlfferent testlng procedures and types of test ;re ;v/
cons1dered to be small. The rate of dlspLacement for the
bentonitic mﬁdstone in the test wés 0.00065 to 0.00ﬁ9
-mm/min, and for the bentonite.wa5‘0.001§5 to 0.0096 mm/min.
These rates of shear, which eﬁsure complete draihage, were'
determined from ﬁhe'cdnsolidation tests performed on the
samples in the direct shgar box befére the shear tests

‘ began. These rates fall within the fange of dispfgaement
used in other drained.direct shear fests-performed on the
similar kinds of qlayey deposits such as the Edmonton and

. the Paskapoo Formations (Lockér, 1973; Sinclair and B;ooker,
_ﬁ967f. The maximum displaéement for the direct shear test .
apparatus is not large_ehough to allow the soil tp-reack”a
resiéua; value. Thus, the shea; box was hand crank aavanced_.
a; least 4 complete cycles to align the soil particles along
" the shear‘pléne. Figureé 7.9 and 7.10 show the shear stress

vs displacement relationships of the bentonitic mudstone and

¥
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the bentonite. The summéry of the drained éirect shear.fesgs
are shown in(Tableé H.5 and H.6. All the sampies tested
during shearing showed a contraction or a decrease in volume
with strain, and a plasfic mode of deformation. |
Figgres 7.6 and Ffédre 7.11 are the o' vs 7' ploté of

the test results for fhe bentonitic mudstone and the
beqponite; The péak strengths for the muds;dné and bentonitek
stdéigd are scattered; however, both show an average ’
residual of ¢ ' = 0 kPa, ¢ ' = 11.5°,

\ The sheaz test qesdlt; of ,he bentonitic mudstohe
(Figure 7.6) are compared with other direct shear test
results on mudstone core saﬁﬁles obtained from boreholes
#HV-83-406 (about 125 m northwest of Slide. 1), #HV-83-008
(abdut.JOO m southeast of Slide 1 and about 160 m south of
Slide 2), #HV-83-2, -3, -6, -7, -8, -9, ‘—10,‘—17 near the -
-sllde area in Pit 3, and other core samples collected from
other pits within the mine (Monenco Ltd., 1984) (F1gure
7.12). Figure 5.1 show$% th location of some of these
bqrshbles. These mudstone Zofe’samples are described as
weathered, brecciated or sheared or a combination and were
tested within a normal stresé range of 100 - 1200 kPa. The
strength parameteré, the nofmal stresses used in the tests,
'Atterberg Limits, gedlogic descriptions, depth and the.
corresponding borehole number of these core samples are
shown on Tables H.1, H.7 and H.8 (Appendix H). The peak and

the residual stréngths of the mudstone samples in the mine

are scattered (Figure 7.12). HoweVer; close examination of
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Figure 7.9 Shear Stress vs Disp_}acement Plot of Drained

Direct Shear Test on Bentonitic Mudstone
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the geolog1c descr1pt1ons of these samples ind1cate that
trends can be drawn based on the1r geolog1c fabrlc descrlbed
.1n Table H. 8. Indeed the max1mum peak strength of thlSc
bbenton1t1c mudstone in nghvale ‘mine can. ‘be represented by‘
three 51lty, Jolnted, carbonaceous and benton1t1c clays with

coal strlngers as:

c ' = 135 kPa, ¢ ' = 37.5°

JERY

~

Compared to the above, the remaining samples were
‘relatively more fractured jointed' and sllckensided and.

‘show a peak strength less than’ the above values.

-

The re51dual strength of the mudstone showed a w1de
/

range wlth an,upper bound of (F1gure 7.12):

! 0 kPa, ¢ ' = 22.,5°
r - r _
and a lower bound of:

(9}
]

a
i

"= 0 kPa, ¢ ' =-6.5° S ‘ .
r r :
Desplte thlS range, most of the test resul(s seem to

:fall on a residual fallure envelope hav1ng°
o ';= 0 kPa, ¢ ' = 11 5° , ] ' ;
r r ’ '
' Thé shear test results on the core ‘samples obeentonlte.

are also plotted 1n Flgure 7. 11, The peak strength has a c '

T DA . : ‘ P
= 47 kPa, ¢ ' = 21°, and the resxduaqutrength has a c ' = 0
kpa'.. ¢ LN .= 11 .:50.

r.o
a In contrast, the bentonlte of the Upper Cretaceous

Edmonton Formation has a- ¢ of about 8 5° (Slnclalr and vy
o | TN
BréoEEr,'1967); Table H.9 shows thefgeotechn1cal"pr0pért1es

of the bentonhﬁg\tested by the consultants,(Appendix”H),
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Figure 7.13 is.a subsurface profile of Highvale mine ,
based on the laboratory tests, field mapping, and drill hole -

logs performed by the author and the consultants.

Al

“To conclude, the mudstone tested by the author,e_
collected from Pit 3 where slope 1nstab111ty occurred has a.

)

maximum strength near the upper bound of the reS1dual
strength (F1gure 7. 12), whlle the. max1mum strength of the
bentonlte varled from peak to bEtween the peak and the
residual -(Figure 7. 11) Laboratory exam1nat1ons of the mode
.d? shear. behav1or and the structure in the fa11ure zone of
remoulded cohe51ve so1ls at re51dua1 have shown that when a
-flne gralned sed1ment (clay fractions exceed1ng about 30 %)
’whlch con51sts of large\amount of platy clay m1nerals and a
lesser amount of equ1-d1mensrona1 particles, has undergone
largevstrain, the shear stress vs,displacement relationship
would be brittle and a:shear plane with strongly orienteda
clay particles would form.;Moreover, subsequent. re-shéaring.
on the same deformed aene would only show_a nodrbrittle.‘

’shear stress vs displacement“behavior'and a measured low

shea@ strength (Lupini et al., 1981, figs. 15.and 18). The

.1heav1ly overconsol1dated ice- thrust clay sed1ments in the

istudy area of the t_ghvale mine, wh1ch show a very low
maximum shear streﬁé%h (Figures 7 6. and 7.12), a o
non-brittle, plastlc mode of deformatlon with a small volume
"change during shear (Flgure 7.9), low OCR (F1gure 7.3),

'together w1th the presence of m1nor shears and d1st1nct
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pr1nc1pa1 dlsplacement shears bounded byve narrow zone of
aligned platy clay partlcles (Plates 6“' 6.12, 6.15, 6.17,
and 6.18),'1nd1cate that the present laboratory shear tests
" were a reshearing of pre-sheared materials:‘
S ; : _
7.3'Discussion
1. Besides minor shears, the remoulded clay maﬁr}x in the
shear zoneé of Highvale mine should also have a low‘
stren th .and represent local areas of weakness since
studles 1nd1cate that the water content is in general
‘hlgher in the remoulded clay. compared to the bretc1ated
clay aggregates or lithorelicts (Chandler, 1973) This
is proven by the cross- sectkons of trlaxlal}y sheared
ibentonitic mudstone samples vhich show a iarge portion .
of the Pailure surfaces'passing1throu§h a light grey
layer that~is‘mainlv made up ofza‘relatively}noist and
plastic c;ay matrix in the samples (Appendix H,“Figure
Ho1). - T |
‘2; The‘presence_of pedskand lumps. at the nesoscopic and
'hlcroscoplc scales and the densely compacted
ﬂaggregatlons at the submlcroscoplc soéle in the’
ice-thrust sedlments studied should have caused dllatlonk
during shear fallure, which is the common deformat1on_
p{wbehavior of moSt of the'heavily overconsolidated clays.
'Indeed “the 1ce thrust sedlments resemble a granular

materlal both at the mesoscoplc and the m1croscop1c

scales as observed by Barden 1J972b) on many natural -

.
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clayey deposits. However,  the author's shear tests show

that the material tended to contract 1nstead of dilating

X dur1ng shear (Flgures 7.9 and 7.10). The reason for this

.. is bel1eved to be that the laboratory fazlure surfaces

mainly follow the pr1nc1pal shears, the minor shears, or

the remoulded clay matrix, which all are essentially .

.made up of zones of oriented clay platelets. 1t has been

snggested that diagenetic bonds, which'probably form

..prlmarlly at points’of ;nterpartlcle contact and would
'yield strain energy that would induce dllatlon when '‘they

_are broken, are less. common in partlcles in an oriented

p .

arrangement (Nelson, 1973). Thus, ‘the development of
laboratory—indnoed failure planes along a horizon.of
oriented clay platelets should have minihized dilation
duriné shear. _ o o | o
Ice thrusting has produoed various deformed fabrips»in
different parts of the shear zone. The principal
displacementvshears in the area which are.eompletely |

shearedrpro bly have attained a residual strength;

'wh1le the strength for the other parts of the shear zone

"~ should vary from peak (for the undisturped or only

sl:ghtly weathered 1ntact materlal between
dlscont1nd}t1es), to the fully sof tened strength (for
the weathered and partlally sheared mater1al), to
resjdual strength (for the sheared naterialAsuch”as

along d1splacement shears) Thﬁs, if the

' laboratory-induced shear planes are forced to develop in

-
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N

the materials (such as in a direct shear box test) that

4

are intact, slightly jointed and/or weathered, orlalong

minor shears, the maximum strength obtained would depend

‘. ‘ \‘ ﬂ““k

on the proportion of the failure surface that developed
through the minor shears,?the jointed surfaces, and the
intact peds. This seems to be'thelreason that the
fissured and crdmhly sagples tested by the author‘show ;
maximum strength that varied from ‘less than that of the
fully soft:%ed state to re51dual (Figu:es 7.6 and 7. 12).

This is analogous to ‘the average iffective strength of

the fissured Barton clay which was in general 1n between

peak and residual; however, the sediment .mi ht show a
M g

peak Qr a re51dua1 strength if the faiyure surfaces were

developed entirely within hard clay lumps or along very

smooth fissure respectively (Marsland and Butler, 1967,
SEROE & ; _
figs. 3 and 9).

‘The scattering of the residual strength observed in the

‘mudstone and the bentonite in the'mine'(Figures 7.11 and

7.12) probably is due to the following reasons.
ar-_The‘variation in clay.fraction and mineralogy within
the sediments investigated.,These are shown by the
differences in liquid limit and lithology between
the samples tested (Appendix H, Tables H.1, H 8 and
H.9). The. dependence of re51dual strencth on clay
' 'content_and mineralogy has been 1nd1oh;hﬁ >y tenney

(1967), Townsend and Gilbert (1974) Svempt
) 4

(1985), and Mesri and Cepeda-Diaz ( 9%¢!.
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'b. The development of the laboratory-indueed failure

plane aleﬁg pre-existed discontinuities such as
’ bedd;ng planes, f1ssures and principal d1sp1acement
shears (Figures 5.3 and 6.6; Appendlx H, F1gure HO1) |
~ or within intact" portlon of the sample. This is
because these macrofabric features may cons1st of
dlstlnctly dxfferent particle gradation and
m1neralogy and their associated residual strength
“may be différen£ from the rest of the soil mass

;- (McGown,‘198§); ‘.

c.t Extrﬁsiéh of remoulded material from the gap between
the twe halves of the shear bex during direct éhear
test. It has been'suggested.that the residual
strength measurea would-be influenced by this
proeess (Heley and Maclver, 1971). .

According to the geologic evidence, the sedimenfs ih"

Highvale mine hevevbeen heavily overconsolidated

(Nurkowski 19@4) and the OCR.Of the bentonitic mudstone

sampled shou}d be in the range of 68 - 89, Howevef, the

éamples tested behave as a apparently normallyl '

consolidated to a lightly overconsolidated soii\in the
laberafoEy tests and show a low maximum shear‘etrength
and OCR (Figure\7f3). This is believed to be due to the

-—

following proceeSes.

a. Unloading - It has been tentatively'¢onc1uded that

durlng Ko unloading of the remoulded shale, passive

pressure fa1lure would occur in the range of OCR of
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10 - 15 and the sediment should sotten“to the water

content of a normally consolidated soil at that

normal stress and attain a fully softened strength

‘ (Singh et al.,‘1973). In view of tﬁe removal of

thick overburden due to erosion in the stUdy‘area}
it is inferred that the samples tested havev
undergone the path of passive failufe during
unloading in the geological past, and mahy of the
structures and strength properties of the soil due
to overconsolidation should have been destroyed.
Weathering‘fnd Permofrost - Laboratory consolidation

tests showed that weathering could remove

. overconsolidation and a weathered overconsolidated

soil might be similar to a sediment remoulded at a
water conteot below its liquid limit (Chandler,
1969). Thé preglacial erosion and glaciétion'thaﬁ
ocourred at the Wabamun Lake area mdst have allowed
weaohefing and permafrost to extend tens of metres
deep as evfdent‘ftom the petfographica} and SEM
studies (Chaptér_ﬁ), causing brecciation to develop
and strength reduction in this_overconsolidateo
sediments in the study area. - |
.Ice’Tﬁrusting —‘Thooflat%lying‘overtohsolidated
bentonitic mudstone in the study area, which had

been ﬁeathered, jointed, and brecciated due to

" unloading, weathering, and permafrost, was crumbled

and deformed into a horizontal .shear zone by ice
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ﬁhrusting. As a result, most of the brecciated
sediments in the shear zone were further- deformed,
remoulded, and- sheared Thus the structu;e in the
sedimeﬁts due to overconsolldatxon were further
eliminated. Subélaciél deformation that obliterated

“evidence of preceding stress hiﬁtory invbasal till

ha§:also been fouqf'by Boulton and Paul (1976)..

6. This s;udyﬂshowg that the shear zone in the ice-thrust
terrain studied is the weakes{ layer. Thus, from a
géotéchniqal_point of view, when the depth of the shear
zone in aé‘ice~thrust E:rrain‘is within the range that .
will affecs?thgwgprthworké at the surface, the
geotechnical prépéftfeS-and the 3—Q’subsu£face
‘geometrlcal contlgurat1on of the shear zone should be of
the most concern. For example, the shear zone in
H1ghvale mine, wh1ch is located near the base of the .
excavatﬁgg, controls the stablllty of the highwall. This

will be shown in Chapter 10,

- . .
~ M

7.4 Conclusion

Based on the examination of the‘géotechnicai properties
of the ice-tﬁrust clayey sedimentsiobserved in the Highvale
mine, Wabamum Lake area, and other suspected ice-disturbédh
clayey depoéits investigated by oﬁher workérs (Eigenﬁrod,and
Morgenstern, 1972; wiison, 1974: Sauer, 1978;,;nsley‘et al.,

1976), the general geotechﬁical characteristics of

ice-thrust sediments within a clayey layer in the region

-



studied that have undergone loading and unloading,
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weathering, permafrost, and finally deformed into a shear

zone by ice th;usting, are suggested below, Table H.10

summarizes the ggotechnical p:ogerties of the suspected

ice-thrust sediments measured by the investigators mentioned

above (Appendix H).

1.

The clay fraction of the sediments is high, for example,
up to 40 % or higher within which platy clay minerals

such as montmorillonite dominates, for instance, up to

30 - 85 % of the clay fraction is made up by
;montmorillonite clay mineral (Table 7.1; Appehdix H,
‘Table H.10; Figure 6. 6).

The glac1otecton1c disturbance does not seem to be

evenly distributed within the deformed stratum, as ‘a
result, the fabric and strength properties usUally vary
in different parts within the shear zone. Nevertheless,
the sediments appear to be granular, brecciated,
fissured, sheared, and consist of continuous and
horizontal priqcipal displacement shears. The strength
of the brecciated portion of deposits probably varies
from fully softened to residual, while the strength
aiong the principal diéplacemeht shears is at or close
to residual. ,
Although}geologically'heavily consolidated, the
sediments may behé?e as a normally consolidated to
lightly overconsolldated clay and show a low OCR.

The sedlments seem to show a poor RQD (Appendlx H,






8. GLACIOTECTONIC FACIES

B.1 Introduction and Definition

This Chaptér investigates th%”characgeristics of
certain types of regional bedrock topographic configurations °
in thgrétudy areas that are prone to glac'otectondsm, aﬁd
the probable attitudes of ice-thruét featg?bs and deformed
macrofabric that would be fourd in that particular regional
topographic configuration. These would provide  valuable
“information in identifying ice-thrust keatures and areas
likely to be underlain by glécially-deformed‘sédiments based
solely on terrain analysis and regionalﬂtOpographic and
- geological map studieS. | | | .

‘Bach of these topographid\Eonfigurations'wi11 be termed
as a #ype of 'glaciotectonic facies' whicb refers to a
glaciated area on a regional scale that (1) consists of a
particular topographic configuration sucgwas an escarpment
or the vally wall of a preglacial be%{ock channel tﬁat is'
“susce%tible to ice thrust%ng,‘;nd (2) consists‘of certain
fabric elements such as glaciotectonié—induced‘;%ears and
surficial features such as meltwater éhannels with
orientations reiated to the direction 5£ ice movement ana/or

the strike of the slope of that particular topographic:

configuration. \ e

199 —
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8.2 Method of Study |
The ice- thrust features found fh the areas studled are. n

located 1n the1r assoc1ated reglonal\bedro&k topographlc
crOSSrsectlons. Based on the. avallable suﬁ&1c1al maps of the

- areas, the types of reglonal surf1c1al dep051ts ﬂh the areas.

_are also shown ‘in the cross- sectlons. Fabrlc dlagrams 1n the. “y‘;;
form of stereograph1c plots are constructed for the - - "f
partlcular type of glac1otecton1c fac1es. These fabrlc |
d1agrams 1nclude the trend of the bedrock topographlc
conflgu§at10n such as the strlke of the bedrock surface of a‘/
preglad1al valley, th strlke of a (proglac1al’) meltwater
channel " the trend\of the 1ce thrust rldges, the dlrecthnm
,52 the gla01al movement the d1p d1rect1on of faults, andog
attltudes of the fold axes and. deformed beds due to 1ce
thrustlng found An or near the study areas. The movementbof

;the faults and shear planes ‘in. the form of 511p l1nears
(B1elenste1n and Elsbacher, 1969) may be plotted on the
fabrlc dlagram 1n order to 1nd1cate the relatlve movement of
the shears and trends or' orientations of the. macrofabr1c 1n

'~ an 1ce thrust terraln w1th respect ‘to the d1rect10n of the
'1ce movement ln the reglon. F1gure 8 1 shows-the symbols
used in these fabrlc d1agrams. The resultlng cross sectlons

. and thelr assoc1ated fabrlc dlagrams contrlbute to certaln

| typés of glgclotectonlc fac1es. Examples of the TR 1; f

glac1otecton1c fac' ~and the assoc1ated bedrock topographlc

Cro ions /and fabr1c d1agrams are dg&lneated in

:?Appendix’l. The characterlstlcs of these fadles observed in

EY
. Al 5
— <4
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the study arLas are summarized below.
N |
8.3 Glacxotecton1F Facies
| The types of glac1otecton1c fac1es found in the study
areas in central and’ southern Alberta are: (a) Escarpment -
Type, (b) Valley Type, and (c) Plains Typef

Types (a) and (b) have been ment ioned by Banham (1975)

‘and Eyles and Menzies (1983 ﬁ%g. 2.19), Type (c) is

&

suggested by the author for the first tlme. These Types of

glac1otecton1c fac1es are deflned as follows. , ‘_p:

[
-
~

8.3.1 Escarpment‘Type
Escarpment fac1es occurs on an- 1nland c11ff or steep to
gentle slope such as the scarphface of an eros1onal remnant
or the 5 ope of a broad rlver valley that is opposlte or
1nc11ned to the flow1ng d1rectlon of a glac1er. Mar ine
cliffs should also belong to thls category although they are
- not present 1n the reglons stud1ed In general the upper
portlon of the scarp- face of the Escarpment Type | |
'glac1otecton1c fac1es found kn the study areas consists of a
slope gradlent of about 16 - 53 m/km and the lower portlon
of the scarp and the plain in front of the.scarp has a_slope
gradlent of "about 2 - 12 m/km.v L |
FOé escarpments formed*by.er051on, very broad river
valleys may ex1sgB;ara1Lgl to the scarps. In thlS case, the’

vescarpment can be tre ed. as the slope of a river valley.,

Ereld»studles 1nd1catebthat~these valleys have a width from
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about 10 to 65 km between crests and 1= 10 km wide at their
bottoms. Examples are the Joffre Hllls near. Lowden, Lake and
'the preglacial® Med1c1ne Hat Valley near the Cypress Hills - |
(Appendlx I, Fiqures 1.4, 1.5 and 1.6).

&8carpment Type glac1otecton1c fac1es tend to be

located along the slope of a preglagi hill or valley with
its strlke perpend1cular to and mtszgééhagainst thelice
direction.-The attitudes'of the fabric elements associated
with th1s fac1es 3uch as the trends of 1ce thrust r1dges and
elongated source depre551ons, and the trends of the fold
.axes. and the strxkes of the 1ee deformed beds tend to lie
”perpendlculer to the glac1al d1reot1on, whlle the;dlp o
-directions of the thrusts and shears in these features are
often oriented parallel to each other and agalnst the ice .

,g‘ﬁl .
direction. Within the Eascarpment Type glac1otecton1c fac1es_

found 1n/the study area, the 1ce thrust features tend to be

in the- slope of the escarpmeiaway f=rom the thalwegs of

preglac1a1 valleys in front
R
F1gures 1.2 and I @9 Figures 8.2 and 8, 3 show the fabric’

he escarpment (Appendlx I,

model of ‘the typ1cal Escarpment Type glac1otecton1c facies
ogserved in Wabamun Lake area and Lowden Lake area.

Figure 8.2 1nd1cates that the d1rect1on of dlsplacement‘
of the thrust faults and shear planes, and most of the dip -

dlrectlons of the deformed beds Ln Wabamun Lake area atre

parallel to the d1rectlon of 1ce movement in the reg1on. The

- st;lke of the. north facing slope of the 1nterglac1al North

Saskatchewan Valley where the facies is located ‘and the fold

%
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Figure 8.2 Fabric Diagrambof Escarbment Type Giaciotectoﬂic

Facies, Wabamun ‘Lake Area
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Figure 8.3'Fabric‘Diagram'bf;Escarpment Type Glaciotectonic

. Facies, Lowden Lake Area
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aXeeﬂof the deformations found in the area are'infgenerAl
-perpehdicular to'the ice dipection. The glacial advances in
‘the area ‘range"from 170% to 191° azzmuth and are deduced-
.lfrom field observations in H1ghvale mine and other
ice-thrust. features foundiln_the adjacent area (Babcock et’

| al., 1978). Fioure 8.3 showe that‘the oip'directiohs of mostx
of the deformed beds found iP Lowgen Lake ‘area arevparallel':
to the ice flow-directlpn. The'ice‘flow directions fange
from1201° to 234°'azlmo£h and are inferred from the ice-flow
markings found near Lowden Lake (Stalker, 1960a, map 1081A).
It is also shown that the trend of the 1ce thrust ridges and
,the;r assoc1ated source depre551ons (Appendlxoc, Figure
c.12), the fold axes of the ice—thrpst features (Appendix C,
':Flgures C. 13 and C 14), the.strike of‘the preglacial bedrock
slope at‘the rise of Joffre Hills (Farvolden, F963a,-fi§,
14), .and the trends of many‘ridges»of-undetermined origin

. found near the area.(Stalkerh'1960a) arelappa}ently
perpendicular to the range of the glacial airection of

motion (Figure 8.3).

,B 3.2 Valley Type S
jWhen an'ice lobe enters and flows parallel to the .
thalweg of a r1ver valley, the flow of the glac1er creates
compression on both sides of the‘valley slopes causrngv

throsting-lnto the .slopes away from’the ‘thalweg of the
valley The slope of the valley 51des found in the study

’areas range from 11 to 32 m/km, with a w1dth of 4 -9 km
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{ i ¥ s » . .
between cresZé\and 0.3 - 4 km at their' bottoms. Examples are
the Beverly Vafley and Namao Valley in the v1c1n1ty of the‘

city of Edmonton (Appendxx I, Fxgure 1.7 and I. B) W1t'

the Valley Type glac1otecton1c facies found in the studj
_area, the 1ce thrust features tend to be located in the
nalls of preglac1a1 valleys,‘whzch may have a horizontal
distance about 0.8 -.5 kn away and a vertical dlstance about
15 4’69 m above the thalwegs of these valleys (F1gures - 7
and 1.8).. . - - |

No fabric model of Valley Type’glaéiotectonic facies is
~ available at present due to the lack of eXposures_of

ice-thrust features along the two opposite sides of the

preglacial valleys Studied.

'8.3.3 Plains Type‘_

| The Plains glaci ‘EEtonic‘facies occurs on a relatively
'featureless, flat to gentlj rolllng plain which a glac1erﬂ
overrode. The slope grad&ent of the plalns observed in the

study areas is very gentle and is about 2 .- ‘m/km. Examples

‘are the Castor‘— Coronation - Brownfield. dlStrIC.S (Append1x-
I, Flgure 1.10). o
Flgure 8.4 is a fabrlc model of the Plaink. Types .
'.glac1otecton}c facies observed in Hanna - Sedgewick atea and

the areavnorthwest of Sullivanytake.;It:isﬁshown~that some
of the deformed beds in this facies have their dip
directions uithinkthe range of glaeial direction which have.

a renge of_20l° to 234° azimuth; however, a portion of the



Figure 8.4 Fabric Diagfam of Plains Typézclaciotéctgnic

Facies, Hanna - Sedgewick Area
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deformed beds observed in the field have their,dip
directions outside this range. This may be due to. (1)
1nsuf£1c1ent measurements to reveal the range of dlrectxon 4
of ice movement and the main attitudes of the~1ce~deformed
beds,‘(Z) tﬁe strike error (Ragan, 1985, fig. 5.20) involvedA
in measur1ng most of the deformed beds in the study area
whlch have a small inclination (9° - 14°) with respect to
the horizontal, _and (3) thd absence of topographic restraint
on a #gain to confine the movement of ice flow; thus,'more
ice lobga would appear and flow in diffenenc directions
along the margin of the ice. As a rgsult;’the trend of the
‘ice—thrust'featmfes which were formed due to the‘flqw of
'@hese ice ;obes, should be different from each other.'
8.4 Discussion . |
1. The main dif%erence between the Escarpment‘Typezand the
Valley Type glacictecconic facies is the direction of
glac1er movement with respect to the orientations of the
reglonal bedrock topograph1cal conflguratlon. When the
‘ reglonal ice flow is perpendlcular to an escarpment or
when the: glac1er flows across a rxver valley, these
"Ltopographlc features are cons1dered as an Escarpment
aglac;otecton1c facies. Hewever, when an_1ce lobe flows
_alongtan escarpment or entersra valley and flows
¢ .
pa;alle{ to tﬁe'tbalweg of this trough, these
toﬁograénic features are treated as a Valley

glacictecﬁonfc facies.

T
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i

he ice-thrust features in the Escarpment'Type

Walley Type glaciotec;onic facies can be
mistaken as_slump features or igneous intrqsive
features. Examples: the deformation of the.Whitemud
Formation in the Eagle Butte district, Cypress Hills

~area, was believed to be due to large—scale slumping by
Russell and Landes (1940); and the disturbance of tne
Whitemud‘and the Eastend'?ormations near Claybank in
southern Saskatchewan had once been attributed to
landslldes and grav1tat10nal gl1d1ng‘YBell 1874; Dyer
1927).

The macrofabric‘exposed nortnwest of ghe Eagle
Eutte'district inyestigated by the author and at the ’

. Claybank area studied by Byers (1059) 1nd1cated that
they are 1ce-thrust features. This is because: (a) the
observed structures are composed of folds with low angle
-thrust faults and absence of inverted limbs whlch are

~ characterlstxc of surf1c1al features . (b) the folds seem
to die out downwards in the Eagle Butte area (Appendix

.'C Plate C.1) instead of upwards if they have been '
produced by 1gneous intrusives, (c) both areas belong.to
the Escarpment Type glae\otectonlc facies, and (d)
aerial photograph studies of the-area have not -shown :any

4

large- scale features such as scarps and slumped debrls (

. «\ “
related to large earth movements. . (j:

3. Ice-thrust macrofabr1c in glac1otectonic faZE!s may show

that E&ey have been affected by mdltiplerglaciation.



such as escarpmens. or valley slope,'the toe of ‘the
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Examples are the deformedcbeaéﬁ;nd thrust faults
measured in the study éreas near the Cypress Hillsfthat
had been glaciated by ice lobes which flowed mainly
toward southwest and southeast (Appendix B; AppendiX'C,
FigurevC.BO). The g}géiotectonized landscape of Holland,
North Germany and Poland also show that younger thrust
sl1c;s commonly 0ver11e ridges and indicate that

successive glacxatlons mlght cause mu1t1p1e phases of

'dgformat1on in the same glaciotectdnic facies (Eyles and

-— -

Menzies, 1983, p. 63; Maarleveld, 1981).

Fieid evidence shows that distinct ice-thrust features
tend ®o form on local topogfaphic barriers such ;s |
proglacial channels and regional.slope surfaées suéh as

Escarpment and Valley Type glaciotectonic facies

(Chapters 4 and 8). The effects of topography on ice

.thrusting are described as follows

When an ice sheet flows toward a topographic high,

glac1er and the inclined ground surface would form a N
dralnage ba51n that traps riwver water from the hlghlands
and glacial mel@\gter from the ice (Rutten, 19?0).
Evidence of the presence of water bodies in front of the
margin of *the ice sheet that covered.the study.areas :
include proglac1al meltwater channels and »
dlaciolacustrine deposits, as observed 1n the Lowden
Lake area, the Nisku area, and the Isle Lake area

(Appendix C, Figures C.10, C.11 and Cc.12). It is known

N
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that water bodies cam cause the permafrost 1n the
underlying sediments to decay. Th1s has been shown by
the existence of a deep thawed zone below a water body
(lake or riveB)‘in an area underlain'by continuous
permafrost (Johnston and Brown, 1966; Brown et al.,
1964; Smith and Hwang, 1973). |

Thus, the presence of proglacial lakes and channels
suggests the .decay or absence of permafrost in the

sediments close to or below these water bodies that lie

in front of .the margin of the ice sheet. The

transformation of the permafrost in front of the

stagnant frozen snout into unfrozen sediments would
decrease the resistance (passive earth presstre) of the
subglacial strsta against ice thrusting. This is shown
by the requirement that a lesser amount of water
pressure is needed to act.against the potential failure

surface under the stagnant frozen toe of -a subpolar ice

sheet without proglacial‘permafrost in order to allow

glaciétectonic failure to occdr (Chapter 9, Tables 9.2
and 9.3). As'a result, all things being equal, ice
thrusting would occur more often when the marglnal area
of am ice sheet rests on a slope 1nc11ned upglacier
toward the giacier margin where preglecial water bodies

could be impounded, for example, the Escarpment and

Valley Types glaciotectag;e facies, than on a plain such

as the Plains Type glaciotectonic facies or on a slope

inclined downglacier away from the glacier margin
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(Appendi:} ).
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9, MODELS OF ICE 'Tﬂﬁus'r'mo

9.1 Iatroduction

w

o . . . o ) . L )

In this, Chapter,*the thermal conditions and the surface
proflle of’ the late Plelstocene 1ce sheet ‘that glac1ated the"
‘study reglon w111 be rev1ewed Based on this glac1ologécal

descrlptlon of the 1ce sheet Wthh was respon51ble for 1ce'
R =
Y NN

*thrust1ng, andczje,geologlcal and geotechn1cal
' characterlstlcs of the 1ce thrust terralns as shown in the

prev1ous Chapters, models of the mechanlcs and “the processes

I'es

of glac1o}ectonlsm that occurred in the study areas w;ll be

'proposed

- -~

'_9 2 Thermal Cond1t1ons of thé:;ate‘éieistOCene Ice Sheet in
the Study Reg1on’
' The snout of a. subpolar ice sheet is th1n and frozen to o

L]

1ts underlylng strata and can only move by 1nterna1
’\
deformaton, whlle behind the marglnal area the ac1er is
vrelatlvely thlck and thus warm- based and the ice malnly

moves by'1nternal deformatlon and basal slldlng (Hooke,f

'_1977- Weertman,.1957v 1961). However, when the toe of a’ 3

' subpolar 1ce sheet has moved far away from 1ts sources onto

broad lowland ”1t may also become st&ﬁnant due to: (1).~

5 '
"verloadlng of the glac1er w1th englac1al debrls wh1ch would
g R
reduce the plast1c1ty of the 1ce (Fllnt 1942 and/or (2) ";'_fﬂi*

’ 4
cr1t1cally thlnned to the thlckness that 1nterna1 creep is

_negllgrble'because of. the decrease 1n‘1ceQ§gpply irom;the b

T e
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atcumulation area and/or an increase in ablation rate due\%%k

. a

ameliorating'climatio}conditions (Embleton'and King, 1975),

Indeed, field studies indicate thatrsome;subpoiar glaciers

[ ) . ‘

. ‘(ice caps and valley glaciers) consist of an outer marginal

- stagnant zoné‘with basal temperature below melting point and

A ) V A ' . : L )
an inner internal active zone with basal temperature at

melt1ng p01nt (Weertman, 1961- Schytt 1969) .-

The stagnant snout of a subpolar glac1er would become a
-barrier and be compressed by the .ice mov1ng from the‘

1nternal actlve.zone.‘Th1s-would cause shear planes to form,

¥

f1nc11ned upglac1er, near'the'bOUndary between the stagnant

h and’ act1ve zones, and subglac1al debris in the latter would

sheet that covered the study reg1on 'seems to be so low and

«

-

be»transported along~these shear p}anes to the surface of
th%»former (ﬁishop,‘1957,_fig. 33;1N§e,:1952a' Swinzow,
1962 Souchez; 1967)S*Because of this, supraglac1a1 -and
englac1al deﬂrls snould be abundant in the marginal area of
a subpolar glac1er, and it has been suggested that the

retreat of the 1ce would chlefly dep051t flow till, ,meltout

: tlll,‘and supraglac1al outwash formlng kame moraines and

other dead—lce dlslntegratlon features such as’ moralne
plateaux and hummocky moralnes on. the ground (Boulton,and

Paul 1976 flg *5 Embleton and K1ng,e1975)

I¢ is noted that the ice- thrust terrains studled are
ma1nly qgvered by dead ice dlslntegratlon features SUCh as
hummocky dlslntegratlon moraines and/or outwash (Chapter 4-
Appendlxes C and I) and the. marg1nal prof11e of the ice |

,1'

N,
=
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' thin that movement near the toe.of the glacier‘was probably
L i \‘ , ' Al
" small or negligible (Mathews, 1974). Thus, it is inferred
_ . S A

that the late‘ice‘sheEt'that retreated to the study areas is

a subpolar type glac1er and its margin that was located at

. or near the are?s studied was probably cold based and

stagnant.
‘9.3 Mechanics of Glaciotectonism.

'9 3.1, Introduct1on ) - }
The thermalscondltlons of the late 1ce sheet that
’"glac1ated the study areas suggest that the marg1na1 area of

the glac1er, wh1ch was frbzen ‘and stagnant acted as an
ice—dam‘anduresisted the ice‘that flowed_froﬁ the active ‘and

fWarn-based portion of the giacier[ causing the latter to
'thichen»graduall§'as i accumuiated ice fromvfurther

"tmpstream. .The magn1tude of the- compre551on w1th1n the
stagnant snout and 1xs‘underly1ng sedlments would have
cont1nued ‘to increase as the 1ce thlckened upstream. When

the subglac1al shear stresg due tl this compre551on exceeded

Lty

the shear strength of the subglac1al strata that underlald

the marglnal stagnant area, 1ce thrustlng occurred.,
" .

! The proposed mechanlcs of glac1otectonlsm is analogous

3

to the failure mechanlsm of a reta1n1ng wall’ In thlS case,

>

'””staqhantﬁtroggh toe of a subpolar glac1er would‘be‘

Q,jireated as a“gravaty structure. Accordlngly, stablllty
analy51s can be performed on the stagnant frozen snout under

'~H, -
AR



partlcular geolog1ca1 hydrogeologlcal angﬁglaauologlcal

condltlons. By examining the factors in these cond1t1ons
-such~ as the magnitude Qf water pressure and accumulated-xce
thickness behind the stagnant snout that will lead, to the
fallure of the toe in the. analy51s, the relatlve 1mportance
oé these conditions and their contrlbutlons to the
1nstab;11ty of the tde and'thus the mechanlcs of ice
fthrusting will)become ohvious..

B is the - ice ‘sdrface profile and the thermal

{;he ground near the snout of the subpolar
glac1et; the conflguratlon of the fallddywsurface due to. 1ce'

thrustlng, the strength propertles of the subglac1al

@

sedlments and the types and magnitude of the forces on the

stagnant toe that cause- failure need to be known and these

: tﬁ
. will be’ shown 1n_the fqllowlng sectlens. ik

-

9.3.2‘Ice Surface Protile and Permafrost

' Theoret1cal and field ev1dence 1nd1cate that. the

’

N
‘marglnal ax1al profile of a contlnental ice sheet that-- :
,;;

’flowed’onto a gently sloped, broad surface (for examplé‘ the

"topographlc surface 1n central and southern Alberta) can be

i

expressed approxlmately by a pataggia (Mathews, 1974
Patefﬁon, 1981) :

»

1/2‘ R - : )‘ |
H:IP... X - ..on,oooo.oo-lolc---.-ooono.-'n (9-1) Whers N
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R

héqght of 1ce surface above 1ts terminus,.
iy .

coeff1c1entﬁaf;glac1er profile,

ba o4 ‘:
W

o
"

dlstance upglac1er from the term1nus.

. .
. . . 3 :
‘ 4 . /\ g ' ) - .

IS

L
H

It needs to be noted that the slope of the suface;'
prof1le is not. vertical at the edge SO equat1on 9 1 cannot
‘be applled there. | |

Fleld 1nvesttgatlons suggest that the marg1nal prof1le
of the Plelstocene Laurentlde ice sheet in central and
southern Alberta had a P value of about 0 3 to 1. 0 (Mathews,
1974y, a T

| “_“' .

Assuminjwthe‘ice sheet is in a thermai steady'state

condition, “fhe glac1er basal Ehmperature can be estlmated by

*the heat transﬁer equatlon (Harlan and Nixon, 1978)

_‘ Lol ’<
N

O

o

-

. {ﬁ ‘ ‘1'; . . ] ‘
kﬂ%“ﬁlT Y Ah oA veveeeeveieanss (9.2) where

Q =

. ‘ 2
e : v

o LAl - B .

0 = heat flow per unit €§he,
k = thermal conductivity of a material, "
T: = temperature,

'h” = thickness or distance,’

: .A'=3area.
’ ' AT/ Ah = temperature gradient

_ The geethermal heat flow in central Alberta is about
.0.0016 mcaliem“’ksecf‘ , and theithermal>¢onduetiyity of the

e
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‘;cersheet and the surf1c1al sed1ments is about 5. 2 mcai cm»‘
“seoi' °c-! and 4.8 mcal cm™' sec-' °C-! respectlvely (Judge,
1973;KGarland and Lennox, 1962' Paterson, 1981; Harlan ang
Nixon, t958, table 3, 3). Subst1tut1ng these values into
”equation 9.2, the resu1t1ng thermal grad1ent of the ice.
sheet is'ahout 0.031 °C/ m and for the sedlments in the
region is about 0.033 °C/ m. \

Assuming'the retreating late ice sheet in the region
had a P value ofh1.0 ano rested on a ground'surface‘that can
be approximated as a horizontal plane as‘observed in the
Plains Typefglaciotectonic.facieﬁ (Appendix &, Figures 1.9
and 1.10) and under an annual air\temperature'qf -1 °C, the
marginal surfaoe'profile of the Qlacier and the proglacial
-and subglacial.permafrost distribution can be caiculated
Lhased on'equation 9.1 and the estimated thermal gradient.
The estimated profile of the glacier before failure or ice
thrusting and the‘thermal conditions‘of\the underlying 3
suhglaciai sedinents are shown_in ngure 9.1. The5boundary_v
between the-cold*based ice and Warm—based“ioe‘rs located at
the point where'the bottom of the permafrost reaches the
ground surface.'In the follow1ng analyses, this boundary
w1ll be approxlmated as a vert1ca1 plano in order to
. 51mp11fy calculations. This 51mp11f1cat10n is just1f1able
'because field observation on the shear moralnes in northwest
Greenland suggests that the contact between the outer
' stagnant zone,and~the inner moblle zone of the ice inclines

upglacier between 45° -‘90°”wﬁth a mean d}p of approximately

[
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805 with fespect to fhe horizontal (Bishbp)n1957).!

9.3.3 Geometry of a Glaciotectonic Rupture Surface
"The'major partion of a glaciotectonic rubture surface

should be essentlally flat-lying and located withih a weak

and flne gralned stratum; ThlS inference is based on the
observed horizontal shear zone in an ice-thrust terrain

- studied which vas composed of bentonitic mudstone and

vbeneonite layers (Figu:es 5.2 and 5.3; Chapter 6). It is

',aléd believed that that portion of the élaéiotectonic

iupture surface_is_btobaply where the bottom of the

permafrost was located during ice th;uetingu This is because
although the shearwstrength along frozen/thaweé interfaoes"

'seem to be higher than unfrozen sediments (Thomson apd

Lobaci; 1973 Tong) 1983)( the shear strength at thevfailure

. plane can be 51gn1f1c1antly decreased when it coincides with

a frozen/thawed 1nterface due to theifollow1ng processes-

1. Decay 65 pérmafrost due to ameliorated climatic
condzzlons and/og 1ncrease in the thickness of ice. coVer
due‘to a glacier,advanced‘over an area with pre-exlstlng
permafrogt would caube thaw cbnSolida;ion along the
frozen/thaved 1nterface. As a result, high pore water

' pressure will develop along the bottom of the permafrost
if the adjacent strata have a relaﬁlvely low
permeabllity; . |

2. The'development of permafrose'in the marginal area ofr

tﬁe ice sheet may block tq‘?drainage of the aquifer that
¢ . ' I. .
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underlies the'snout and cause the water téble té fise
ifto the temberate portion of the ice sheet behind‘the
fmargiﬁél area of the glacier. Phus, the hydrostatic |
préssufe at the base of the permafroétfwill be ¢
increased. | |
- The above processes could in¢rease the water pressure
at the bottom of the permafrost and thus reduce the sheaf
strength along this frozen/thaﬁed inte;féte.

Subsurface ihveStigatibns on the glacidééctonic
aefofmatiqns by the author (Figure 5.2) and bther WOfkers in
other icejtﬁrust terrains (Kupsch, 19623 Wageren, 1981;
Slaéer; 1927a) indicate that the downglécier ehds of
glacioteétonic rupture plénes'fend,to‘join the ground
surface by thrﬁst faults with én inclination (6) of about
20° - 40° with respéct’to the hoéizontal, which'seem té
‘agree with the inclination of fractufe planes (6 =45 - ¢ /
12{ formed due to passive ea;th“pressure failure. The
'ungacier ends of glacioﬁectonic ruthEe plénes are probably
vertical t0=stee§ly inclined with.réspéct to the horizontai,
This is inferred from the“scaf structures obserQed in Lowden
Lake area (FigurevSES) and in other ice-thrust téirains
(Lessig and Rice, 1962).

- To sumhéiize} the major portion-of a glaciotectonic
failurg suffacevis flat—lying ahdvlocated within a weak,
fine—g;ained'and ho;izontal‘stratum and ppobébly coincides

with the base of permafrost during ice,thrusting. The .
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downglacier 'end of the rupture surface joins with the ground

surface by a thrust fault with an inclination of about 30°

with respect to the'horizqcta / The upglacier end of the

[ BN

':upture surface is assumed to\be a vertical fracture plane
that extends upward to the ground surface and joins with the -
vertical boundary of the warm-based and cold-based portion

of-the ice sheet.

.

R . ' ' .

9.3.* Etrength‘Properties

.

The materials -that are involved in glaciotectonism can

7;be‘broad1y cldssified.into three main types according to

" the1r propert1es and thermal conditions: (1) ice, (2) frozen

sed1ments, and (3) thawed or unfrozen sediments. The
strength propertles of these materials are briefly described
‘a; follows.

1. ce

The ice sheet is mainly ﬁade up of polycryétalline
ice with ;éndomly oriented and equiaxialoicg c;§é£als
(Michel, 1978) which will creep or flow ﬁnde: load.
Field'observations; labdratory work; and theoretical
considerapiéns show that it is a reasonablé :

,approximation to regard glacier iée under the rates ¢f
deformation (< 0.1 year~') Qbserved in modern ice sheets
and glaciers as a perfeétly‘plastic material with a

yiela stress in shear of abou£-100 kPa (Nye, 1952a,

1952b; Orvig, 1953; Paterson, 1981; Glen, 1952).

2. Frozen Sediments . | <
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‘The éfrength of frozen éédiments are influenced&by
the presence and amount of unfrozen water, ice content
and its distribution, grain size and shape, strain rate,
temperature, and density (Anderson and Morgenstern, |
1973) . However, laboratory work seem to suggest that the
~lon§ term ultimate creep.strength of a dense frozen sand
is a function of the effective_frictional,strength of
the sed1ments in an unfrozen state (Sayles, 1973).
Moreover, laboratory 1ﬂvestlgatlons have shown that the
sbear strength for ice—poor, frozen, fine—gralned
sediments tested undér low stréin rate (1x10°* cm/Q‘n)
was essentially identical to the effective shear
stréngth of the‘samé sediments in a thawed or‘hnfrozen -

state (Roggensack, and Morgenstern, 1978). Thus, if the
frozen sediments (such as sandstone and mudstone)

© deformed by ice thrusting were i;e-poqr, it seems to be
rqésonablé to suggest that'they would have an unfrozen
shear strength during ice thrusting, This is because -
glacioﬁectonism is thought to be caused by deformation
of the subgladialvsediments‘due to‘ice flow which is a
slow process.

3. Unfrozen and Thawed Sedlments

The surficial bedrock in central and southern
. Alberta, which have undergone cycles of loading and
unloading, permafrost, ‘and weathéring, are believed to
have‘a strength below peak. The properties of some of

the unfrozen sediments in the study region are shown in
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Chapter 7. ) | , .
. iy
In the followingds;ability analysis, the frozen
« o -,
materials along the glaciotectonic rupture surface are

assumed to be ice-poor and have a shear strength as they are

.in an unfrozen state during glaciotectorfc deformationQ"'
. R

S AL
PR

9.3.5 Stability Analysis . - ijﬁ;.
8

To simplify the analysis, lét the permaffost ﬁ*&g‘Jthe
stagnant toe of the subpolar ice sheet, instead of
decreaéing in thickness gradually upglacier (Figure 9.1),
have a constant thickness and end at the boundary between
the cold-based énd warm—bésed portions of t%e glacier. As a
result, the geometry of the glécier toe .that acts as a
;etaining structure, whicﬂ failed during ice thrusting, is

| outlined by the poftibn'of the ice profile above the frozen

~ sediments, the boundary'between the gold-based andy

warm-basgd ice, arld tﬁe configuratioﬁ of the.glac
lﬂwﬁgpthre surfade (the downglacier inclined portion of theé
-rupture‘surfgce is.replacea by a vertical plane at the
terminus instead) described inasection 9.3.3 (Fiéures 9.2,
9.3 and 9.4). :
This glaéier toe, which is éomposed of two halves with

glacier ice oécupying_the upper half and frozen sediments
'occupying.the lower half, is considered to be stagnant and
to behave as a rigid retaining structure during 4ce
thrusting., This is Secause: o

1. The stagnant snout of an ice sheet, which is p:bbably



be called the stignant frozen blogknlnfﬁh

' ‘paragraphs.

performed on the stagnant frozen tol

ice (Tabor and Walker, 1970)- ,ﬁ }
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‘overloaded with englacial and supraglacial debris as

discussed in the prewious péragraphs, can be regarded as
a very dirty ice or ice-rich frozen soil, The
classification of frozen‘soifsvfollows Weaver (1979),
Laboratory work on very dirty icé%ﬁice containing

&

dispersed fine sand) and ice-rich fine-grained,sediments
. vi‘ !

suggest that the materials have a steady—state creep
rate lower than tn@t of po}ycrystalline ice at“—
comparable temperature and stresses (SaV1gny and
Morgenstern, 1986; Hooke et al., 1972). Slnce‘the
compression applies to the glacier, toe due”to ice which
flowed from upstream is,presumedAto be at or beloy the
yield stress of ice;'as a‘result, the_oreep of tne

stagnant toe due to this external compression is

' regarded as very small.

The ice and fts underlying frozen sedimeénts are bonded

together. This is because an 1ee/rock 1nterfacé tends to .

-u\t‘

have an adhe51on Strength stronger fhan'ﬁ

In the following sections, sta iLZ
> . )

-l B . i
s "q_

- R SN
3

[
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Plains Type glaciotectonic facies is\{esé gommon in

region studied (Chapter 8), it is analyzed first. here
because the mechanics that causes ice thrusting in this
facies is more géﬁ%ralized than the one that initiates
glaciotectonic deformation in other facies. Thus, :s shown

below, the study of the former would be easier to describe

and interpret than the latter.

9.3.5.1 Plains Type Glaciotectonic Facies
Figure 9.2 indicates the configuration of the
stagnant en block, the groundwater conditionsS\the
glaciotéétonic rupture surface, and the profile of the
. ‘ . /‘—'
warm-based portion.of a subpolar ice sheet with
.fmoglacialkpe:mafrost in a Plains Type glaciotectonic

facies during ice thrusting. Figure 9.3a is a free-body

diagram which shows the resisting and activating forces

‘on the stagnéht frozen block. The stagnant frozen bloc :
is vchosen to be 1 m in width and 400 m in length. The h
latter vdimen§ion';2is based 6n '\the‘ length df!' the -shear
zone deduced from a subsurface investigation in an
ice-thrust terrain (Chapter 5). The top surface of the
block was,drawn based on equation 9.1 with a P value
equal to 1.0. The properties of the rigid block are
shown in Table 9.1. . |

'_.The.ice mass at the upglacier face of the stagnant
frozen block is compréssed byvthe ice flowing from the -

warm-based pogéion of the glacier (Figure 9.2). The-

compression due to this glacier flow (Fi) is estimated

b
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Frozen
Sediments
" X
‘ L Ice - ) :
SNSRI LT — _‘\g " i
: [/ );ff.f = : — Ny amanme e e Ll L
oo /AR R A A A A N (O
. ' i - l"' . \\ X ' e
S : v ‘
W oy - Frozen
. 2 v Sediments
(b) T 1 Sediments
‘f‘ N, U
) 4
W,= Weight of Stagnant Glacier, Toe : _ ‘
'w2= Welqht oF Frozen Sedlments
Ea= Compre551ve Force due to Active Earth Pressure
Ep= Re51oL1ng'"orce due to Passive Earth Dressure .
ri= compressive Force due~to Glacier.Flow e
Ua= MHydrostatic Force - '
N = Normal Force - \
"U'= Hydrostatic Force
. S = Shear Re51stance Force
-1, = length of the Staqnant Frozen Block ‘ ,T\
' Hi= Maximum Height of the Block Above  the Ground Surface
# . 2 = Depth of Permafrost on_the Base of. the Block Relow Ground
PN
’ e ourface o o ,
’ A - N
, - .

'Flgure 9

_Fac1es,

r

-3 Free Body Dlagram. a'-»Plains Type GlaCEoieCtonic

Escarpment/Valley“mype Glac1otecton1c Fac1e5"

a5 s b e

- X s




: I'?'I‘able 9.1 Material Prope.rties of the Frozen Toe Area of a

.

;_ ‘Gjlacie; | . :F“ . - | |
‘Material . : fy".." : e ycp“r -
Rati |
KN/m? ‘.7“.‘**' ‘(KPa) , d:eglre-_e“
lce 8.9 100 o
- sanéstone 21.0 0.0 30
 “Mudstone 20.0 0.0 11.5,

2%

¥
A



to be‘about‘ZOO kPa which would produce a“ma%imum shear
stress equéﬁ ¢o the vield stress of,glacler'?ce. A

' The frbzen sedlhents at the?upglacier‘face of‘thej
'block are under hydrostatic pressure‘and active earth
pressure dur1n%v1ce thrustlng.’The latter 1s a functlon
of the thickness of the overlylng actlve flow1ng ice and

the subglac1al sedrments behlndwthe block and above ‘the

failure. surface. The’ th1ckness of the actlve flowing ice

"behlnd the block may increase or bulge because. the,block'

'has'acted~as,an ice dam that obstructs 1cerﬁlow,from
upstream.
The maximum vertical height to which a bulge can

grow behind the stagnant frozen block. is about 30m

 above the original ice surface'of the warm—based portion
3

~of the. glac1er. A waver llke bulge developed near the

; boundary between warm- based (upglac1er) ice and

cold- based (downglac1er) ice which has a helght of about
25 m above the pre- swelllng ice - surface has been

' observed in a subpolar glac1er in Yukon (Clarke et al.,

1984). -

The frozen sedlments at ‘the downglac1eﬁ'face of the'

‘ block are under pa551ve “earth pressure dur:hg ice’
‘ thrustlng wh1ch is a funct1on of the th1ckness of the'

'sedlments above the fallure surface.v B

g PO

A T .
The total active earth pressure (Ea) and pa551ve

v

earth pressur »(ﬁ!@ on the subglac1al frozen strata of

B3

the block aqﬁ‘calculated accordlng to the. follOW1ng

g
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equations'based on Rankine earth pressute theery
(Terzaghi, 1943, p. 48):

A .

Ea = 1/2 v 2* tan?(45° - ¢/2) - 2 C 7 tan(45° =
¢/2) '."‘lll......‘l.' (9“..3)

Ep = 1/2 v %% tan?(45° + ¢/2 +.2 C 2 tan(45° +.
¢/2) (O'IIOOOOOOXCDCCCI (9..4) Where
Y = un1t welght of 5011 mass,
z‘= depth between thé ground surface and the

potentlal rupture surface (in this. case, the depth of

permafrost) ' .

¢ -
C

angle of 1nternal frlctlon,‘

-cohe51on.

A
B Y
1

' During ice thrusting, the effective shea;

' res1stance along the base of the stagnant frozen block

can be- estlmated by the follow1ng equatlon' ﬁ?f‘

c' + (6 - u) tan ¢' .......(9.5) where
n : S s z.

effective cohesion,

[

o “= total normal #tress,’
n . S

¢‘ = effective angle of internal friction.




By varying the height of‘the‘bulge (Hb) between 0
fand,30 m, and the constant thickness of the permafrost
'~‘(Z), that is, the depth of~theﬁglaofotettontcfrupture“
surface,'hetween“o - 20 m, the water pressure needed to
oause failuréfof the-stagnant“frozen block underlthe ‘ .
'corresponding.activating‘and resistinglforCes,(Figure
‘9:3)vis caloulated by allimit equilibrium method.iBoth
‘the factor of safety against sliding and overturning are’
shown. The results of the analyses are summarized in
Table 9. 2 . Table 9. 3 1nd1cates the results of the
stability analyses on a stagnant fro;en toelw1thout

- proglacial.permafrost.

The stablllty analyses “indicate that the failure of
the stagnant frozen- toe of a subpolar ice sheet in a
hPlains Type.glaciotectonic_facies is marnly governed by
(Table 9.2): - | o
1. The“magnitude’of the water pressure that-acts'
'against the'potential ailure plane, whioh *has been
expressed'aS‘the heigh:\oiepressure head (hp) above °
the- fallure surface in the analyses (Table 9. 2). The
results 1nd1cate that fallure of the stagnant frozen
block always occurs when hlgh-water pressure ‘has
- developed at the fa1lure plane. This is shown by the
- ganalytlcal requ1rement “that the water Béessure head

at the bottom of the stagnant frozen block durlng

fa11ure be, above the ground surface.
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Table 9.2 Results of_spability Analysis on Glacier.Stagnant

Toe with Prog‘l‘aeial Pjnafrost, Ple-ins Glaciotectonic Facies

‘2" | Hi*: |H ‘hp | hg |F.5.5 [F.S.0
. m}y | (m) (m) | (m) | (m) ;
.,5535 10 20 0 |30.9 {20.9 |1.00 |1.00
o0 20 - | 10 [30.5 {20.5 {1.00 |1.02
ST 20 20 [30.2 [20.2 [1.00 |1.03
1 20 | 30 |29.8. [19.8 |1.00 |1.05
\..__\\\N\ .
- R - | ) .
5 20 | 0 [18.2 [13.2 [1.00 [1.12 |
57, 20 10 [18.1 [13.1 [1.00 |1.13 |
5 ' 20 |20 [17.9 [12.9 [1.00 |1.15
5 20 | 30 [17.7° [12.7 [1.00 [1.16
— —+—
15 | 20 | 30 [43.4 |28.4 [1.00 10.97 .
20 .| ‘20 .| 30 |sa.9 |[3a.9 [1.31 |0.96

Z = depth of permafrost below ground surface

Hi = height of ice surface above ground _s"u'rface
Hb = helght of bulge - . " B T e
hp= pressure head above‘tbottom of permafrost |

"h;g = pressure heed above ground surface

F.s.S factor of safety against sl\ldlng

F.S.0

factor of sa_fe_ty ~ageinstonertbrning



)

Toe without Pr

»
H

z " Hb hp | hg [F.S.§ |F.5.0
(m) (m) (m) (m) (m) -
10 20 0 [29.6 |19.6 |1.00 |1.00
10 20 10 29.3 |19.3 |1.00 |1.02°
10 20 . | 20 28.9. |18.9 [1.00 |1.03"
10 20. 30 28.5 |18.5 {1.00

1.05'j

—p
MU
vd
.

'2 = depth of permafrost below ground sQrface

Hi =

H§§= height of bulge

height of ice surface above ground surface

hpizp#eﬁsure head abovqmbéttom of permafrost

F.S.S
F.5.0

[

factor of safety against éliding

- hg = pfessure héad above ground surface

factor of safety against overturning’

sl

Table 9.3 Results of StabilityﬂAnalysis on Glacier Stagﬁant

acial Permafrost, Plains Glaciotectonic fBCieS_‘

s
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The depth of the potential failure plane which is

‘believed to coincide with the bottom of the

permafrost“and/br the dépth of a weak impermeable

layer. For example, when the depth of the potential

~failure plane (without bulging behind the block)

increased from 5.m to' 10 m, the height of water
pressure head above the failure plane must rise from
18.2 m to 30.9 m in order for sliding failure to

occur., Thus, when the depth of the potential failure

s
surface increases, an abnormally high water ‘pressure

- acting against the failure plane is. needed for

instability to occur. Moreover, failure of the
stagnant frozen block due to overturning fs.more 
likély to occur than sliding~as the depth of the
failure plane 1ncreases .

The thickness of the bulge that grows at the
boundary of the stagnant.frozen‘block and the
warm-based icgf For example, when the depth of the

potential failure failure is 10 m below the ground

‘surface, the water pressure at the plane required to

cause failure is reduced (aé sﬁown by the pressure
head which dropped from 30.9 m to 29.8 m,é@%h“ v
respect. to the failure:$urface) when a bulge behind

the. stagnant frozen block has grown from 0 to 30 m

“high above . the original ice surface.

The decay of proglacial: permaﬂéh?t (due to the

{

e
presence of proglac1a1 ‘water ‘% gles) would
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faciligate glaciotectonic.deformétion as noted By

the'ieésér-amount of water gressufetneedgd to act
,agai;sg the potential rupture surface to cause

failﬁré?of thé stagnant frozen block (compare Tablés

9.2 and 9.3). °

'9.3.5.2 Escérbment/Valley Type Glaciotectonic Facies-

The configuration of the stagnant frozen block, the
groundwater ﬁandifions; the glaciotectonic rupture

surface, and the prbfile of a subpolar ice.sheet with

.proglacial perméfrost in an Escarpmeht/Valley Type

glaciotectopig&facies during ice thrusting is showr in

s

Figure 9.4. In this analysis, the inclined slopes or

valley walls observed in these facies (Chapter 8;

Appéﬁdii I) are modelléd as a vertical face joined by a

"horizontal plane at its ends (Fiqure 9.4). Figure 9.3b
' L 4

is a free-body diagram which indicates the resisting and

activating forces on the stagnant frozen block. The’

profile, material properties, and the djmenéions of the

\

- block are similar to the one described in previous

~ section,

The entire Upglacier face of the stagnant frozen

block is compressed by the ice flowing from the

‘warm-based portion of the ice. As discussed in earlier

. | . _
sections, the compression due to this glacier flow (Fi) .
is about 200 kPa. The frozen sediments at the

downglacier face of the block are under passivé earth

presSuie during ice thrusting, which is dependent on the
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thickness of the sediments above the potential rupture
surface. The total passive earth pressure in the frozen
' sediments and the éffect;ve shear.resistance along the
bot;gm of -the stagnant block during ice thfusting are
estimatéd according to equations 9.4 and 9.5.

By varying the depth of the glaciotectonic ruptyre
surface between 0 - 20 m, the watef pressure needed to
cause failure of the stagnant frozen block under the
corresponding activaﬁing aﬁhiresisting forces (Figure
9.4T‘arg calculated by a limit equilibripﬁ method,

~ The results of the stability analyses show that
(Table 9.4):
1. Sliding failuré of the stagnant bld%k would occur
when‘the.depfh of éhe potential rupture ﬁprface is
10 m or less below the ground surface and isfacted
on by water pressure with a'preséure head reaching
from about thé middle to the maximum height of'fhe
block. |
2. When-the depth bf,thé.poten;ial rupture surface
exceeds ébodt 10 m, it ;s unlikely that the block
will fail. Thishﬁs because a water pressure with a
vmégnitude close to ;he'normal stress of the'bfo'ﬂ is

required to act agaﬁnst the rupture plane to cause
c .

. -

failure.
3. " Because the stagnant frozen block acts as an ice
dam, the thickness of the active-flowing ice behind

the block may inérease or bulge. Due to the Poisson

;
e ’ ) ©



4Tab1e 9.4k Results of Stability Ana1Yng ;
‘Toe with Proglacial Permafrost, l;ecatpmtﬂt(
"Glaczotecton1c Facies BT

z CHi. Hb' h;})’ hg‘\
(m) m |l [ m |
“ %
©10 20. | o [30.0 |20.0 [1.00 |1.08,
5 20 o |17.6 |12.6 [1.00 [1.17
15 20 0 44,2 29,2 1.01 |0.95

2 = depth of permafrost below ground surface

H{" = height of ice surface above.ground surface

Hb

= height of bulge

hp= pressure head above bottom of permafrost

hg
F.S.S = factor of safety against sliding
F.S.0

pressure head above ground surface

factor of safety against overturning




effect, the compression og, the upglaciet‘face.of the
block with a bhlging ice sutface behind should
e!%eed the .compressive tress due solely to thé
glacler flow. Although this effect has not been .
includéd in the -analysis,. it 1s,obv1ous that
re&atively less water pressure is required to act

along the rupture surface to cause failure when a
) 2 - .

| bulge has developéd behind the stagauntxbiock.
o

’
" To conclude, the most critical forces that trigger

foundation instability of the marginal stagnant zone of
{gt a subpoiar ice sheet and subsequently lead to ice
"{i ; thrusting probably are: (1) the increase of water
'Aiff:pressure at the,bottom of & potential failure surface,
‘fﬁwhich is probably within a weak and impermeable layer
and ceincides with the bottom of the permafrost brought
about a S1gn1f1qant reductlon of the shear strength

arong the éptentlal fa1lure plane, (2) the decrease uﬁ

the depth of the potential shear surface which causss a

e 2
’

degrease of: (i) the pa551ve earth pressure that tesists
the fedward movement' of the stagnant frozen block, and
ﬁll) the normal load on the failure plane which results

‘. in a decrease@ slear strength, and (3) rowth in

A}

L] ’ .
héight of the ice surface (b} i : agnant

L
1

zone that causes the increase -in active earth pressure

- and/or ice compreésion‘(due té the Poisson effect) which

<



'puSHesiagainst the stagnant frozen toe.
. ‘ : ’ , / ; ' ) i -

' , _— S N ' . |
.4 DlSCpSSlon o ' o ﬁ{‘.wlk . ;Jxl,v -

, &
1. - The f1eld observatlons of the geologlcal and glaczal

hfeatures 1n the 1ge thrust terralns studied, the

glac1ologlcal degprzptlons of the late ‘ice sheet that
A
\glaclated the reg1on, and the stab111ty analysé@ 3

i"performéd above 1nd1cate.thatysubglac1al failure of the -

"a

stagnant frozen toe of a retreatlng subpolar 1ce sheeK

hls the most plau51ble cause of glac1otecton1c
-
derormatigp £found in central and’ southern Aﬂberta.

Because of the scope\of this the51s and the analyses
‘P\presented abOVEQWhICh show that the study areas were
“probably glac1ateﬁ by a subpolar 1ce sheet' no o »}
'1nve5tlgat1on 1s performed on glac1otectonlsm due to fce
'isheets w1th dlfferent thermal reglme such as temperate
glacrers wh1ch also seem tombe.able,to cause ice

thrusting (Wateren 1985)

B

~ 2. tn the stablllty analyses, because the upglac1er and

o

downglac1er vert1cal c 2 S of the stagnant frozen block
}where the earth pressures*act are located w1th1n soil-

: p |
mass, shearlng stresses or. wall frlctlon are expected to_f

develop along the%e vert1ca1 planes dur1ng 1ce thrust1ng’

< and the mobrllzed angre of wall fr1ct10n (6) 1s probablyfr

equal to the angle1of shear res1stance (¢) . of the,501l

mass., It 1% known that when ) b, the use of Ranklne

!

earth pressure theory/ﬁé/ld overestlmate the actlve R



earth pressure (Ea) and underestlmate the pa551ve earth -
pressure (Ep); moreover the use of Coulomz;s earth
pressure=theory is also inapproprﬁate~heca e‘it would

o;grest1mate the latter (Morgenstern and Elsenstean,

( \'
Y

1970; Terzaghl,'1943) As a result, other methods such
.~ as'the logar1thm1c splral method whlch 1nvolve co ) | —
: relaﬁlvely compllcated mathematlcs should be used*1n the
analyses if it is deslred,to compute the earth pressureyi'
accurately R .-vf i i»‘§\” L. 1“;l“

;.. . ,. b
EFE RO

However, because of certahﬁﬂface;}sV;nwolved 1n ~;
£ d;,ém e,
- ok SN .
“ pepmafrost, mater1al propertles and 1ce~th1ckness are .

glaciotectonic deformatlon sudhaés

elther unknowns or beyond our present knowledge,’lt does‘

onot ‘seem necessary at thlS stage of research to use more -

L

omplléated analytlcal technlques other than Ranklne

+

-~

earth pressure theory to. calculate the earth pressure
g that occurred 1n the sedlments durlng ice thrustlng

.
r“;‘

.. 3
‘ﬁ? @'Kt,h ﬂecﬂa’n%s of a* sur‘géztype glac1er (]gaterson, 1981-

o At presgqtvﬁthere is no un1versally’accepted&theory of

e Boulton and Jones, 1979) whlch usually alternates -
B - . ) e
. - per1od1cally between brlef perlods (usually 1'7 4 years)
Ld ' \ v
- of very rapldaflow or surge and longer perlod (usually
10 to 100 years) of near stagnatlon (Meler and Post; - !
. 1969 Post, 1969)-. However, the 1ce-thrust~model S
pr ; o

»pre ent d in th1s the51s 1nd1cates that the compre551on

’ n.

'~of the Qtagnant frozen toe of % subé?%a

s

ice flowlng from the warm- based pdftlon of the'glacier

. v‘ "\9 :&J | & B "‘0
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'may lead to shear failure in the‘subglacial strata near

the snout of the glac1er. The result is.ice thrusting
‘and probable collapse of the overlylng 1ce and

short term mapld flow of the stagnant glac1er front

R

Th1s model’ seems to explaln the cause of glac1er surge

»

in subpolar glac1ers. A,51mlbar cause of glac1er»surge
" has been suggested by F11nt (1971) and erght (1971).
”&ﬂ *Indeed .some surge type subpolar valley glac1ers are "
composed of a cold based marglnal area and a warm- basga
. 1nter10r (Schytt 1969; Clarke and Goodman, 1975;"
Goodman et al;f 19759, and it has been observed that ¢
between surges, a buLge up to 25 m hlgh had formed and.
' thlckened'progre551vely at the boundary between‘the
?1warm based Lactive- flow1ng ice and the cold based

;stagnant ice of a subé%lar glac1er (Clarke et al., 198¢,

fig. 2). R e
B R |

9 5 Models of-Ice Thrust1ng

j Based on the f1e1d observatlons in the study areas and

L

~

’ iiﬁvmechan1cs of ie thrustlng 1nferred from the‘
n

ve tigatlon’shown above, a model of glac1otectonlsm for

Escarpment/Valley Type glac1otecton1c fac1es is suggested,’

s e 1)

below. o ‘ v” o o . S v

/': L3

1. “A° subpolar 1d€ sheet retreated to.the slope of a

preglaclal Valley d% an escarpment underlaln by
ﬁf.\,‘ perm?frost. The snoui of the ngc1er- wh1rh rested on
| the pla1n above the valley,,was elther far away from Ehe

-



AShearifailure along a horizontal stratuiv
-‘strength that underlay the marginal stagnan
shear strength of the weak layer mmght further be

_reauced*s1gn1f1cantly if 1t*were located alcrg the

: 1ayzrs thh low permeabllqty or-the presence of

source or the ablation~rate waS‘high so that the !%ozen
toe of the ice had th1nnedtand flnally became stagnant.
Behlnd the marginal area, ﬁhe .ice, wh1ch ;gmalned thhlnl
the valley, was. thlck»and warm*based and moved forward
by'creep-and basal slldrng (Figure 9.5a). Thus three
thermal zones were developed at - the base of the the o

retreat1ng ice sheet as suggested by Clayton and Mofan

(1974) (a) a proglac1al permafrost zone in. front of the

ice margin, (b) a frozen;bed zone at’ the snout area, and

(c) a thawed—bed zone behlnd the frozen toe.

The toe area,*whlch was stagnamt and frozen to its. bed

had become an ice- dam wh1ch obstructed ice that flowed

from the warm based act1ve flowxmg 1nterlor.-As a

v

N

The compression of the stagnant' nout might cause

>

M h 1ow shear
zone. The
»

”

.bettom of the permafrost where _high wasgr pressure had

developed due to thaw consol1dat10n in strat1graph1c

04

e
1mpermeable boundarles such as unconform1t1es

"strat1graph1c p1nch outs, and conflned aqu1fers under

J
‘e E ol
b I ' -



Model of Glac1otectonlsm, Escarpment/Valley
Glatlotectonlc Facies"

(The rupture surface is probably located within
' the weak st a.Due tb drawing dlfflculty
1t is drawnléiiqhtly below the strata)

o
. N
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“artesian condltlpns.A
]

Subglac1a1 fa1lure mlght thrust the subglac1al strata

belbw the stagnant snout forwatd and/or upwardg;nto the,J;

eak layer that ‘Had

'\

foreland of ‘the glac1er along the Q

been deformed into a shear zone omﬂdecollement and a

>

"thrust fault that 301ned the decollement and the ground

*‘L S » : +
: surface. As a result, the thrust strata magﬁggb -

- hills on thgiground surface (Figure 9 5c)~ “For* example,‘iﬁ

‘deformed into fault- bend folds and/or concentrlc &olgs

' K
’
By

which mlght‘Express themselves as 1Ce thrust r1dge§§07

0

¥
¢ s
the shear zondﬁand concentrlc folds observed in nghvale

."v\
»

km1ne (Chapter 5) andkthe ice- thrust r1dges found in

Lowden,Lake area (Ap “ndix C, Flgures C. 12 and C.18).

1

The falluré'of ghe . %gbglac1al strata ‘that underlay

the- marglnal stagnant area might also cause the "

[ 3

accumulated or bu1§ed ice in thewactive- flow1ng area

'behmd to collap':;e and flow rap‘ fqrwand This mlght

‘e

initiate a’ ‘glacier surge.

TE

after ice thrusting and subsequent .dompressed by the

..'

‘failed toe of the .ice wouldibeccme,ﬁtagnant shortly

»

If the. cllmatlc cdndltlons remalned unchanged the

o

actlve flow1ng ice behlnd ‘This may lead .to another

Aep1sode of 1ce@thrust:£g when both the 1ce thlckness

4 e ‘e

*
upglac1er of the stagnant toe and the water pressur at .

the bottom of the potentlal Fallure surface had
-8

.~1ncreased to a cr1t1ca1 value. Succe551ve cyclgs of 1ce

Ehrust1ng in the terraln m1ght be able to deform the_

’ .
X
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:Qdﬁlncorporated w1th1n the ice mass and, transported

" (Figure 5.>7‘*,(It is to be @qted "that‘gla.ciotectonism

| @ : . 249
subglacial'strataﬂinto'horses or stacks of thrust blocks -

would not occur if the stagnant frozen area was

hundérialn by strata 4hat are strong ‘and/or under low

water pressure. Comp;2351on .on the stagnant. snout area

v
- i ERE

due to increase in ice th%ckness caused by bulging and

ﬁ,1ce flow wQuld eventually exceed the yield strength of

'the 1Ce';n She toe and cause “the stagnant ice mass to-
rejuvenate and creep forward Yo ﬂ
If 4he glac1er contlnuedvto advance after

glac1otectonlsm the thrust blocks would be overr1dden

by the actlve flow1ng portfpn of the ice sheet, and thus

B, a

would be subjectedﬂts further sggglaC1af4deformatlon;,®~W:¢

- ¢
(F1gure 9‘id) For instance, some of the fractured and

deformed blocks mlght be plucked by the icer, and

® . . . . !
englacially as erratics (Boulton, 1972, 1979; Broster et

-al., 1979).

Uneven dlstrlbutlon of compre551on of the stagnant snout

durlng ice thrussing mlght alsq .cause d1fferent1al shear

e

movement within the ice- thrust ‘block. For ex@mple, the

stglke—sl1p fault observed in Lowden Lake area (Appendix

e

c, Figure €.12). .~ . R

‘Melting of the stagnant'ZOne‘shortlydafter ice thrusting

o i ) — )
would~deposit supraglacial and englacial gediments onto.

R}
N A

or near the 1ce thrust features, formlng dead 1ce

\*.»

R

dlslntegratlon moraines (Flgure 9 5e) For example,. Qe\v

L

~
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7
‘ L

hnmmocky disintegration moraine terrain found in Isle
Lake area (Appendlm C, Figure C, 10)

8. After the retreat of the glac1er, the ice-thrust blocks

W

that were lifted to the ground surface would become

¥

relaxation structures due to,the release of confining

pressure and the rotation of the direction of pr1nc1pal 1’

»

stresseS'lRotn1ckr, 1976) . .As a, result” ice-thrust hills °

.

and rldges, wh1ch were compesed of b” cc1ated and

&
Q%f,& sheared sediments were further*301nted and fractured,
L ‘

R * and -unormal faults and slope failures were *ikely to
A .

:ﬂéﬁuﬁﬁﬁoccur when these features are excavated (Figure 9.5f).
g A H example, sthe hlghwall fallure in nghvale mlne,
%ﬁﬁiQ Wabamun Lake area (Appendlx C, Figure C.6)."

&’f T

o
. The model of glac1otecton15m for Plains Type,

v ~‘_/

b glac1otecton1c fac1es is 51m11ar as the one dlscussed above.‘

>
i
’

The main dlfferences between the glac1otecton1c models for

&«Eﬁuarpment/Valley, Type glac1otectomc facies and for Plalns
h‘!"i'E‘ylpw.!.-,.glac“flotectonlc facies are that for the latter, thexlce.

v shegg that caused ice thrustlng rests on a- relatlvely'

N
‘;featureless plaln and the stagnant glacier toe, wh1ch acts

as an 1ce dam, is compressed by the glac1er flow from
- ‘

! behlnd, and the earth pressure in the subglac1a& sed1ments

(Flgure 9.,2). ' . -Z o o ' r -



10. APPLICATIONS OF GLACIOTECTONICS

+ . 4 N - . " }
10.1 Geological Applications of Glaciotectpnics

The ice-thrust features- and ice-thrust terrains

observed 'in the study areas 1nd1cate that ice thrust1ng is a

common phenomenon in central and southern Alberta anp
‘ prohahly 'in all rg;ently.glac;ated:sedlmentary bas1ns

underlain*by~weakly cemerited sediments in other parts of the

%

i 4 , R
world The presence’ of these features a:f their associated

@

sdeigrmatlon in an ice-thrust terrain have, prov1ded

particular- problems in geologic and geomorphlc studLeé in.a

-
s

region. ‘ . ' ‘ . ht

"In the follow1ng sectlons, the geologlc appllcat1ons of

glac1o;ecton1cs w1ll be descr1bed and examples will be = = =
glven. : 1‘ B v _ -t -
© " - . : : | ’ & Q I " .
. . B
10.1.1 Ice D1rect1on Ind1cator. Case Study “Lowden Lake and ‘
e Beltz Lake Areas 4 ‘ awgﬁiu S a

~10.1.1.1 Introduction V
AR ' . .
‘Many workers (Dellwig and Baldwin, 1965; Banham and

'A.Ranson,.1965; Konigsson and‘ﬁinde} 1977; Hicock and .
) “ » . . - .
Dreimanis, 19§5) have shown that glaCiotectonlc

' structures are useful d1rect10nal indicators of ice 3‘.
Y b “e
movement because axis of folds and strike of fractures

and thrusts 1nduced by the overrldlng ice usuab‘. trend

»

perpendlcular to the. dlrectlon of the ice advance. It *;

has been found that the ice movement direction derived
. ‘ . . N . ~

25¢
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from glac1otectqp1c structures is consistent with the
t111 clastr orientation, provenance evidence, \and striae

on boulders and thus the measuPements of just a few ice

U R g - :
. directional indicatof® can provide an accurate

measurement of ice-movement.direction at a site. It has

aiso‘been.reported that, occasionally, the

.gL@Clotectonlc structures may show a dlffeﬁint sense of

orientations.in successive layers of sediments. This is

an indicaticdn that the area has been recently glaciated
. ; ,

_either by different feealobes coming from dirferent

-directions or by a single ige lobe that has shifted its

ﬁlow,ﬂarection with tigz (Hicock and Dreimanis, 1985; -

(53

. F.CattO, ]984) . g v’t S ' | .b

‘

.° was observed at the northeastern/shére of Beltz Lake,'

" 1In the following sections, the author infers that.,

the movement directions of cial ice in the study

" _ ' : _

areas of Lowden Lake and Be ke based malnly on the ,
. v‘ % A X 1

trends of the gfac1otecton1c structures such as # F

ice-thrust ridges and giant grooves, Thé%g&aciaﬁ“v”“nﬁ%'wil

‘features in these argas formed due to an earlier

southeast-flowing glacief have beeh.destroyed OF severly
. . . A Lo .

‘ modified'by the most recent southweetfflqwing glacdai

.

action. C > .

10.1.1.2 Field Descriptions S\ //ﬂ\ S

—
~

Two sets of lineations Or‘g}ant grooves are found

in the Beltz Lake area (Appendix C, Flgu/e/C///;’ Set II.),
(9
vhile Se} I was 1ocated/abﬁﬁt 2 to 3.5 km east to

IR ‘ .



southeast of the eastern shore of the Lake, .
Set I is in general rectilinear- howevet, sometimes

lineations curve and 1nter5ect at acute angleg

Thiry- one me;;hrements taken on the grooves of Set I
appearing on ‘the aerial photographs show an or:entat1on
ranging from 352° - 042° azimuth and hav1ng a traﬁﬁable
length of 0.03 - 3,7 km. Some of the grooves of Set 1
~show a change of orlentatloﬁ from 005° azxmuth to 010°
azimuth and finally change chk to 005° a21muth hdw
from 352° azimuth-to. 020° azimuth (Appendix C, Figure
C.19). Set II has a length of 0.2 - 0.5 km and a rangd_~

of orienta%ion of 112° - 129° azimuth. The trend of Set

I is nearly\perpehdicular to Set II. Figure 10.1 shows

v

. S . .
the frequency of giant grooves with respect*to their

orlentatf%n observed in the Beltz Lake area. A ground

check was performed/on the llneatlons or giant grooves ke

e

7

-observed on/the aerlal photos.

o

g

v

Although g1ant groove Set I was found over a large

” area, most of the lano/ﬂs farmed, leaving a small
_portion of the;é*@b—gfown WIéP grass for graz1ng
Detailed e«amlnatlon 1nd1cated a gently roll1ng 3 | “
topography on that portlon of the area: covered with (\ﬁ; -

| grass, and the prnsence ‘of subtle NE-SW trendlng r1dgesf/ .ﬂ

"\(1th rounded crests and very gentle slopes (Plate 10.1) (

Measurement of two of these n1dges shov, that they have 3,

¥ .
e - .
. . H
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o of 82 -~ 90 ﬁ. These two'ridges show- a. trendaof Bbut

t:a}018° and 022‘ a21muth on the ground and on the: aer1al

,_phOtograph”'the glant grooves that appeared at *c =

‘happrox1mately the same location as these two rldges also
| show a trend of about 020° a21muth (Appendxx C, F1gure

'ﬂvC 19). However, at the northeastern shore of Beltz Lake,
,there are no features on the ground whlch 1nd1cate the rh
presenCe of Set II glant grooves- -the area where Set T

dglant grooves were obserwed on the aerlal photos taken

1n 1962 has been ploughed and 15 covered w1th v",

T 'v‘ -

[y

H-well grown crops. The ploughlng must have destroyed the

subtle features in the - 8011 whlch express the glant

'_grooves on the ground’ surface. SEIRNIR 7“5f¢ - ;ff e
“ ) ‘ -/) - L . .

f;10 L1.3 Dlscu381on o e IR o

£ F1e1d observatlon Shows that the thlckness oF p

4
%
";surfl al dep051ts in the 1ce thrust terraln 1n
QL

“fBeltz Lake area is up to 0. 3 m (Stalker,‘1960a,‘flg
'20) wh1ch 1nd1cates that most of the glant gr00ves |
ffound 1n the area are . structures in the underly1nq

hf_fbedrocﬁ refl%ctlng through the~th1n surf1c1al

aﬂ-'

L P }H@a
deposlts..The author belleves that they are e

subglac1al er051onal features 1nc1séd 1n the bedrock

. r B B & N :
‘f\\nmalnly by glac1a1 scourlng rather than thed?bunt /i
\jsets of the weakly cemented.arglllaceous bedrock 1n

&.4’ ~-'P

ﬁ’;;the reg1on. Thls 1s because the orlentatlon of most

f theSe glant grooves observed 1n ;he area stud1ed

e

do- not agnee w1th the trend of the reglonal jOlnt. o
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1syvtem, whlch consists of sets strfke approxlmately‘

» -

- 55° - .65°, 2140° = 155° '5°, and 95° found in the.
‘alate Cretaceous to Paleocene rocks in central and
'southerncayberta (Babcock,}1973 1974).

The curv1ng and 1ntersect1ng/of glant ::joves 1n ‘the

study area 1s_analogous toé}he phenome n observed

= onbglacial~striaé and is bglieved to be due to localf

shlfts in the basal currents of the 1ce whlch formed

str1at10ns that dev1ate up £o 10° - 30° fgom ‘the
. e /

general trend and 1ntersect other str1ae (Alden,
. B .

'1918 p. 205) A change 1n the flow d1rect10n of the

i,

basal ice is not undommon, for 1nstauce, layers of
deformed preglac1a& and glac1al sedlments that show
local ice- flow dlrectlon shlfted more than 90°

'durlng one glacdal advance ‘has been noted by Catto
' /
(1984) A 51mflar process 1s probably respon51ble_

‘!for the formatlon of some of the glant grooves in

| 'the srudy area in Whlch the trend»of!the grooves has
dev1atlons up to 50°. The reason for the shift of
the 1cexdlre2tzon may be either duevto the'change'in‘
the overall reglonal glac1a1 movéhent pattern,.or, ”
as Afden (&918) suggested «that an- earller ‘ice that
'1nyaded an area may be thlcker and not as strongi.ﬁ '
/nfluenced by local topography Jndeed both the

v'meltz Lake ‘ahd Lowden Lake are located in aiﬁ

/ depre351on that opened to the northeast (Farvqlden,x’

1?63a, f1g 14). Thus, 1f the later glac1al ice was;,.t

A
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;"3147-1969) Theﬁgiant érooves have«a length whlch

aerial photographs and in the field, This is

. ,v'». ‘ "‘ | . ’ v 258 “

thinner,_1ts dlrectlon of movement would be more

-

‘restrrcted by the local topography cau51ng fLow

toward’ southwest._- ff;‘“

v
+

Compared to other glacral grooves found on the.n‘ r

Prairies whlch are: glac1al erosronal featurés with
. f’. +°

'consdﬁcuou% morphology (Mollard and Janes, 1984

._plate 3.4), the g1ant grooves at the Beltz Lake area

~ Y

are falnt and 1nd1st1nct features appear1ng on

o

believed to be dui to: )

Aa_ the grooves in the study areafwere 1o¢ated'infa .

b‘jgentle depre551on, which probably was once a [‘

Iglaclal splllway (Appendlx C, Flgure C. 19) ~'and
1
ﬂ;had been under 1ntense glac1ofluv1al erosion.

b. the weakly cemented bedrock is relatlvely less

~.re51stant to fluvaal erosion in the area.

c. the glac1er that scoured the glant grooves was‘

irelatlvely thlnner and 1ts capac1ty for

" subglac1al er051on was relatlvely weaker.

-

The glant grooves observed in the study area are

-~

"comparable to the giant - gr00ves and - rldges found in
”fthe Interlake area- of Manltoba wh1ch are be11eved to

_ be due to glac1al goug1ng of bedrock (Warddaw et

'Wktcan‘Be traced a km or more, a width of 15 - 15§‘m‘

;and are most consplcuous on aer1al photos although

_'they may Vary from less than a. metre to several km’

-
L d

N\
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o ' & o TN ‘

« wide, anfamplitude of 0.3 - 2.4 m, and a wavelength
iof a few hundred metres. whlch is- -common | on aerlal L
photos. In part1cular, wardlaw et ad (1969) noticed”
that these giant grooves and _ridges whlch are

| d1st1n¢t on aerial photograohs\gre approxlmately
‘paralle;Et% the striations and small grooves found

on' the ground and neafly perpendicular to the trend

of the axial planes of tolés obSérvéd_inﬂthé.

ice-thrust ridges'which are compbseg mainly of

'gypsum>and carbonates. - : - Cos | -
16&1:1.4 Analeisfor the Direction of Ice Movenent‘ . ‘h*

'; Ice—flow markings"(flutings, fogrows, gouges, .,
drumlinoidal formS) withrtrends'of 201° to 234°Jare-
_ohserved about 30 km northeast'or Lowden Lake; however,”
ridges (rim ridges of ice block depressions and noraine‘
plateaﬁx, eskers; andxridges of}undetermined origini\ ~C:
ﬁith;a trend of 123° = 173° appear about .10 km southwest
of the Lowden Lake area. Moreovar, about 60. km northwest,
‘of_the Study areas, drumllnsxa\o ice~flow mark1ngs show
trenés of about 125° - 150° azlmuth and rldges w1th a,
trena ‘of 050° - 068° appear at about‘28 km-northwest of

'Lowdén Lake‘\Sfalker, 1960a fmap 1081A) The glac1al map

.of Canada a gjwdlcates noftheast trendlng ‘and

northwest- trend1ng~glac1al lineations: (1nclud1ng glac1al
T 4

flut1n§s, drum11n01d ridges, drum11ns, crag and tail

‘hlllS) are present northeast and . northwest of the

.Stettler reglon (Rrest et al.; 1969) Although the )
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southwestern and central Alberta is southward or

south southeastward (Stalker, 1860a,‘p. 72)r the glacial
features iound‘inﬁthe study area adjécenthto the'Lowaenfl
‘Lake;and Beltz Lake areas show that the dfrections of

-

.~the*%astrgiaoia‘

advance varied fron .northeast to !
northwest. Thefarea probably has been recently glac1ated
by two ioe lopes coming from the northeast and
‘northwest. | |

| The morphologlc expre551ons and structural aualy51s
'of the 1ce thrust features of the Lowden Lake and Beltz“
Lake areas have shown Nw SE and NE-SW trends.' .
respect1vely (Appendlx C, Flgures Cc.12, 13 c.14,
c.19, C.20, and C.21). However, at the eastern shore of
Beltz Lake, jphe set of 'giant grooves (Set I1) with 11%”

,_ , \
- 129° azimuth is found cutting perpendicularly through

the NE—Sw’trending ice-thrust ridges; whiii;:7pfﬁ3r set
eof glantqgrooves (Set I) wlth 352° .042° 3z thh is-
also found about 2 - 3 5 km east to southeast of Set II
 {Appendix C Figure C. 19). Since these 'two sets of glant
_'grooves are orlented nearly perpendlcular to each other :l
”and are so close and with their orlentatlon in a ¢
_convergqgt sense, they are believed to be formed by a
southwest flowlng and a southeast’flow1ng IZé lobes that
‘~thered the area segarately durlng the last glacxatlon.‘

The sense of'directjon;of these glacial featured as:

based on the fact that.the last'ice that invaded
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Alberta, the Keewatin Sector of tHe Laurentlde Ice Sheet
of the Late wlsconsrﬂan, or1glnated from the nortn;aét
.w1th respect to the Stettler regioM (Prest,,1984 map
1584A; Fenton, 1984, p. 64). An earlier .
sOUtheast ow1ng ice ?Zbe probably formed theaNE -SW
trending 1ce1Ehrust rldges and - the NW-SE trendang giant
groo;es near Beltz Lake; this was probably followed by a
subsequent southwest fIOW1ng ice lobe whlch formed the
' NW-SE trend1ng 1ce~thrust rldges south of Lowden Lake
w_and the N -Sw.trendlnglglant grooves east ofxBeltz Lake.

- F
K

.The fact th@ﬁ the southeast-flowingvice lobe entered the
-4 udy area prior to the‘southwest—flowing ice lobe is
~ZZZEH on thQ.&ollow1ng observations. | o
Glant grooves of Set I. found east of Belkz_Lake,!
which is inferred to be formed by the laterw
squthwest flow1ng fce lobe, age relatlvely abundant
continuous (up to one km long), and distinct on aerial
photographs (Appendlx C. F1gure C 19), However, Set II
grooves, whlch are 1nferred to be formed by the earller .
‘southeast flowlng 1ce lobe, are relatlvely fewer,
shorter (less than half a km ‘long) and d1ffuse on aer1al
hotograph Thus, Set I probabily occurred later than Set
ll\because.the set of grooves’that were tormed by an

-

earlier ice‘lobe must have been severely eroded by the’

‘later ice lobe or/and coVeredkby its correspoﬂag_g

ﬁdep051ts. This 1s/analogous to the two sets of glac1al

gﬁboves wpth d1st1nct and subdued topography
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respect1ve1y,,wh1ch are belieVed to be formed by an
earlier and a later ice lohe that flowed from mﬁi
different d1rect10ns, found in the flat-lying .
sedimentary”strata‘ot Lpwer Cretaceou ‘aoe exposed along .
the escarpment siopes‘of the Cameron Sqd;s‘(Mollardwand |
Janes;‘1984 plate 3. 43.‘ F
‘The NW-SE trend1ng 1ce thrust ridges (wh1ch are

‘1nferredxto be formed by the southwest flowlng 1ce lobe)h
found at Lowden Lake area (Appendlx C, Figuke C.12) are-
'much}steeper, r1dged and curvilinear than~éZose NEpSW
.trendrng,iq.—thﬁust‘ridges_(Which aie inferred to-oe-
formed by the southeast-fiowing ice lobe) found‘st Beltz
Lake area which have a subdued and gentle rel1ef
‘,(Appendxx c, Flgure c. 19) Fuggestlng thiat the former
were fof/ed late/\énd have undergone a. shorter per1od of
subaerlal and glac1a1 erosion than the 1atter. An. .
example of the NE-SW trending 1ce thrust ridges with -
”subdued retlef ‘and covered by subsequent glac1alM‘
.deposits is\found;at a roadcut along“the;Eritz Hill
road. which is about 4.8 km sQutheast of the southern
tip of Louden Lake and - 11 km southwestiof the'eastern
shore of Belta Lake. The exposures show an anticlinal
structure with a fold axis\nhich.has a trend/piunge of
' 025° / 6° NE. Aerial photograph 1nterpretat1on 1nd19ates

that thlS structure is located within an area cové?ed by

non-oriented knobs and kettles. o
- . J;,y : tv’ 5 ’
4



C ,-»\‘,v.‘ ) ‘ g N
2l . | “

;10.1a1r5‘Glac1al History . '\ . _ .
- Thévpresehce of distinct and steeply r1dged NW- SE

trendiug 1cetthrust ridges south of Lowden Lake, the g

presence of NE-SW trendIng ice-thrust ridges covered by

hummocky moraineﬁpr‘wfth‘a very subdued tqpography and

twc setsch giaut'grc0ves‘trending NE-SW and SW-NE atx/

belté Lake area:suggest the follo@ing glacial processes> ‘

in these study areas: ' . 1

1. A southeast flowingsice lobe glac1ated taf'region of

aa 'S"? = w"r‘;}

‘the. Beltz Lake area and the Lowdamil NE-SW

 trending ice—thrust rldges were formed”hear the o

.

maréin ofbtuis ice lote'yhen it was‘iccated near
. Beltz Lake and Lowden Lake. After the formation-of
‘these ridges, the ice lobetccntinued to move
southeast due to rejuvenation_and overrcde and
grooved some of these ridges (Appeﬁdfx C, Figure

. ca9). SR | ‘

2. Later,'this southe;st>f$eu}ng'ice lobe either
dev1ated to the southwest or retreated ﬁrom the area
and a southwest flow1ng ice lobe entered the study
area later. The findl advance of thlS ice 1obe
OVerrode the ice-thrust feacﬁres and S1gn1f1c1antly
subdued the ice-thrust features formed by the -
eariierdglacier in the study areas. |

3. Flnally, the margln of -the ice lobe was located near

Lowden Lake where ice thrusting occurred and formed

ice- thrust features on the surface. Ice thrusting '

\
{
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océurred at or near the margin of fhis ice lobgA‘l
‘while further behind the snout the ice contxnued to
-flow and NE- sw trendlng giant grooves were formed
for exaﬁ;le, near the Beltz Lake area (Appendix c,
Flgure C. 19). | N | o
Subsequent stagngtiﬁn and disintegration of this
Southwes£—flowing.ice lobe has dépqSited deéd-iée
‘featurestonftop or between the ice-thrust ridges
formea by this Southwest-flowfﬁg.ice lobe anébthe
southeast~}10w1ng ice lobe. The ‘topography of the
d1strnct and steeply r1dged NW-SE trend1ng
1ce-thrust ridges have been masked by these

d151ntegrat10n features ‘but still appear as

e -
——

characterlstlc };nean to curvilinear ridges on
aerial photographs (Appendix C, Fiﬁure ¢.1é). The
Jplder.and gentler NE-SW trending ice—thrpst ridgeé,
which have underéoné-a relétivély,longer perioa of
subglacial and subaerial erosion, are further
'éovered by\the‘disintegration moraines deposited Hyy ’

this 55uthwest—floy§ng glaCierﬂ'At»present,»these

gentle ridges are rdly recognizable on aerial

photographs unlgﬁg the ggrf1c1al cover has been
stripped away, for example, where meltwater has
removed the glac1al'§ed1ments east of Beltz Lake;
and thﬂs*;the subdued NE-SW trending ridgaé,can be .
detected on aefig; photographs (Appendix C,'Figure:
c.19). - |
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. o Theﬁpcssibility that the NW-SE trending ice-thrust

‘rxdges and the correspondlng NE SW trending giant

!

‘grooves were formed g} ice lobes with a similar

A\
southwest flowing direction which entered the study area =

.at dlfferent times st;al ex1sts and more" ev1ience is
needed.pefore stating that they are exclusively

contempGgraneous features.

10.1.2 Applicetions.to Surficial Deformatiom

The recognition of three main types of glacioteetonic
facies (Chapter 89 in central and southern Alberta indicates
that ice thrustinﬁxis likely to occur inAglac}ated’areas

with particular bedrpck toppgraphic cenfigurations (such as-
escarpments and Val;eys) underlain 5& weaklﬂicemented.
sediments. Moreover, icéfthruSt featurés and their
associated deformation withfparticular attitudes with
respect to the direction of ice movement may be found  in
these facies (Figures 8.2, 8 3, apd 8. 4) As a result, the
1dent1f1cat10n of a reg1on as belonglng to a certain type of
glac1otectcn1c fac1es 1nd1cates that (1) aerlal photagraph .
"study, field mapp1ng and subsurface investigation of ;hek
.area should pay partlcular attention to rldges orlen:ed
. perpendicular to the direct1on oflﬁce motion and prevent the

le1nterpretat1on of ice- thfust features as other morainal
;features, and (2) surficial deformation such as concentric.

_;Tolds,'disharmonic folds, thrusts, decollement, scars, and

~.._ shear zones may be present.

\\
hY



w

. T 266

10.1.3 Applxcg}téi: to Log Inturprctation

Ice thrusting caq‘afoduce drag folds and»overth?hst
faults which cause a reversed stratxgraphxc sequence (Sauer,
1978). This would complicate the strétigra;hic Eorrelation
which is important in aquifer investigation and the tracing
Bf coal seams. Thus, due to‘the possibility of fevefse
strat?§3§phy, a correlat1on from one test borlng to anoth;r
in an 1c£ thrust terraln should be related more to an
establ1$hed sequence. of sediments and physical propertles
than to the elevation of sed1mentary ch;nges (Sauer, 1974).

goreove;, ice thrustlng may produce thin to thgck
‘shéa;ed and brecciated zones and slip.planes. Studies of the
borehole léés through these materials in Highvale mine
(Chapter 5) indicate that ice-thrust brecciated sediments
‘and deformed suffacés are difficult to identify"iﬁ-weakly,
cemented bedrock. Log interpreters fn an ice-thrust“lerrain
should try‘to observe éxposed ice-thrust sediments in the
field in order to recognize the characteristic éppearance of

these deformed sediments in the logs. Furthermore, logs

'obtdinéd in ice-thrust terrains should‘be searched for

' possible-cbrrelations of a brecciated layer which may be ‘the

-

ind{cation of pﬁe existence of a decollement or sole thrust
'in the area. For example, the distribution of the shear zone

or sole thrust found in Pit 3,NHighvale mine.(Fiéures 5.2

and 5.3), is essentially b?é:;jbn borehole correlation.

—
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10. 2 Geotochntcal Appl:cations of Glaciotectonics

From the geotechn1ca1 engxneerxng po1nt of vxew, ice
thrusting influences the fabric and thus the strength
‘properties of thevsediments that underlay‘an ice-thrust .
terrain: The major geotechical applications of these effects
would be the stability of slopes and earth structures built

upan ice-thrust sediments, the proper site 1nvest1gat10n

scheme .requ1red in an 1ce-thrust terram‘and the

4

»

ice-disturbed sedimegfts. These agpplications are illustrated

iinterpretation of laboratory shear test results of

below, _ ‘ .

10.2.1 Applications to Slope Stability Problems. Case Study: -~
. . ' o

.-

Analysis of Two Landslides in Highvale Mine, Wabamun

-~

Leke‘hrea

In the past t5 years, several slope instability
problems in the Interior Pleins'of North Ametica have been
related to brecciakion in thin tﬁat—lying strata of clay,
bentoniti¢c clay to clayshale with a strength at or close to
residual (Appendix H, Table H.10) dué to ice thrusting
(Eigenbrod and Morgenstern, 1972; Sauet, 1978; Insley et"
al., 1976; W1lson, 1974; Morgenstern, 1957) In the
follow1ng sections, case stud1es of two landslides occurring
in HighVale mine, Wabamun Lake area, which have been -studied
by ‘the author, will be presented in order to demonstrate the
relatlonsh;p between 1ce-thrust sediments and slope o

~

_stéhility problens in an ice-thrust terrain.. .+
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. 10.2.1.1 Introduction N

¢ Two slides occurred along‘the highwall at the east -

end of cut #9, Pit af'Highvaie)m%ne.fslide i, which ia "
north—facing'nﬂghwall, occurred ;

\

overnxght in earlﬂiauly,‘1984 Tension cracks were seen

located along the

behlnd trre crest of the highwall just before the slide

‘ started Slide 2, which is located along the wesb*faciqg
highwall, began in April, 1985 and failure waS'coﬁbleeed
about the middle of July, 1984 (C. aoA;s and J.- -

Pawlo 1cz, personal commupltatlon)t The locat1on of

these two landslxdes are ghown in Figure C. 5 and C. 6 in
Appendlx Ve ‘ ﬁ\\d“‘\\;$ J ‘ ‘

No instruments were installed in the slide masses
before or aftd#r the instability occurred. Fortunalely, .a
site investigation had been performed adjacent’to the
slide’ area by Monenco Ltd. and Alberta Research Council J
before the excavation started. ) T

on July ng 1984, the author exemihed the SIides'in -
the pit. Detajled mapping and e pling were performed in
early August.\Field obser&gtiizigyhdicate that Slide 1 .
was continuing to retrogress into the highwall while
Slide 2 seemed to be stable at the time of
investigation. The available drillhole data, post-slide
mapping, plezometric records and insitu sampling provide’
“enough information for a comprehensive backanalysis ef ‘
the slides which occurred shortly after an excavation in

this ice-thrust terrain.
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of the Sl1de Areat

10 2 1 2 Geolog; B o .
M‘”'The proflleg of the hlghwall before the slldes

‘g\occurred are 51mple and can be-obtalned easily by
meaSurlng the adjacent portlon of the hlghwall that has

"'not falled, and the wldth of the sllde mass 1s obtalned

,a
Lt

by measurlng the dlstance w1th survey tapes between the L

o

face of the stable hlghwall to thd back scarp of the
Fvglslumped blocks. The plan v1ew and prof1les of the two
‘slldes are shown in Flgures 10 2 and 10 3 ;' and Flgures
C 7 and C 8 1nd1cate the stratlgraphlc sect1ons of" the

two 1andsl1dbs. f{ o y*f-‘~3 3":? ”a; .

e

"‘n.

_ N1ne boreholes were dr1lled near the sllde area
P

before the excavatlon began 1n the summer of 1983>

(Monenco Ltd., 1984) Geophy51cal geotechnlcal and

._3‘

o

; .egeologlcal logs together wlth core sampl1ng were | carrled

“"Q:hese boreholes and prov1de 1mportant subsurfaceyi
,’ 1n£ormatlon about the‘ sllde area. Flgure 5 1 shows the L

locat1on of some of these borehblgs.

Y

e

10 2 1 3 Geometry of Rupture Su?ﬁi

'v:fFQf; Ten51on cracks gFre observed on the beneh behind'»

-

the scarps of both slldes. Most were freshly formed

51nce thelr surfaoeslwere 1rregu1ar w1th matchlng

asper1t1es._In Sllde 1 these cn%cks were more or. 1ess

f parallel to the edge of the scarp (Flgure 10. 2)-w1th a |

/’).

’ﬁ: narrow to moderately w1de separat1 n ranglng from 6 mm

%

to 102 mm' and a very to extremely w1de spac1ng ranglngy*

hvlo.5=m toy3.35 m. These eracks.may,pers;st up’to\SOIm.

v

PR
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‘LEGEND
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The measurement of the depth of tens1on cracks was not

> . \

p0551b1e because of ‘their narrowness and the- presence ofv
debrls in these cracks, however, fleld observatlons seem‘
to 1nd1cate that they extended steeply to vertlcally
down into the flat- 1y1ng benton1t1c mudstone layer. The
bentonltlc mudstone is the shear zone or sole thrust’ due
to ice. thrustlng The comp051t1on,:ii logy, and fabric

w

of thls stratum have ‘been descrlbed in. deta11 in
KaChapters 5 and 6. Slze of- the slumped blocks wer;
Ameasuregaas,l ngths X w;dths~o : 7 m x 27 m; 1, 2 mx 1.8
m, 4.8 m x 126 m. In‘SlideVZ, tensioh Cracks were'seen
c__though they are not as d19t1nct\as in Slide 1. Thel
exposed £ill in Sllde 2 is hlghly ]01nted and: these

]01nts connect_with jOlnts in the underly;ng bentonltic'

~sandstone.

Based on the conflguratlon of the jOlnt sets’ and

tension cracks observed in the area, - the rupture surface~

.,

is con51dered to comprlse a horizontal portlon, WhICh

_,malnly-lles,on the bentonitic mudst r the shear zone

-

of the area, and connects With'the'f A'ined portion -

'which‘tends tgxfollow the steeply in lined‘to vertical
o~

]01nt sets up- thrgﬁgh the bentonltld' andstone and the
=t1ll 1ayers to the scarp of the sllde (Flgures 10 2 and
| 10. 3)‘ Many workers have reported that thls»type of

rupture - surface {orms 1n the Upper Cre aceous weakly
cemented bedrockQ1n the western Canad1an Plalns (Scott

E ~and Brooker;'1968; Thomson, 1970,41971 \Thomson and

N }

[ 1
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| Matheson, 1970a, 1970b Elgenbrod and Morgenstern, 1972,
‘ Thomson and Hayley, 1975; Insley et al., 1976 Thohson
and Tweedie, 1978). All tbe.repo;ted areas have been
_'gzaciated by'tne‘Wisconsinan-paurentide ice sheet during
the Pleistocene,Epoch, and ice-tnrus; features have been
.observed“in ﬁome'of them (Thomson and Tweedie, 1978;
‘Thomson'and Matheson, 1970a). | | o
| In the study aqea, the intersection of,the
discontinuifies'(joint sets within the sandstone and
brecciated zone w1th1n the mudstone) has produced a

3- dlmen51onal planar surface on wh1ch downslope movement,

of the rock/501l.masses can occur.’

10.2.1.4 Water table

The plezometrlc surface in the slide mass am
fa1lure was unknown. However, it is: p0551ble to idv
determlne’the,approxlmate conflguratlon of the.
groundwafer table based on field obsefvation‘of the
seepage condltlons of the hlghwall examin}ng the
limited p1ezometr1c data collected in the study axea e
-prlor to the excavation. of cut #9, and the laboratory ’
studies on the undistu;bed sampleS'éoliected;neai tne
'slide area.. | ;

Twenty piezometers,had been installed in the main
coal seams and in'the.ovefbufden»sandstone to
investigate the gfoundwaten conditions in Pit 3 (Fengon
et al., 1983, p. 31); unfortunateiy,fno pieaometers:had

beenvplaced in the critical bentonitic mudstone layer in
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the study area. Water level measurements taken in these
‘ p1ezometers dur1ng the per1od from September to November

’
of 1983 when the excavatlon was nea'r cut #8 (Appendlx C

lF1gure C. 6) were used to construgt the- cross- sect1on of
the-plezometrlc surfaces 1n ‘the bentonitic sandstone and
the main coal seams near the slide area (Figure 10.4).
.The locat1on of the cross-section is indicated in F1gure'.
5:1: Figure 10.4 shows that the bottom thick coa}lseam
has a piezometric surface about 12 - 20 m above the top
of the coal at a dlstance of about 350 m back from the,

. h1ghwall-.wh11e the water level in the: overburden
.sandstone was at or near the - top-ofvthe layer at a
dlstance of about 100 - 150 m back from the h1ghwall
(Fenton et al., 1983) P1ezometer readlngs taken ‘at
_borehole #HV-83-005 (installed in . the overbunge
sandstone about 300 m west and 25 m south of Slide 1)
between Sept 1, 1983 and Apr11-11, 1984 also 1nd1cate .
that the groundwater ‘table wvas only abqut 2f2 %'below.
the top of the hlghwall (Flgure 10 5).

Laboratory tests performed by the author on the
undlsturbed samples collected from the bentonltlc'
.mudstone exposed near Slide.1 (Figure 10‘2) indicate
‘that the sedlments where the hor1zontal portlon of the .
‘rupture’ plane lies were unsaturated (Append1x H, Table‘
Hfé) However, water was found seeplng out of the

h1ghwall locally from the benton1t1c sandstone, the

bentonitic mudstone, and the coal beds above and below
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2 10.4 Pfgzqmetric Surfaces in the Bentonitic Sandstone

od1 Layers, Pit 3, Highvale Mine

(Modified after féhton et :
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,A#HV;§3—005 near Slide 1, Pit 3, Highvale Mine
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the bentonite near the..slide ardq, This seems to

indicate that the bentoné?ﬁ?“ﬁhdstohe in the slide area
‘ . 5 . .

acts as an -unconfined or &onfiped aquifer. The

unsaturatedzsediments found in the bentonitic mudstone

W

sampled might be due to the drawdown of thefoiegometnic

su:fééé when itlapproached the face of the ﬁ'ghwa;l
and/or. the water table in the stratum was'béfow the
_horizontal po}tion.of the ;uptﬁre sgrface.%séé prgsence
of an unconfined or confined aquifér.(béntdfﬁf
mudstone) between two gbﬁpratéd strataf‘i  3:fE}Ying
sandstone and the’underi;ing'coal :f' v
of different piezometric surfaces Eﬂaéest théﬁg,n$e:ched
water table has developed in the'overlying ;tratum
(Figur¢510v4). It must be ndted that slug tests
performed in standpipe biezometers in  the mine indicate
that'thg bentonitic sandstone and the disturbed
bentonitic shélé/mudstone'abogp'the‘mafh coél‘sgams have
hydraulic conductivities of 0;02$ cm/s and 0.0064 cm/s
respectively (Monenco L£d., 1984, yol. 1, ﬁabie 3-5),
which are typicél values for jointedlrocks (Hoek and
Bray, 1977; p. 132). That the bentonitic mudstone, wHich
is a fissured{ sheared and shéttefed shear zone with a
hydraulic conaﬁctivity typical of jointed roqgs'and
OVerlaih by saturated strata, would behave aénisi
unconfined or confined aquifer may'bé explaiﬁed by the

seepage properties of a composite fault. Patton and

Deere -(1971, fig. 8) noted that a composite fault may be
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composed of a relat1vely permeable central zone of
\
crushed and shear rock: (fault breccia) flanked by ' |

fine-grained fault gouge with low permeab111ty on eut

side., The benton1te (Plate 5. 5) and the relatxvel3 d
weathered layer (F1gure 6.6; Plate 6.5) that bounded ihe
bot tom and the top of the deformed fissured bentonitic\

‘ mudstone (Plate 5. 5) respectively probably act as faulu}
gouge or groundwater barriers and restrict water w
mlgratlon into the shear zone,

- Thus, "the stratigraphy'énd the piezometric data
suggest that there‘are ﬁhree piezometric surfaces ané
two pefcheo water tables in the slide area. The probable
configurations of thesevwaten tables are enown in Figure
10.6. T
10.2.1.5 Strength Properties

The strength propertles of the sediments in these
. landslides used in the stablllty analy51s are shown in
Table 10.1. The laboratory tests on the bentonitic

mudstone and the bentonite have been\bgscrlbed and

1nterpreted in detail in Chapter 7.

10,2.].6'§tability AnaIYSis*

. The fajlure surfaceiin thekslide masses nas
probably horizontal ‘in the bentonitic mudstone and K
1nc11ned at about 30° near the end before it connected

with the steeply inclined 301nts ‘in the benton1t1c

4
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Tablg}10.

0

1 Soil Streﬁgth along the Highwall Adjacent to

Slides 1 and 2, Pit 3, Highvale Mine

-

-

h

*

£%

(HV-83-406)

Average re51dua1 strength

Upper bound of residual strength

***Lower bound of residual strength

___Material v Strengih Parameters
: ¢ ,
. c ) ¢ t c 'f ¢ t
p P r r
KN/m* | (kPa) |(deg) [(kPa) |(deg)
Till# 20,0 - 10 31 .o “ee
Bentonitic | 21.4 0 40 “en ces
Sandstoneg# | *
“Bentonitic | 20.3 | 135 | 37.5 | o0« [22.5%
Mudstone## . O%x 11.5%x%
Oxx* |6,5%%%
‘ N
Benton{te## 17.3 ‘e tee 0 11.5
. - ",'. B&
Carbonaceous| 19.4 140 37.2 0 13.0
Shale with ’
Hard Lumps##
Coal# 13.8 200 31.0 o s c o e
} Tested by Monenco Ltd. (1984)

‘Tested by the Author and the lnterpretatlon of borehole data

280
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-sandstone whic%5extend upvard to the scarp of the slide.
The horizontal apd the gently incl¥ned portion of tgo .
failure surface within the mudstone are ‘inferred from
the horizontal principal slip surface ;nd the inclined
minor shears observed 'in the\shepr zone (Plates 5.2 and
5.?)."The water table in}the bentonitic sandstone was
perched and the water presshre mainly acted on the ‘
inclinéd portién of thg'rupture. Figure 10.7 shows the -
pore pressure distribution alohg the failure surface ofm
Slide 1. The slopé analysis of Slide 1 was performed by .
using the general method of Morgenstern and Price (1565)
and the results are indicated in Table 10.2, |

The results of the analyses show tha; within the
possible range of the groundwater table abserved .n the
;ield, the use of the maximum aEd the minimum residuai
strength of the bentonitic mudstone measured in the

< ,
laboratory would résult either a too high or a too low

Factor of Safety whén failure occurred in Slide 1.(Table
10.2). When the average residual strength of this

. : A
bentonitic mudstone is used in the analysis, the Factor

oé Safety for Slide 1 is equal to ;t42 énd 1.03 when the
water table was about 2.2 m and 0.5 m below the top oh._
the slide massbrespectively. It is concluded that when
failure_gggan in Slide 1, the shear strength mobilized
along the shedr zone was equa;'té the average residual
strength of thé bentonitic mudstone, that is,,cr' =0

kPa and ¢ ' = 11.5°{ with a water table in the
r N
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Tébie 10.2 Résults\of fhe étabylity Analysis, Slides,1\§nd~

N \“J‘*_f

R I
wh oD

2, Pit‘3,‘Highvale Mine \*Pf
- Slide | |Depth   Bentbnitic Mudstone |Factor
: : of T T : : '
. |Water céﬁﬁ"¢ 'l ¢ " | of
P Sbaxp r 1 r -
\LTable (kPa)‘#deg) (kPa) (deg) |Safety
Slide 1 2.2 m e ] S0 22.5 | 2.73
(non-circular. - AR ) 1.5 1] 1.42
© Limit "0 | 6.5 | 0.85
Equilibrium {1.0 m 6| O 22.5 | 2.16
Analysis) 0. | t1.5 1.12
N | 0 6.5 0.67
0.5 m 0 | 22.5 | 1.98
R IR 0 1.5 | 1.03
0. 6.5 0.61
, — T {

.slide 2 (2.2 m 135 | 37.5° ‘ ! 2,97
(Plane : 0 22.5 % 0.94
Failure ‘ N S0 ] 11,5 | 0.47
Analysis) | 0 37.5 1.76 .
o » | o |23.6¢ | 1.00

0.0m | 135 | 37.5 || .°' 2.19.
S TN o . | 22.5 | 0.72 .
0o | 37.5 \>~k' ' T.32
o (55# 30. 0¢ .00

# Back calculated
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.bentonitic sandstone very close to the ground surface.
This Seems to be the case 'since Eenton et al. (1983)

- have reported that the observed groundwater table in the
.overburden sandstone is stable, rather than dec11n1ng as
mlght be - expected due to the close proxlmlty of the
\nghwall '

v

Sllde 2 B
F1eld studies 1nd1cate that the horlzontal portion
of the fallure surface of Slide 2 is also located in the,
bentonitic-mudstone. The‘Scarpfportion'of Slide 2 iSf' ‘
very steep and can be approx1mated as vert1ca1 (Flgure
10,3). It was probably formed by open1ng a roughly
vertlcal 301nt when the slope' was under stress rel1efﬂ
following the ekcavatlon. As a result, the groundwater“
~in Slide 2 has-only created athydraulic driving.force‘
aga1nst the vertical tens1on crack The backanaly51s of
Slide .2 was performed by u51ng the plane fallure
mechanism described by Hoek and Bray (1977) and the
"results-are indicated 1n Table 10.2. | ’_' L
The use of the peak or. the re51dua1 strengths forb
zthe benton1t1c mudstone in Sl1de 2 in the backanaly51s
‘resulted ;nwa_Factor-of Safety e1ther greatervor less
than unity Eack‘calculation shows that'thehmobilized
shear strength on the benton1t1c mudstone 1n Sllde 2
‘dur1ng fa{/\?e vas equal to c’ . 0 kPa and ¢' = 23 6°

*'when the water table was about 2. 2 m below the top of

the_hlghwall. ThlS is reasonable beqause: (1) the "
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piezometer, which was installed adjacent tolSJide 2,
also‘indicated a constant piezometric surface about 2 m
below the top of ‘the slide mass (Flgure 10.5), and%(?)'
the bentonltlc mudstone and the benton1te in ‘the shear

zone observed in Sllde 2 are composed of many coal chlps

,and rock fragments and thin coal beds were observed

truded into: the strata (Plates 5.4 and 5. 5). The coal
in the mlne’has,a residual strength of ¢ ' = 0 to 28
'kPa,~and-a ¢ ' = 13.5° to 29.59_(MonencorLtd.,'j983a,
vol. 1, tig rE-‘13) As'a resUlt the“mobilizeddshear N
strength of the coal and ‘clay mlxture wh1ch formed the
shear zone in Sllie 2 is expected to be hlgher than -the
shear zone in Slide k;whlch is essentlally composed of

sheared bentonitic mudstone. \
The higher shear strength in the‘shear zone of
Slide'2 area than in the zone of Slide 1 area seems to
be the reason that the hlghwall at the former became '
stable shortly after the slide while slope fa1lure

contlnued to occur into the hlghwall‘of the latter.

o
e

'10.2.1.7 Discussion |

1. In'the study area, the, horizontal portion of the
rupture surfaces of %ﬁgpes 1 and 2 are located in

‘the bentonitic mudstone instead of the bentonlte
probably because of .the folloW1ng reasons.

‘at The bentonite has a 1imited'1atera1 extent in

the slide area.
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‘ weather1ng should have caused of softenlng

28% . : ‘
' i l
b. ' The steeply'inclined joints in the bentonitic
sandstone had not reached the underlying

benton1te.

J c. lThe benton1t1c mudstone has a reS1dual strength

51m1lar to the bentonite; and at the same time,
the crincipal slip‘suriaces'formed due toGch
thrusting are‘well;developed in the,form;;;'
mTLese surfaces tend to ccnnect with -the joints
_setsvln the immediate.cverlying bentonitic
sandstone to form thé fallure surface ‘on which 4

the slldes could take place.

Stress release‘due to excavation and, (frOst)

(Terzaghl, 1936; Skempton, 11948) and progressive
féilurev(Bjerrum; 1967) which caused in fissures and :
jointsytorming and/or enlarging}‘and softening‘with o
tlme of the bentonitic'sandstone and mudstor~ along '
the hlghwall in Highvale mine.vIt is believed chat
these are, the processes respon51ble for the

formatlon of the inclined and vertlcal port1on of

'the rupture surface whlch cdnnected w1th the

horizontal ghear zone in the study area and allowed

failure to OCCur.'

the grcund ‘surface probably’was the triggering force
for Slide 2 which occurred in late April. For Slide

1, a few months more was'probably required for the
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“
joint sets in the bentonitic sandstone to ggpw and
e . . N
extend ‘down into the mudstone to form a cbﬁﬁinubus

rupture surface which allowed fallure to occur.

Barron, Stzmpson and Kosar (1985a, 1985b) developed

I

- a theory and a computer program on Mu1t1ple Block

Plane Shear Slope Fallure (MBPSSF) and’ applied them
to the analy51s of Sl1de 1 in Pit 3 of the nghvale
Mine. However, f1eld observatzon ‘indicates that'
their theory cannot be applled w1thout modification
td;the“iandslides.ih Pit 3itﬁa£.qccufred jn the
;hﬁﬁer Sf 1984, The reasons are as follows: |
a; .M£PSSF'555umes a perched water table on the
" horizontal imbervioué failure plane in the
analyéig)(Bafron et al., 1985a, Part I,'b.'s).
Based on the lithologic log from borehole
#HV-B3-406, Barron et al. (1985b) treated the °
bentohité'as the failure surface. Field T
inyéstigétion indicates that the slide mass is
seated on a shear plane within'the bentdnitié
mudstone fnsteaé of the bentonite. This view is
 supported by a éontinﬁous,_hprigoptal shear
plané:éboﬁt 300 m long in €héy£entonitic
mudstone Qverlyihg thé'bentqnité which was
'eprsedvdn the highwall adjaéent to Slide 1
(Plate 5.2). Moreover, field and labora;ofy

. investigations suggest that:the‘baée of the

siide'maSS of Slide 1 was free of water pressure

et
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when the fallure occurred,

'Barron et al, (1985a, Part II1, p. 75; appendix
//’,2, p. 103);a551gned 'peak’ strgngth (c ' = 9.3

kPa, ¢ ' = 24.6°) to the failure plane in the

analysis. However, field observation indicates

that_both the bentonite and the bVerlying

bentonitic mudsfone had been sheéred and

Asllckens1des were found in these beds. Studies

on more than 80 llthologlc logs obtalned from

the boreholes at Pit 3 by the author show that

" zones of weakness due to ice thrusting were

ptesent in the pit before excavation and prior -
to the bccurrencé.of Slide 1 (Figures 5.2 and

5;3); Moreover,'backanalysis of Slide 1 by:the

“author has shown that the horizontal portion of

fal

the, failure Surface-whiéh lies within the

bentonitic mudstone has a strength of ¢-' =0

kPa, and ¢ = 11.5° (Table 10.2). Thus, the use
. A _

of peak strength in analyzing the slide whiéh

seated on this zone of weakness is

'inappropriate,

MBPSSF analy51s assumes that a vertlcal ten51on

crack will. form when the factor of safety is

equal to un1ty in the general eqqa}gpplumwwmwwwww“

equation (Barron and Stimpson, 1985, p. 5). The
tension crack then descends from the surface to

the horizontal'CIay band below which completes



the geometry for the block failure (Barron- et

| al,, 1985a, Part I, p. 1). As seen by the

author, this assumption does not apply to lide
1in the study area. F1rs£:&?g%nt measurements
in Pit 3 suggest that the major portlon of the
scarp of Slide 1 foller the major“joint sets
which are Ainclined. Seconéjly, MBPSSF only

considers the formation of a vertlcal tens1on

crack in the scarp area ‘but does not pay

R

‘attention to lateral separation of the.slide

.

mass from the surrounding rock mass. However, as

ice thrusting hae definite&y 0ccurreé'iq the
slide area (see Chapter 5) and produced sets of
d15cont1nu1t1es, the sllde geometry follows

these pre-existing planes of weakness rather

\ -~ ) .
than vertical tension cracks and the horizontal

bentonite layer.
Since.the geometry of Slide 2 is consistent with

the geometrical assuhptions*in the MBPSSF

'analy51s described by Barron et al. (1985%a), the

author performed ‘a determ1n1st1c analy51s by
u51nq MBPSSF. The analysis 1nd1cates that a
wate?giable at a depth of about 4.7 m below thé’

top of the highwall, 2.7 m lower than observed

in the field, is required to initfate the s
" Alternatively, a larger slide will occur (-tha

"is, the horizontal distance .between the scar;

Va
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and the toe of the slide needs to be increased

' from the observed 9.6 m to about 14.2'm) if the

water table observed in the field is input into

~ the analysis.

The analysis based on MBPSSF does rot agree
with fieid observations mainly'because the '
MBPSSF assphesfhydrostatic pteasure acts both on
the hdfizontai and‘vertical portionS'%f'thé
fallure surface once the water table has risen
above this surface,: It does not deal with the
fact that the horlzontal portlon/of the rupture
plane could be free of water prassure, reéulting
. in hydrostatic préssure‘aqting on the vertiéal
portion of the failure surfaae only. |
To éonclude,_a slope stability analysis
that can accoubt for an inclined tension ctack
- and non-uniform water table should be used in’
/the study of Slide 1. o |
Tha/rupture surface in the study area'ES'essantially
a pra—existing geological faature that is composed.
. of a,flat—lying portion due to glaciotectoaTc
deformation and an inclined to vertical portion due
. to regional and local jointing. Prdgessive'failute,
commonly respon51ble for the development‘of a’
contznuous fallure surfaae in OVerconsol1dated clays

result1ng from the removal of the lateral support

describeé by Bjerrum (1967), has played‘dhly a small
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role in the slope stability problem in this

investigation.

10.2.1. 8 Conclusions ,

For the safety of the draglines operatlng on the

crest of highwall in Highvale m1ne, Wabamun Lake area,

the following activities should be part of the design of

the highwall or any large excavation in an ice-thrust

terrain,,

1-

Identify the presence ang‘exrent 6f~brecciatedA

layers or shear zones in the area by field mapping
and examining the auailable geological,‘geophysieal
and 'geotechnical logs, andbcore sampleg. The layer

which is described as brecciated, crushed, and

_slickensided and with a poor RQD may be an

indicatfou of the location of a sheaé zone,

A joint or fissure pattern survey should be
undertaken over . the excavated area to : (1) predlct
any possible failure surfaces formed by thef

intersection of the local and regional joint systems

~ ¥

(due to glaciotectonics or orogenic tectonics) and

sthe shear zone with the slope, (2) evaluate the

proportion. of slip surface that pésses different
through the kinds of fissures (such as open or .
closed) and the strength that the failure plane may -
con51st of (Skempton and. LaRochelle, 1965). |
Piezometers and slope 1nd1cators should be 1nstalled

-

in the disturbed regions-of the excavatxon site



v | | | 292

| wherevice-diéturbed sedimehts énd éhéaf zones are
‘observed or axpected to exist. The groundwater table
should be closely mon1tored especially during spring’
runoff, heavy storms,’seasonul rainfall, and ice
freezing on the face of the slope all of which may
‘cause large increases in the elevation of the
phreaﬁié surface (Terzéghi, 1936; Piteau, 1970). The
correspondingRpigzometric readings sﬁbuld be
correlated with the amount of slope movement shown
by the siopg indicators. |
4. Residual st;engtg parameters shqﬁld be used as the
moblllzed strength: ;ct the continuous horizontal
" slip surface w1th;n the crumbly shear zone in a
stability analysis o¥.the slope with a ‘shear zone
observed near its base. ’
.10'2'2 Applications tc;"s-tte Investigation and Laboratory
Testing | | | |
The study of the shear zone exposed in Highvale mine
has-shown<tﬂétfice thrusting may prodhce’a'crumbly shear
zone which is composed of a few éqntinuogs and ‘planar )
principal slip surfaces with a strength gt close to
residual, and many discontinuous ﬁinor shears with strengths
varying from peak tb résidual, depending on the amount.éf
movement o; shéafihg that Qhe material has u dergoné. Thus,

the recognition of the location of the sh&ar zone and its

major slip surfaces should be the primary target in site
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investigation in an ice-thrust terrain since these features

often control the stability of engineering structures built

In détecting the location of a shear zone in an
ice-thrust terrain, field mappxng should be performed
Jﬁlnever is pdsszble since case histories 1nd1cated that
core sampling and geophysical logs may not be able to detect
the\hin plane of weakness ﬁPlate 5.2 ,L’nsley et al., 1976,
p. x-24; Wilson, 1974),

| Moreover, a.reasonablé interpretation of tho
geotechnical strength paraméters of ice-thrﬁst sediments
measured in laboratory can only be obtained if they are
coupled with .accurately described geologlc fabric observed
in the test samples and the shear zone in the field. This
has been shonn by the laboratory studiés presented in |
Chapters 6 and 7. The in;egration of the above information
“can be useq.in planning the number and locaoion of m
drillholes‘needed in a certain area wlthin a:construcﬁlon
site in an ice~thrust terrain to understand the variation of
strength and the diétribution of ice-deformed gediments
within the area. Théh\gconomical and safe design of the
sites fof engineering works can be obtalned in any
ice-thrust terrain. The importance of soil fabric and
profile mapplnglin sife‘investigationafor engineering works

in ice- thrust terrain or in other terra1ns cannot be

,"overemphas1zed (Rowe, 1972; Marsland et al. 1980).



10.3.Gla cations of Glaciotectonics
10.3.1 Ice~Roc¢k Avalanches |
JThe proéoa.d mechanics of glaciotectonic deformatioen,
which essent{ally describe the factors (such as the flow and
thermal cond1t10ns ot a glacxer, the strength of subglacial
sediments, depth of permukrost at the snout) lhat caused
subglacial failure at the st?gnant snout of a subpolar
glacier, probably also explain the cause of ice-rock
avalanches that occur in some alpine valley glaciers. This
is because 1ce rock avalanches in mountainous areas, wh1ch .
have been suggested as triggered by the fallure of bedrock
and superincumbent glacier ice near the snout of hanging
glaciefs or cirqﬁe glaciers (Eisbacher ana Clague, 1984,
fig. 33), also seem-to be caused by foundation instability
near the margin of the ice and‘result in the collapse of fﬁe
overiying ice and the correéponding subglacial strata. This
is shown by a devastating ice-rock slide (which consisted of
about 2.5 x 16‘ miyof glacie® ice and 26 x JO‘ m* of debris
and had claimed fguf.hﬁmap lives) which appears to be |
reléted to the develobment of high pofe water pressure in
the 'poorly consolldated' strata that underlay thé~marg1n
(frozen and stagnant’) of a retreating but act1ve c1rque
gladier (Mokievsky—Zubok 1977, 1978) .
| Thus, accordlng to E;; ice-thrust model the favourable

cond1t10ns or factors for the develogment of ice-rock

~avalanches probably are an active hanging glac1er with a



* oy s

stagnant ‘margin underlain by weak and frozen subglacial
strata under high water pressure. The appearance of a bulge
on the ice surface near the boundary of the stagnant and

active zone of a.valley glacier and high ,runoff during
Springvmelfing should be critical for the stability éf ghg

, glaciéf~hargin and may be a‘warning that indicates ice-rock
avalanches may éoon occur. This also indicates that Qﬁen
resort areas or settlements are piannéd to be built close to
the margin of an Alpine glacier where ice-rock avalanéhes“
are commbn, the stratigraphy and permafrost cbhdftiop of the
area, the.strength properties and hydrogeological conditiéns
" of the subglacial.strata that underlay the margin of the
ice, and the thermal and flow canditions of thegdlacier
should be inves;igated. Based on this information, a
preliminary Stgbiliﬁy analysis of the glacier and its
foundation shoﬁld be performed. The understanding of the
‘mechanics and the factors fhét contribute to the dégglopment
of ice-rock avalanches are important because glacier-related
mass movement always causes hazardé to hﬂﬁan sé?éty and
property-in high?mountain areas such as the Canadian -
Cordillera which are under répid economic development (sucH
as»transportatioh routes, settlements, and recreational
areas) in the recent years, and the Alps where reservoirs

and dams have™ been c0ngtructed close to the snouts of

hanging glaciers (Eisbacher and Clague, 1984).
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11, CONCLUSIONS.

1,11 1 Conclus1ons Cel \ ‘;r' R T L

\J
Aerlal photograph 1nterpretatlon and f1eld sgudles of,
\the 1ce thrust terralns 1n central and southern Albertafg~‘
"1nd1cate that, unllke well known 1ce thrust features, which
b:are qulte dlstlnct on aer1al photographs, many ice- thrust
4 features are expressed as l1near forms on ‘the ground and may
" be easily mlslnterpreted as’ other or1ented mora1n1c features

f,‘szzh as end moraines.and corrugated ground moralnes. A X
s 3% : . '

.‘! s51ficat1on method has befn proposed wh1ch 1nvolves
Q ground checks and - su;surface 1nvest1gat10n, to d15t1ngu1sh
ice- thrust features wh1ch are malnly composed of deformed
-bedrock from end moralnes and corrugated ground moraines
wh1ch are’ chlefly composed of tlll Investlgatlon of the
ujsurf1c1al geology, glac1al features, and glac1al h?story of

the region studled show that glac1otecton1c deformatlon in.

: .central and southern Alberta probably occurred at the margln‘
‘of a’ stagnant and downwastlng ice sheet and was assoc1ated .
with readvances of the snout of the glac1er.{;'

"Field mapplngxand subsurface 1nvestlgat1on 1nd1cate'
rhthat g1a01otecton1c macrofabrlc con51sts ch1efly of (a)
decollements or sole thrusts, (b). concentrlc folds and

\l

fault bend«folds, (%) strlke sl1p faults and hormal faults,

(a) 1mbr1cate thrusts, (e) rgq back thrust sequences,,(f)

“scars,pand ) local jgint systems.
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‘.deformatlon in. that area ranged from 280 to- 860 m, depths of

sole thrusts ranged from 8.7 to' 27 m, ~and the average ' “

il
ess of sole thrusts was about 2.3 m with a range of

0.5 t0‘4.2 m, lengths'of‘about:395 m or greater, and widths
of at least 1200 m. In the Lowden Lake area, it was found
that ice thrustlng has caused about 16 m of shortenlng due
to horrzontal 1nternal deformation and 512 m of'translatlon
due to hprlzontal external deformatlon leadlng to the | 7;g'
vformatlon of ice- thrust rldges and depressmns or scars .
behind. the rldges. Local and reglonal ]01nt studles seem to.
_suggest that the joint system in the nghvale mine had en
subjected to a reg1onal stress fleld due to the pastv
tectonic events and also to a local stress f1eld due to the
recent'glacial‘ice thrusting. H0wever, this is only'a
1tentat1ve 1nference and more . joint studles must be performed
in other ice- thrust terrains before a def1n1te conclu51on
__can'be reached

The types and geometry of the macrofabrlc in the
glac1otecton1c thrust system closely resemble the thrust
‘\system observed 1n orogenlc tectonlc terra1ns' thus, it
seems reasonable that th- vlnematlc analys1s of
glac1otecton1c macrofabrlt can ‘be performed based on the.
avallable understandlng of. orogenlc tectonlqs.-

The mlcrofabrlc and submlcrofabrlc of the ice- thrustb

3

lAflne gralned sedlments found in a glac1otectonlé§shear zone_«“

‘ \
|
|



f,overconsol1dated\sed1ments in laboratory tests and o’shov a

~
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or sole thrust 1nd1cate that the subm1cro£abr1c of the

o

“sed1ments we{e composed malnly of aggregat1 ns wh1ch have

‘dense cores of randomly oriented ‘group$ of - clay plateletS‘

LanY

-wrapped by an external layer of orlented clay particles in a
-tuerstratlc arrangement. It is bel1eved that glac1otecton1c
'deformatlon and'h1gh overburden pressure have caused the

‘collapse ‘of the. or1glnal sedlment structure,fresultlng

secondary aggregatlons embedded in a sea’ of or1ented clay
»
platelets. The presence of shear structures such as

pr1nc1pa1 dlsplacement shears and Rledel shears 1nd1cate

Wthatrlarge shear stra1ns have occurredvln tHe ice-thrust

sediments studiedr

" The: sedlments in the study areas have been heav1lyw

overconsolldated However, the geolog1cal processes such as

cycles of unloadlng and loading due to erosion and

. ™ .
glac1at1on; weatherlng,Apermafrost,‘and glaclotectonic‘

= deformat1on,_have'turther brecciated, jointed sheared, and

_'remoulded the sedlments. Thls caused the sed1ments w1th1n

W
the glac1otecton1c shear zone found in the areéas studied. to

behave as a normally consol1dated to lightly

non-brlttle, plast1c*mode of'deformatlon, a low OCR, and a
max1mum shear strength below peak and in oeneral, close;to
re51dua1 To conclude, the general ge@techn1cal
characterlst1cs o% ice- thrx’ sedlments w1th1n a clayey

Liyer 1n the reg1on StUdlcu _Ee:’Y

1. ’ngh clay fractlon, for example, up to 40 % or hlgher

L]
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_ within which platy clay minerals sdch_as,montmorillonite_
deminate. |
2, Glaciotectonic deformation probably is not evenly‘
- dlstrlbuted w1th1n the layer; as a result ‘the fabrlc
dand strength propertles in general vary in d1fferent

parts w1th1n the glac1otecton1o

‘tratum The strength of
the brecciated sediments in the v yer probably varies
betmeen the fully softened state and,residual, while the
”.‘strength along‘principal displacement shears is at or
close to residhal, | |
3. Poor RQD. ,
| Based‘on the relationship between‘the.ditection ofzice
‘movement the regional bedtoCk topographic‘conflgurations in
'central and - southern Alberta and the attitudes of their «
correspondlng fabric elements such as 1ce thrust featuﬂes
and meltWater channels, three'types of glac1otecton1c fac1es
‘are prop'sed“namfly, (a) Escarpment, (b) valley, and\(c)f
: kPla1ns. The Escarpment glac1otecton1c f's tends to be
| located along the slope ofﬁa.pveglaclal hill ‘or valley with
1ts strlke perpendlcular to thehlce d1rect10n. The Valley
glac1otecton@c facies occurs in a valley when an ice lobe
enters and flows parallel to the thalweg of the, valley. Both
of these facies have the.slope of their bedrock surface
approximately pe:pendlcular to the axes of folds, the trends
of ice-thrmst'ridges; the strike of deformed'beds and thrust

faults,vand approx1mately parallel to the direction of the

ice. movement The Plalns glac1otecton1c fac1es occur on
: A .



"‘relat1vely featureless pla1n where 1ce -deformed. beds m;ght

have their dip directions parallel to the glac1al direction.

b
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tThe 1dent1f1cat1on of certaln types of glac;otectonig facies .

in a reglon, which is solely based on terra1n analys%f and

) reglonal topographlc and geological map studies, would -

‘1nd1cate that: (i) glacial-deformed sediments and

) L

‘glaclotectonlc structures are llkely to éxist in the area,

and (ii) the probable attltudes of 1ce thrust features and

. their assoc1ated deformatlons w1th respect to the

orlentatlons of other glacéﬁl and surf1c1a1 features, and
the dlrectlon of ice movement in the. region.. |

| It 1s proposed that glac1otectonlsm in the study areas
is caused by foundation fa11ure at the’ snout of a subpolar
ice sheet when its marginal stagnant and frozen area 1s,

. . o .
compressed by the active—flowing upglacier ice and the

correspondlng earth’ pressure in the strata. The failure

a

\.
" - caused the deformatlon of subglacial strata near the snout

and probabdy resulted in the collapse of the overlying ice

'wh1ch may lead to a glac1er surge.

The main forces that cause ice thrustlng are: (a) the

»forces due .to the ice flow beh1nd the stagnant zone, (b) the

) [ 4

earth pressure in the sungac1al-strata, and (c) the
hydrostatlc upl1ft1ng force that acted on . the potentlal

failure surf;ce. Among these, the 1ncrease 'in the act1ve

;earth pressure and/or ice compression due to the bulge at

the boundary of the stagnant and active-flowing zones, and

the'incré&sepin water pressure at the‘potential failure:

R Y
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surface (which is probably located at a weak and impermeable

: stratum -and c01nc1des with the bottom of permafrost which is

underlain by aquifers) are believed to be the critxcal

factors that trigger glac1otectonism.

1.

‘Geological applications, of glaciotectonics include:
Ice‘direction indicator - the.axis of folds and strike
of fractures and thrusts in glaciotectonic structures
usually trend perpendicular* to the direction of the ice -

advance; thus, the’latter can be'derived from the .

. attitudes of ice—thrust'structures.

4

. Log 1nterpretat10n - ice. thrusting can produce L

deformatlons such as drag folds and thrust faults. As a-
result, stratlgraphlc correlatlon based on borehaole logs
in_icefthrust terrain,should,con51der complicated
stratigraphic sequences in the areaﬂdue‘to

glaciotectonic deformation.

.

Geotechn1ca1 appllcations of glac1otecton1cs include:

1.

Slope stablllty problems - glac1otecton1c shear zones.

-are weak.layers and are composed of continuous

S _
horiizontal planes~hav1ng~a re51dual'strength. Thus,

slope stability analysis'of a slope‘iith glaciotectonic
eshear zones observed at 1ts base should consider the

_1ntersect1on of these zones with local joint systems

[

,forming potential rupture surfaces.where slope movement

is most'likely to.occur. It-is recommended'that residual

"strength parameters should be used as the mobilized

strength for the horizontal portion of these surfaces.
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)

S1te 1nvest1gation and laboratory testing - the

’

vrecognltlon of the location of glac1otecton1c shear
.zones and tb:1r major sllp surfaces should be the
primary target in site 1nVestlgatlon undertaken in
ice*thruSt terrains since these features often control
the stabillty of<engineerin§ structnres‘bu1lt on them.
The 'amount and distribution of principal displacement
'shearsy Riedelishears, remoulded ofaf mggrlces, and clay
peds in sanples obtained from glaciotectonlc shear zones

could 51gn1f1cantly influence their strength properties
a reasonable .

as measured in a laboratory. As a result
'iinterpretat;on of the geotechniéal strength parameters
of 1ice thrust sediments cannot be artalned unless'the

geologlc fabrlc observed in the samples and the shear

zones havye been accurately described.
Glaciological applications of glac1orecton1cs include the

use of the mechanical models of glaciotectonism developed in

this study to upderstand the cause of glacier surge and

ice-rock avalanches.
{

11.2 Recommendations for‘Future Research

. L ]
SR
il . .
1.2.1 Strength of Ice Thrust Sed1ments
More geotechn1cal laboratory and ihsitu tests should be

performed on the brecciated sediments sampled across an
ice-thrust shear zone in order to increase the understanding

of the distribution and range of strength of these
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troublésoﬁe deposits, and their effects on the slope and .
‘foundatlon stab111ty of the area. ‘ .

N In add1t1on to the conventlonal geotechnlcal tests,
work needswto be done on correlat1ons between‘the
geological geophysical and geotechn1cal logs. The success
of this research would help to"

1. pInterpret geOIOgical features (such as heavily fractured
zones) andtgeotechnicel pérameteré (sueﬁ'as‘elastic;
cohstants) from Qeoﬁhysical\logs (Hoffman et al., 1982).
As e résult, Ehese'logs may indicate tﬁe locations of
fractured zones, glacial thrust blocks end the
:conf1gurat1on of the major potentz?l rupture surfaces in
gh ice-thrust terrain with estlmates of the geotechnlcal
'propertles of_the 1ce—thrust sedlments;

-2, Obtain a continuous geotechnical‘borehole iogﬁfroﬁ.the
geophysical logs whiqﬁ\can,provide more subsurface
geotechnical inf rmatgp, than the conventional coring.

, methods. This“is particularly useful in detecting the

many horizons of slip surfaces in the . i

100 m or more without greatly 1ncrea51ng the costy while
~coring costs beyond 30 m deep are usually proh1b1t1ve
(Sauer, 1980, p.\551). This is economically very
important because‘the deﬁth of~glecial deformation in -

ice—thrusg terrains may exceed 30 m (Mathews and Mackay,



1960;‘Moraaﬁet-ai.,‘1980). ‘ { o

4. Ptovidefinsitu undisturbed physical properties of the
sedime;ts when the geophysical logs are run in}a
well-controlled borehole.'This would eliminate the
Qisturhances due to in—%}tu sampling and'transportation
of the samples to the laboratory. |
ThUS,}lt is suggested that more dr111holes w1th

well-controlled geophysical logs should be cored, and

correiatlons~6etween the logs and properties of/the

sedimenfs measured by laboratory tests on the cored samples

. and by insitu tests.

11.2.2 Field Mapping and_Claséifyiné anﬁlee—Thrust Terrain
The bentohitic mudstone in thelﬂighvale mine, Wabamhn
Lake area, has a wide range of strength properties (Chapter
7), fabric, and lithology'(Plates 5.3 and 5.5); This has
.:created difficultiesein deciding the most critical area in
this‘brecciated'layef for aetaiied'investigation while,_atv
the same time, obtaining a general view of the distribatfon
of the deformatlon in the: area. .o
It has been suggested that the geotechnlcal cqmplexlty
of A 51te can be analyzed by applylng the concept of facies
and the associated process model (Morgenstgrn and Cruden,
'1%79).’F1e1d mappln; and cla551fy1ng an ice-thrust terraln
" into fahric»doﬁains'(ctuden, 1978)‘ot:glacialrdefdrmedﬂunits .
- (Fenton et al., 1983) seems to.be the initial step in

recognizing the, general distribution and variation of the .
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fabric and strength properties in the gedtechnically and
structurally complicated ice-thrust terrain and deciding on
suitable locations for subsequent detailed sampling and
testing in the area. | |

® C
11.2.3 Local Joint System due to Ice Thrusting

The joint set sgudies performed in the Hignvale fine,
" Wabamun Lake area (Chapter 5) seem to show that ice
thrust&ng may ‘produce a local joint”eystemfthat_deviatés
from tne\regiqnal jbint system. The recognitidn of these two
sygteme may help: (1) to point out the orientations of the
principe;"stresses imposed on the area due to the recent |
‘glaciation, and (2) to indicate the direction of ice
movement in{the area. |

However, the joint data used in differentiating the-
ice-induced local joint system from the‘regional joint
system in H1ghva1e mine are limited to one rock type, the .
pentonltlc sandstone, and are also restrlcted to a small
grea.of the7mine. Iniordef’to fully understand the
relationship between’the joint sistems and glaciotectonism,
more measurements and 1nvestlgat10n on the joxnt systems in
‘ d1fferent types of sed1ments in other ice-thrust terra1ns in

central’ and southern Alberta are def1n1tely needed

2

,.
11.2.4 Thrust System of Ice- Thrust Terrain

-

- Log data from other ice- thrust terralns (1f ava1lab1e)

should be’ complled to construct subsurface structural
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cross-sections of the regions. This would heib to generate a

better understaqﬁing” the structural geology of ice-thrust

§

areas and also to show whether the'maCrosocpic fabric
elements such as dupIé; structure, horses, sﬁgar zones or
sole thrusts, concentric folds and fault—béﬁa foldé, pointed
out in this thgsis (Chaptér 5) are common features in other

glaciotectonic areas. . \

11.2.5 Regional Studies of the Odcufrencé of Ice Thrusting
The recognition of the types of glaciotectonic facies
in central and southern Alberta indﬁcat;s that ice thrusting
shoﬁld‘be a widespread phenomenon in the regiog} The fact
that ice-thrust features are relative rarely obseEved in the

field is probably because some ice-thrust features have
inaistincn topographic expressions of }esemble morainal
features (Chapter 4). Thus,wmoré field work and éerial
photograph ihterpretatipn to search for{ice-thr@st features
should be performed in éreas that-have been -identified as
certajn_types.of_glaciotectonic facies based on geologic and
. topographic studies. ,
11.2.6 Models of Ice Thrusting

The thermal and flowﬂgonditions of the ablation area of
hodern surge—typevsubpolaf glaciers, the strength properties
and pore water ;onditiohs of:th;tsubglacial strata that 
underlay ‘the marginal area of the ice should Ee . \\§
investigaﬁed. The information should be used to .,perform

\



: ‘ 307

stability analyses of the foundation near thﬂ?’nout of the
‘glacier and be related to the movement of the glacier toe’
and the deformation in its underlying strata. A}similar'

study should also be performed near the marginal area of

]
a

valley glaciers in mountainous area® where ice-rock
avalanches have occurred. The results would test the

validity of the icé-thrust model proposed in this thesis .and
+ . '
its application in the mechanics of glacier surge and

ice-rock avalanches. s . .

o
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Appendi#'A - Location and Accessibility of the 0utc:ops‘ahd
\ " Ice-Thrust Feetures in the Study Areas
A.1 Wabamun ake Aeea
eSout? of Wabamun Lake;‘sections are exposed on ﬁhe
high;olls%in Pits 2 and 3; ﬁighY;ie:Coal Mine, which is
about 1 té“3.3 km west of}éhe,village of Sundance‘(Appendix
c, Figure:C 5). The Sectione were cut into terraces which
have a flat to slightly rolllng topography.
| A Sect1on is also found at a roadcut about 800 m south
of the«soughwestern shore of Isle Lake along Highway 16,
whlch is agout 1.2 km west of the village of Galnford and 13
km east of the g;llgge of Entw1stle (Appendzx C, Figure
' C 10). The section is about 18 m*high, 350 m long and
consists of two rldges trendlng app;ox1mately east-west,
that is, roughly parallel to the southwestern shore of Isle
Laker
- Figure 311 shovws fhe regional location of the sections

in the area. .

A,é Edmonton,Area ‘
-Two sites were investigated in the Edmonton area. These
_are (Figure 3.1): ‘ _ S
1. Nisku - about 22 km south of‘cify of Edmonton; The
outcrops are'located‘alohg the ditches‘of Highway 625
and.are aoout 2.5 km east of the turnoff from Highway 2

at the town of Nisku (Sec. 30, Tp. 50, R. 24, W. 4th

™
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15, .Tp. 56, R. 23, W. 4th Mer.).
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Mer.).

v
[

1

Gibbohs - about 30 km north of &ity of Edmonton and can
‘ B

3

be reéched‘by travelling along H{ghway 37. The exposea‘

J

‘section is located near the bridge abutment that crosses

the Sturgeon.River north of the town of Gibbons (Sec.' .

, 4
No field visits were performed in the city of

Edmonton. The ice-thrust fs;tures of this city mentioned

in this study are mainly based on the examination of -the .

pubiished surficial geology réports’gnd drill hole logs
(McPherson and Kétﬁoll,1972; Kathol and McPhefson,

1975). | : ' - ; e

A.3 Red Deer - Stettler Area

‘Four sites were investigated in the Red Deer - Stettler

area (Figure 3.1). They are:

1.

Lowden Lake area - the exposures are located at roadcuts

and ditches galong Highway 56 and are approximately 22 km
O .

south of town of Stettler (Tp. 36, R. 19, W. 4th Mer.).

Beltz Lake area - exposurgs are found along the .eastern

shbre of Beltz Lake northeast of the Lowden Lake area

{sec. 30, Tp. 37, R. 18, W. 4th Mer.).

Nevis Area - the outcrops are found along roadcuts of
Highway 21A and are about 0.5 km ahd_0.9 km east of its

interéectionlwith Highway 21 (Sec. 34, Tp. 38, R. 22, W.

‘4th Mer.). The exposures are situated”in a north-south

.
K
7
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trending ridge. , ' , ‘
. Northwest of Sullivan Lake Area - the section is exposed

N

lin a ditch along Highway 12 northwest of sullivan Lake,
about 18 km west of the town of Castor and about 31 km
east of town of Stettler. The sgétion is about 32.6 m-

long and 2.4 m high.

<

A.4 Hanna - Sedgewick Area A ;3

‘In the Hanna-- Sedgeﬁ&ck area; the outcrops arechiefly
exposed ih roadcuts, ditches and }ive;/valleys along Highway
36 between the tdﬁns'bf'Hanna'and Alliance (Figure 3.1).~fn,
order to understand the glaciotectonic di§tribuFion in
east-central Alberté,<oth§r'districfs.adjécenﬁ to the .
exposureé were also investigated by studying-the published
surficial and‘glaéial‘geology reports of these districts. As
a‘resuit, the total‘sfudy area in-ngna‘- Sedgewick area ‘is
about 11,086 km? - that extgnds from iatitude 51°3$' N qnd )
longitude 111°00' W - 112°00' W to latitude 53°00' N and
longitude 111°00' W - 112°00" W. It includes the districts’
of Sedge&ick, Galahad-Hardisty, Aliiahce-Bfownfiéld;'Castor/
and| Coronation (Figure 3.1).

Four exposures in these districts had been examined by
the jauthor (Sec. 13, Tp. 33, R. }M; Sec. é4»aﬁg_36; Tp:v34,'
R. 14; Sec. 20, Tp. 39, R. 13, W. 4th Mer.). '

t

//
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are eXposed within two clay plts, Pit 39 (Sec. 21A Tp. 8,~B.’ 5

\
4, W. 4th Mer ) and Pit 45 (Sec. 9 Tp. 8, R. 4, w. 4th

Mer.), are located on the northwestern flank of Eagli Butte '“
at the western margin of the’ Cypress Hills Plateau (Fﬁgure \(
3.1). The ;1ts are about 35‘and 37.5 km south of the town of_\k
'Dunmore.‘ | _ | ':
Pit 3§.israbout‘135_ﬁ<wide and 180 m in length, and the
secfion stuéied is exposed on & south-facing wall insige -
‘this Pit. Pit.45 has a lengfh and width of about 450 m and
300 m respeetively and the section studied is located on its
southwest- fac1ng wall. Pits 39 and 45 are at topogr;phic 7
elevations of about 1097 m (3600 ft) and 1234 m (4050 fr)
respect1vely. At present, these clay pits are mined by the

‘Medicine Hat Brick and Tile Co. Ltd. for manufacturing
7 .

_brick, tile and clay:pipes. 

0
\

8



apﬂ Appendxx B - Physiography, Surficial Goology, and Glacfdl
o History of the Study Area
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) a ’ ‘ 'l% : , } .' g
¢ B. 1 Wabamun Lake Aref.-. “‘——*'J. ' ,

’

‘8.1,% Physiog#aphy *

o .
Physiographically, the area lies within the Alberta
'Plain where the land slopes from an elevation of 1200 m in

the southwest to 700 m in the northeast (Andriashek et al.,
a 1979). Isle Lake l1es in the preglac1al Onow;y Valley whlle

Wabamun Lake seems to be located 1n the 1nterglac1;1 North
Saskatchewan Valley (Stalker, 1961, map 47). The;formet ig

equ1va1§mt to the Onoway Valley of Carlson (1971). The

v

’ preglac1al valleys are broad and. gently sloped, and usually

-

wmhave a w1dth ranglng from 3.2 to 16 km; .while the

1nterglac1alﬂvalleys are generally O 4 to 4.8 km wide. Two

. ¥
‘ ‘@eltyeter channels ex1st 1n the*area and both flow from the

A ‘

southern shore of Isle Lake southward to enter the western

. vtlp of Wabamun Lake.. 3 _ :
- . L ] ‘ B ) . ‘, .
[ e H m é . ,S" 'l“ ’

€ Fe
. v‘Bfi‘-‘Surf1c1al GeoIogy

R
g H

. iu The surf1c1al»geology of the area has been studled by

o
BT )

ﬁndrrashek et al (1979) and Fenton et al. (1983) The

H

berra1n north of Isle and Wabamun Lakes is covered by more

than 2 m of hummocky moraine and w1th a relief more than 3

* » N

m.,Ice deformed bedrock w1th a relief ranging from iess than

%

3 to 30 m and occasional depress1ons filled w1th bog and

1
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marsh are, noted south of Wabamun Lake.ﬁThis'relief extends

B !o the modern North Saskatchewan Rlver. Between the southern

vshore of Isle ‘Lake fnd the northwestern shore ofNWabamun
o L ‘
Lake, the area is overlaln by flat to gently rolling outwash'
andjblac1olacustr1ne dep051ts with-local areas ofrhummocky

ymoralne. e
"l

‘ : B -~

“h The surf1c1al bedrock 1s the Lower Tertlary Paskapoo

K Formatlon Wthh is matnly composed of bentonltlc sandstone,

. coal ~and th1n shaly layers. It is underlaln by the Upper

Cretaceous Battle Formatlon wh1ch chlefly con51sts of

a

",bentonltlc sandstone, é]“les, ‘coal and bentonlte layers, ~

1t has been sugge‘ted that Wabamun Lake mlght have’ been
formed‘and/%v‘enlarged by glac1al thrustlng (Andr1ashek et
\al :‘1979) About 35 km northeast of th1s lake,'lce deformed
'bedrock of’ Tertlary age and preglac1al Saskatchewan Gravels
are observed (Babcocx et al., 1978) moreover, in Genesee
* which’ 1scabout 26 km southeast of - Wabamun Lake, sand and

s

‘t1ll w" found underlylng about 1'm of the Lower Tertlary

~

Paskapoo Formatlon due to the rejuvenatlon of & local 1ce
lobe (Chan, 1986, plate5v2,1 and»%;/}fs
| 5 r | - .
SV o S
B. 1 3 Glaclal Hxstory R . B R R

’,, . I

<

| Stalker’(1961) suggested bhat the Laurentlde glac1er, ,
"‘whlch advanced 1nto and retreated out of theupreglac1al '
valleys several tlmes durlng the)Plelstocene Epodh had
blocked and d&verted tne-course of some.major preglac1al

f

?%1vers in central and southern Albevf//Fcau51ng new channels

i N
R T &‘w ' oo . - ’ *



h> to form dur1ng glac1al and/or 1nterglac1al perlods. Thed

' proglac1al meltwater channels or splllways probably had :
produced new . r1ver valleys wh1ch mlght be . enteréd by Eh)\/ ce

sheet durlng a later advance. . o : .

,V.JB.Z Edmonton Area
| E . .
B 2.1 Phys1ography R
The Edmonton area 1s located on the. Alberta Pla1ﬁ\~w1th

the near surface Upper Cretaceous bedrock dlpgung g”thy..

.),

southwest (Bayrock, 1972) Accordlng to Farvonlﬁén (’%f%a:'“ .

.58;*fig.‘14), the area is bounded by the Joffre HlllS -
e bedrdck phy51ographlé unit and tne uluvman bedrock

&physxograph1c@d1v1de in the south and 1n the east by the

Cooklng Lake bedrock phy51ogrdph1c lelde, .
The Beverly Valley, or the North Saskatchewan Bedrock
Channel of Farvolden (1963a) ‘1s the largest pregla01al

valley ,m the Edmontomlagea. It is a broad valleym up to 8

‘ul?'v‘ v &

kni 'hde afﬁ %m d@ﬁ‘%ﬁh gentaly s*lﬁing valley wale

hav1ng a gubdlent of approx1matel§ one metre per . k1lometre

, (Kathol and McPherson, 1975 p. 23 flg 22). North of thls

valley, Ehe plaln is relat;xely flat and rlseg}gradually

from about 610 m- to 732 m in elevat10n° while -south of the
valley the surface rlses toward the Klngman and~Cook1ng Lake

.};.
bedrock phys1ogrjph1c~d1v1des w1th a gradlent generally less

, N
than 9.5 m/km Other trlbutarles of the Bev&rly Vé@le n..
* yru »
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N . [N

Sarepta Valleys. These Valleys have a .width varylng from 2 -

»
3 km, a depth of 8 - 30 m, and a gradlent -of 1 3m per km to

4 m per km. A north- south trend1ng trlbutary of theu‘

' vpreglac1al Beverly Valle j;whlch is occupied by Blackmud

B.2.2 surficial Geology

é

'Creek at present, is located at about 1 km east of the town

of Nisku (Farvolden, 1963a, fig 14). ‘Another tributary of

“the Beverly Valley,’whlch is occupled by the Sturgeon Rlver

is locaé%@ ClOSL to the town" of Glbbons.

,',, : . T
I . . - 2

-

‘;In the'Edmonton area,'glaciolacustrine'sediments form a

NE SW trendlng belt with a w1dth oﬁ about 37 km (Bayrock

3

‘1972) Essentlally thlS belt is surrounded by ground moralne

and locally by aeollan dep051ts and glac1ofluv1a1 dep051ts..

A region- of hummocky dlslntegratloﬁ9mora1ne is located just
w ¢ '

'beh1nd the ground moraine on the southeastern 51de of the

’ 6y

The study area located east of. ‘the town of leku is on

an eroded 1acustr1ne pla1n W1th glac1ofluv1a1 dep051ts

'overlylng lacustrlne dep051ts, t111 and bedrock (Bayrock‘

1972). T 5urf1c1al dep051tsvare underlarn by the Upper

Cretateous Horseshoe Canyon Formatlon.‘The stﬁdy area

located at Glbbons is covered malnly by ground“moralne and

o

outwash ch is underlaln}by the Upper Cretaceous Wap1t1

i

Formation. The surf1c1al geology‘%f the Edmonton area/

o

_(1nclué§hg Nisku 7nd Glbbons) has Eeen studleg by.Kathol and

‘cPhersonp(1975), Green (1982), and Rutherford (1939). -,

©
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squeezed and.folded,but_not s1gn1£1cantly‘transported. An>

' L
< ' s

341

'According to kathol éndlMcPherson'(1975) ice*disturbed L«

bbedrock had been observed 1n the Edmonton area and in some

’

‘places large pleces of bedrock were excavated and’ carrled
«’\t

“away-by the glacier while ‘in other plaqes the bedrock vas

east+west trending ridge of deformed bedrock, 2. 5 km ‘wide

and 3 km long and covered by less than 7'm of overburdenu

'w53~dbserved approx1mately 2 km northwest of Sherwood Park

and a sectlon of. contorted bedrock was e«posed on Highway 14
: ,

in the vicinity of the~c1ty;of Edmonton’ (sec. 27, Tp. 52! R.
23, W. 4th ™ Mer.) (Kathol and'McPherson,'1975r”p. 30; flgs , .

25, 26). Moreover, ice- d1sturbed pre.lac1al and glac1al

- TR S

” o

sedlments were - found‘ln an, excavatl; .in downtowg Edmonton

3

(Catto, 1984)'

thherson and Kathol (1972) in. the Edmonton

5

Valley and i s’trlbutar1es, the Stony Valley and the Namao

V;iley._Most of the ice- shoved bedrocy was observed

4

from the'bhalwegs of the preglac1al valleys although'one

drlllholé shows. 1ce deformed bedrock is present d1rectly

below the thalweg of the Beverly Valley (McPherson and

'Kathol 1972 "'drlllhole #190, p. sz) P

| e S S
4 , ‘ ‘ i
B. 2 3 GlaC1al Hls%ory

.It is belleved that the last 1ce advanced into the area

) égﬁut‘25,0507t0n30,000 years ags in latetwlscons1nan t1me

£

o
-

. , . . . .
ED P R - . o . ’ Lok
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'and deglac1at10n was’ probably completed about 9 000 years

"ago (Bayrock 1972), ' LT o -

W
- Generally, the tlll is thlckest along ‘the burled

valleys, for example, ‘the tlll thlckness along the entlre

length of the Beverly valley often exceeds 15 m (Kathol and o

McPherson, 1975) The presence of thick layers ot t111 in™

these preblac1al valleys 1nd1cates that they were occuppled

by the glacier durlng tHe ‘last, glaC1atlon. Farvolden (1963a)

and . Bayrock (1972) showed that ‘the Sturgeon River Valley was

“except cT&sa to the town of Glbbons‘lrhere it turned toward

- the southeaSt.r o R

a meltwater channel Wthh trended approx1mately northeast

»

L

R 3 c .
. [ " ’ T S v
L s " t’b‘t' e . . L. 3
vw 7 ; \ B

R

Q

A4

,exammed, '

¢

B.3 R ed beers— Std@kler Area ' L" S B .ig_
v,, SO e

-

N ~ v # . . "7 . ) l
B.3. 1 Phys1ography S .f;g_, iﬁﬁ
‘ ;. .

T

, Phy51ograph1ca ly, the Red qger A‘Ste tlegﬁarea cdan’ be "t

d1v1ded into the Central nghland the Red Deer%owlanﬂ the

Torlea Flats Lowlﬁﬂﬂ and the Western ng d (Stalker,

\

1960a) As far as @hls study 1s concerned 1nterest 1s = fﬁ}

focussed on the- Central nghland and the Torlea Flatﬁ R

t ; .
Lowland here the Sect1ons are exposed and have’been

south~cen al parts of theARed Deer - Stettler map—area and

is underlaln by the»relat1vely re51stant Lower Tert1ary

. Paskapoo Formatlon. It 1s bordered by the Torlea Flats -

+ -

* " 6.’%-‘ _. . E -. :."avb . . L ‘ . 4.
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Lowland on the east and is about 60 - 9Q m h1gher in

e ,
‘elevatlon than the ad301n1ng areas., The Torlea Flats Lowland

occuples a broad area in, southeaSterQ. Alberta and includes
all the area east of the Gentral nghland It is underla1n

malnly by the less resxstant Upper Cretaceous bedrock

W
A

Two. ﬁajor preglac1al channels are present 1n the area.,-‘ﬂ

«They are the’ Red Deer#Bedrock thannel and the Buffalo Lake R
. Bedrock Channel (Farw‘lden, 19533, fl§ 14f Stalker~ 1951

' map 47—1960) At prpsent, Big Valley Creek follows a forme
‘

he bedrock phy51ograph1c

; ,’.' E ’ "‘

bQundary of the Joffr"‘ ¥lg and.the Bébtle Plaln o K

' i N
’.‘ ‘(Farvolden, 1963a,v f1g 4). The Jpffre HiYls ‘are expressed
_ % .
on the surface by an esdarpment wh1ch rises westward from an

'elevat1on of 792 m at its foot #}he boundary w1th the

Battliﬁgialm to aboUt 1036 m 1n,gp 37, R 25 - 26,ow 4th ¢
( _

o Q
" ‘Mer. ' volden 1963a, ;“3%89 It is naﬁed that the'

’southeastern boundary of the Joffre Hills and the. Battle
g@?luq@gapp{ox1mately GblﬂGldeé‘WIth the southeastern edge of

*
it the- Central nghland phy51ographhc unit .of Stalker (1960a) )
‘%> ’ “ K . -
‘ * "The study areas at Nev1s 11e at the southeastern corner of

,the Central ngQ&and near the bopndary w1th the Torlea Flats
2

;-‘accordlng to Farvolden (1963a).\they are ;w*i 5
. o . , g

Lowland

!

\-



sztuated at. the foot of the - Joff#e H1ll§\bedrock
phy51ograph1c un1t w1th the Battle Plain phy51ograph1c un1t
,1y1ng east of 1t. Bedrock topographlc and geology maps ’l’ﬁa”

(Farvolden 1963a flg 147 Green,

i

| relat1vely re51stant sandstone of: the Paskapoo Formatlon has.
gforméd*a 30 m hlgh Nw SE trendlng escarpment 4 2 km west of
'uthe Lowden Lake area. The Neutral H;lls * Mud Buttes and 2a$

Ahllls,,where ice~ thrust features were found by other wofkers
(§later,.1927a, Kupseh, 19’2), are located 150 km east of |

1the hoWden Lake area, -iﬁ“ “lf.f A'\"‘ | ' 5-_;) f

&
X 4

¢

o -

1 > ) -
B ~

”‘lB 3 2 Sur£1c1a1 Geology o S
o The study area xs ma1nly coveigﬁ“by the Buffalo Lakes

‘éahoralne and the Torlea Flats-ggbun moralne. L

‘The BuffaIO‘Lake moraine overlies the eaStern part of

. Lo v - .
athe Central Highland physsographﬁv-unit and exgeﬁds beyond

its northerquand eastern boundar1es into the ‘eb‘Flats¢
-‘ *

‘ Loyland (Stalker, 1960a, p. 8). Thf%,mora1ne is. chlefly

composed og,hummocky déad ice moraine thCh formed belts .

"'surround1ng Buffalo Lake.‘The Torlea Flats ground &ora1ne dd

‘ lles east of the éuffalo Lake mora1ne ‘and correspl!ds B
£ .

‘roughly to the Torlea Flats phy51ograph1c,un1t, It'1s"

composed malnly of ground mo&alne and locally consists of

¥ ‘k - -
9 ‘ .
hummocky moralne;, C % ’

Y,

The near 5urface bedrock in the Red Deer - Stettler

lwiarea is the Lover Tertlary Paskapoo Foﬁmatlon and the Upperid'V
- . a
: Cretaceous Wh1temud and Battle Formatlons whlch are exposed

¢ , - - 3
’ - . ®



B.3.3 Glac1al Hlstory . ' et

o s

& : . e K 2 |

e L

to the'west the Upper Cretaceous Horseshee Canyon Formation
&

‘ whlch outcrops to the east'land the Upper Cretaceous Bearpaw

Formatlon which is exposed in the northeastern and
: r@,n
S0 eastern cornersﬁof the area.

”

Dur1ng the glac1al perlods, several%major glacier

. advances and retreats occurred in the‘region.kThe late

e??""fsfﬁ%é ol

a®

S 3

sglacial stage in southern Alberta, the Late W1scons1nan @

;Dbstaqe tOok place about 23, 000 years ago when the ice

N

”adcextended southward into Montana (Fulton, 1984, p.

N PNC‘ B ™

.-J'

4) Deglac1at1on wvas completed at about 9‘000 years ago

(Bayrock, 1972). Stalker (1960a,,p 67)‘bbserqu*%héMm%w o Lo

presence of@two or ‘iore t1lls in 1nd1v1dual exposures in the

e/

Red Deer - Stettler area whicH are evidence of multlple ’

\\

~ "local glac1a&ion in this reglon. : S

ker (1960a, p. 74) has estlmated that the last

glac1er rose to: ‘an alt1tude of about 1370 m 1n southwestern

land central Alberta, and the maxlmum ice thlckness in the

1]

Torlea Flats r@gion and. the Central Highland was
approx1mately 610 m and 400 m. respectlvely
The reglonal d1rect1on of the last. 1ce movement in

a

southwestern and central Alberta is southward or

.,south4southeastward (Stalker, 1960a, p. 72); as ev1dent from.

»
oy

‘*Ee orlentatlon of « drumlzns and ice~ flow mark1ngs ﬁ\h1ch

shdw trends of about 125° - 150° azimuth, found about_8.9ckm

to 17 8- km northwest of the town of Bashaw. . However thep

/' . ' '

+



" local direction of movemént5varies4.t much as 70° to the

"east or west of the general dlrectlon. Indeed, ice-flow,’

~markings (flut1ngs, gouges, drum11n01dal forms) w1th trends

of 201° to 234° are obseryed.30 km,northeast of Lowden Lake.

Furthermore, ridges of 'undetermined origin with a trend of

123° - 173° appear‘about 9.7 km southwest of the study area

‘near Lowden Lake (Stalker, 1960a, map 1081A) The’

orlentatlon 'of these l1nearvfeatures seem to 5ugge§'ﬁthat
the 1dip%;re¢t1on in Red Deer Stettler area Varled from:

southeastvtqmwest

L$-Ydeglac1at10h Qccurred 1n the Central H1ghla’%

lker, 1960a) 'Y,
e thleﬁ‘he ice had stagnated on the Central nghland

'y;fwhie&ﬁbaused\the formation of the Buffalo Lake moralne

T

Y ;s'system with exten51ve pltted outwash .fporaine p}ateahs,

“.t;‘b

'”’;ﬁsfmes,,lce block ridges and hummocky moraine; the.ice in

ii?;he»l ;F1n1ng areas (Torlea Flats Lowland) was still
act1vb“ nd cont1nued flpw1ng agalnst the Central

mgh'faﬁd (Stalfker, 1960a, f1gure~s 11 12).
N ‘,.uﬁ )
2. When the 1ce had retreated and stagnated in the study
b Q -
area for' some time,-a rejuvenatlon probably-occurred

,'wh¥Ch caused-the ice to cover'the entiré“Toflea Flats'

Loﬁland (Stalker, 1960a, p:.92). This mlght be due to “a

prolonged decrease in reglonal temperatureland a rade

th1cken1ng of the ;&ac1er. Varlous 1ce flow marklngs

-

346

@



347

with a trend of 213° near the southeastern shore qf
, R ' . ) '
Gough Lake (about 18 km southeast of the Lowden Lake)

are evidence of this rejuvenation (Stalker, 1960a, Map

“1081A).

‘B.4 Hgﬁ%a -‘Sgpééwick Area
_— w : A’!t L’ .

~ B.4%1 Physiography . , ¥
. . . e ‘ Lo ]
+ In general, the area mainly lies in the Torlea flats

which i§ a north-south trending belt of relatively = P
featureless‘gfound moraine (about 322 km in length and about
40 - 80 km in"width) in east-central Alberta (Gravenor and.

Bayrock, 1955; Gravenor, 1956; Gravenor and Ellwood,'i957;
® :

Bayrock, 1958a).” The flats are bounded by the Viking mofaine

.in the east and by the Buffalo‘Lake'moraine-in.ghe'west. ThSQ

nbrthern and easterﬁ“portions of Sedgewick~district, ;hew

Hardlsty dletrlct and the eastern portlon of L

*Alllance Brownfleld district lie 1n the hummocky dead ice

Viking moraine; wh11$ the western portion of Sedgewick -

district, the westérn portion of Alliance-Brownfield

’ district the Castor and the Coronation districts lie in thé '
orlea flats. ) . 3

Er051ona1 remnants of the Bearpaw germat1on such as the
. Neutral HlllS, whlgh are a series of SE-NW trending rldges
and valleys formed due' to glacial action, are found at about g

.. 70 km east of the town of .Castor (Figure 3.1), Moreoveﬁ, a
. . ) ) '



They vere completely to partlally fllled ‘
deﬁﬁ ice moraife to coarse gra1ned glac1o 1 deposits

348

small mesa (about 70 m h1gh) which is believed to be
-

glac1ally congorted Upper Cretaceous sediments (Bayrock,

1958a, p.“g7) is found at the southeast,cornsr of the

“Brownfield district. s )

o
Although no buried valleys or greglac1al gravels have

" been found%&n the-Alllanoe-Brownf1eld district (Bayrock,

1958a, p. 27), many debris filled stream-trenches are found

’n ) ' [ ;
in the Galahad- Hard1sty d1str1ct the central and eastern
Sedgew1ck district (Gravenor and Ellwood, 1957) the , .

northwestern port1on of the Brownfreld dlstrlct and the L ]

northeastern portion of‘the All1anoe dlstglct. The\valleys

~hof%these tténches @y follow preglacial'troughs and vary
,from 0. 32 - 8 24 km™ (Battle Rlver) wide although generallyu
they have a width of about 0.9 km (Bayrock, 1958a, 1958b)

ocky

(Bayrock, 1958b, p.'7), and vﬁ%most cases, the morphology of % 4

the till surface at the base of the stream-trehches-ds . =t

. ) .
similar to the till surface outsidf the stream-trenches. It

is thought that stream-trenches were'glacial in origin and
, , ,

Aere formed when a cold'glacier becéme stagnént and

downwasted about 11 000 years ago., Supraglac1al meltwater

‘channels flowed along crevasses of the glaciar agghxnc1sed

through both then1ce and_the underlying bedrock, producing

stream*tfegohes. The position of these trenchesiwas partly

controlled by fractures which developed inithe‘cold ice.

Some of the stream-trench ice bank's collapsed during this

« ‘s
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. process and forced water to seek new channels thus form1ng o
.. S
an anastomosing or 1nterconnected pattern of o *
)wasted away from the L
&

stream-trenches. Later the 1ce
trenches; however, subsquént ¢limatic change probably

P
L T

caused a minor readvance of the ice into the meltwater
channels. The ice spreaded out as a viscous fluid.conforming

to,topography, and in this manner the stream trenches were
1958b, p. 20;

partly to totally filled with till (Bayrock

Gravenor and Ellwood, 1957).
The Sullivan Lake basin is considered as part of a
and the Battle .

glacial.spillway (Gravenor, 1956, p. 8)
River 1s‘be11eved to be a glacial spillway (Gwynne outlet in

~

part) "end the overflow of this spillway northwest of the

Alllance district had. férmed an outlet which is occupied by

‘w-.

the Palntearth Creek at.present.

¢ .,
B.4.2 Surficial Geology
The surf1c1a1 bedtock 1n Torlea flats is ma1n1y the

Upper Cretaceous Horseshoe Canyon, the Bearpaw and the Belly
River Formations (Green, 1982), .and eée strata slope gently

‘to -the’ sduthwest w1th a dlp d?/g 076° to 0?15° (Le Breton,’

."

Ay
b
. -

S \ 1963).
al The thickness of t111 in Torlea flats varies from 7.6
to 15.2 m (G venor, 1956). Outwash dep051ts are usually
northwest and northease.é; tne ;own bf
| ers there is '””

., l+

found in the ‘north,
Sedgéwick and east_of Sullivan Lake. In general

~ ) [
k

only orfe. till. layer in jhe{areavand/th1s is probably dg
. N ) 7 . v ,

b Y



uftﬁ"_the last glac1er which had removed all the ev1dence of - i

prevlous glac1atlons in the aeglon (Gravenor and Bayrock i .
. »""}95a, p. 24; Gravenor, 1956, p. 10), The overflows of the -

3

x”Gwynne and Palntearth Creek outlets near the town of' .

All1ance had flooded the surroundlng country51de, eroded
away most of the till cover and dep951ted a layer of outwa df
materiai or left exposed bedrock behindv(Bayrock, 19583).tih'
_;% The meltvaters that collected in the-Sullivan Lake basin,- }
.were later spilled and moved in’an easteray to southeasg ‘
directjoni;This flow removed much of the ground moraine
eitéerefﬁbsed large’flat areas of the HorSeshoe Canyon
Formation (mainly gandstone’) or covered the area with‘a

layer of glaciofluv1a1 sed1ments (mainly gravels and sands) !

¥ » - east of,&ulllvan Lake (Gravenor, 1956, map 56-2).
, . . . . R 1 5 . . ‘
s : : 'F ' N \? ~

+ . B.4.3 GlaC1h1 H1story

] “. B .

- : F1eld stud1es 1nd1cate that the general reg1ona1 ice

> v = 2
“:mowement of the last W1scons1nan glac1er in east- central O J

) \ dAlberta 1S south to southwest (Gravenor, 1956; Gravenor and

Bayrock, (ﬁﬂds P. 25 Gravenor and Ellwood 1957) ‘However,

Gravenor' and El%wood (1957, p. 25; mapa§57~lA 57~ 1B)

\} 'suggested that durlng dlfferent perlods of..the:same
~N

ice- advance or retreat local ice movement d1rect1ons varled

3

Ll f

“jcon51aerably over short distances due tQ local topograpth

f" contro] Indeed flutlngs founq,at the’ north ‘and east of the

Sedgew;ck dlstrlct ehow*thatﬂthe 1ce moved 1n a ﬁ;\ N

! -.A.t‘_, ( S
nﬁfgﬁidhzng a glaC1a1 trough
ERN 2 ),

P o
Py e S : : : B B e

» " * P of
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- ‘ X ' . L
few k1lometres south of the town of Jarrow llneatxons
suggest a southwesterly rce moxement d1rectlon (Gravenor and
Ellwood, 1957, 2 3), R R
- The last glac1er whlch ad’ﬁhced into bhet
Galahad- Hardlsty and the Alllang;LBrownf1eld districts at
about 21, %00 + 900 years ago (Gravenor and Ellwood 1957)
. . has a max imum thlckness of about 10£¢ -m (Bayrock 1958a, p.
27; 1958b, p. 18). Baxrock (19583, p. 28) belleved that
deglaciation in Alberta might have taken place at about
1,000 years ago. Surficial deposits andvregional glacial
. 'landformé in east-central Alberta suggest that the dominant
method of the last glacial retreat was by large-scale
stagnatlon and downwastlng in a downa&ope direction to’the

east and northeast (Gravenor and Bayrock, 1955, 1956;‘

Bayrock, 1958a, 1958b). This is inferred by the north-south

-

¢ 'trending.Buffalo Lake and Viking dead-ice moraineS»which lie -

at about 45 to the ‘ice advance direction. Moreover, the

lack of eskers and related ice- contact.features over much ofh

central Alberta is also a- d1rectyresult of this downslope

A}

- -
retréa}¢=Tﬁis is because proglacial lakes, which always form

. in a éownelope retreat glacier, would raise the water table
h ' . , * ‘ )
above the base, of the ice and.reduce the hydraulic heads of

subglac1al meltwater channels and decrease the"

R

. v
subglac1ofluv1a1 act1v1t1es How ver, the pos1tlon of the,'

A

) .kaynne outlet near the Edmonto and the Sedgew)ck dlstr1cts

sugéests that’ the ice retreated to the nort or slightly, ,ﬂ

- 1

ﬁ_7 ‘gigigtgbf north (Gravenor and Ellwood 1957 2 28, Gravenor

Y
v . [

»



“‘and Bayrock 1956) : e
N The debris, fllled stream trenches, and the V1k1ng and i
the Buffalo Lake moralnes axe thought to be contemporaneous )
w1th the retreat of the last glac1er due to stagnatlon

“'(Gravenor and Bayrock 1956). LT N

- B, 5 Cypress H1lls Area

yB 5.1 Phys1ography “i o A e . : ' :
The study area 1s 1n the well dlssected Upland Areas

‘phy 1ograph1c un1t of the Foremost Cypress H1lls area

‘(Westgate; 1968 f1g ). The Upland Areas surround the
Cypress HlllS Plateau wh1ch in turn, are surrounded by an
undulatlng tlll pla12—>wllllams and Dyer f1930) showed that
‘the small mesas and buttes JUSt west of . the Cypress H1lls
;Plateaubarg probably remnants of th: Flaxv111e Pla1n whlch'*

’vlS an eros1onal surface formed durlng Mloceng to early

it -

P11ocene t1me and has an elevatlon of about 1219 m (4000 ft)

1n the study area. Eagle Butte probably 1s one of these"
R K . '
remnants., o ‘_' S o =

.’N

‘ "In the area of concern,vthe preglac1al Medltlne Hat'}‘
“Valley wh1ch«runs along the western flank of Cypress Hills y
"Plateau,qls about 40 km to 65 km w1de between dater/dlvrdes

: ;and is about 3.75 km to 10 km wide at its bottom and has a'*\
‘depth of 76 m to 366 m. Several trlbutaries of the Med1c1ne
\Hat Valley 11e on the northern and western slopes of the

S
Cypress H1rls and some of the heads of these tr1butar1es
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""jhaVe reachedvthe northern, western and southern flanks of

‘e

- Eagle Butte west of the Cypress H1lls Plateau (Westgate,

PR
‘I

1968, flg. ‘6)'.‘ T R .'\ Cole
At present the area is dralned ma1nly by the Mllk
"'Rlver in the south and the south Saskatohgwan R1ver in the

northwestern corner of the a ea. The Med1c1ne Lodge Coulee,.t;-

wh1pﬂ*1s~an 1ce margl?al channel (Westgate, 1968 p.‘37)
h‘flows tOWard the southeast between ‘the- Eagle Butte and the
R v _ f‘;

base cof. the Cypreés H1lhs Plateau ;‘u ERR

Lk

ooa EORANCISEE : “ o
/

s
e

weo o
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B, 5t2 Sur£1c1a1 Geology ‘

Accord1ng to Westgate (1968 map 29) the'Upland‘Areas
are nalnly covered by three belts of surflclal dep051ts |
~wh1ch succe551vely surround/the Cypress Hllls Plateat. Thev'}
.closest belt to/the Plateau 1s a th1n 1ayer of dr1ft wh1ch

"keneered the Hedrock upland thlS is followed by a belt of

/ /

| hummocky dlsantegratlon moralne, the farthest 1s a belt of

/

'ground moralne. Hummocky and r1dged~end moraines are found
/

'locally w1th1n the Medlglne Lodge Coulee (Westgate, 1968

L

N \/map 29)"' L T T .
phe Cypress Hllls Plateau is free of drlft The glac1alm5

Lk / !‘ M ’

tdrlft 1n}§agle Butte area (where the exposures ofi*fe thrust\

-

- features are found) 1s 0. 0 - 15. 2 m thlck.yThe Med1c1ne

I . o

ydege Coulee is fllled w1th drlft 15.2 —’30 5 m th1ck Four}'

. /ér1butar1es of the preglac1al Med1c1ne Hat Valley which

i extend from the north and west to the y&élnlty of the Butte,fﬂ

/ have a drift- thrckness of 15 2 - 30*5—m (Westgate, 1968,

Fs
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flgs. 6 and 7). R o t[[.‘” 3f5
| Deta11ed descrlptlons of the Upper Cretaceous to LOWer i
Tert1ary Formatlons that occur at or close to the sun;ace 1n'
the area have been.ngen by Russell and Landep (1940) and -

3

Irish (1967). 7 . IR -

1

The' southern Alh&rta Plains are 51tuated bn a broad
northerly plunglng ant1c11ne known as the Sweet Grass Arch.

Since the Foremost Cypress Hllls area lies east of thlS

- -

Arch, the domlnant d1p dlrectlon of the beds 1s to, the eaSt
)

}and northeast (Westgate,v1968 p. 13) Many sub51d1ary folds'
and deformathns'are assoc1ated w1th ‘the Sweet Grass. Arch
tand d1sturbed strata in the v1c1n1ty of Eagle Butte have‘—ju"
been reportedaand'Studled by Russell and Landes (1940),
Iri;h (l967), Westgate_(19é8)4and'Thomson and.Matheson.
(1970a). T ' AR | i
| Russell and Landes (1940, p- 124) 3bserved overturned
Whytemud Formatlon 1n a coulee at an elevatlon'of 1250 m',

© (4100 ft) at the northwestern flank of Eagle Butte (Sec.u9,
pr 8"Rv 4‘ W. 4th Mer.) which is the approx1mate’locat1on
of Pit 45 where the outcrops of ice- thrust features were :'
. observed (Appendix A)' moreover dlsturbed strata of the él‘ J
{Eastend Whltemud and Ravenscrag Format1ons were found at-'an

;elevat1on of about 1097 { 3600 ft) (Sec. 21, Tp 8

W. 4th Mer. ) whlch 1s close to the. locat1on of P1t 3.»”

(Appendlx A) Furthermore,-thrust faults ‘which upthrust
v toward the south were : found near and Just north of Eagle

J:Butte (Russellnand Landes, 19&0, 2;///51 Irish, 1967),

e
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however, slump1ng ahd th1ck surf1c1al glacmal depos1ts in
'the reglon have obscured the lateral extensron of‘these [”*}
;faults. Ir1sh (1967) noted that axNé SW trend1ng thrust
Ffault (upthrustlng southeastf\\wdth a 1ength of 6 1 hm is
‘vlocated at abbut 2.8 .km northwest of Pit 45. Westgate (1968, 'C‘
fig. 4) observed hlghly d1sturbed bedrock in the Bu;lshead
‘Creek dlstrlct (Tp 8 and" 9 R. 4 and. 5 W 4th Mer.) and °
.'showed that a serles of NW-SE allgned thrusb faults brought
“the Alberta shale to the surface w1th a vert1ca1 '

"

“}étiplacement of at 1east 914 m, . and there is" also the, !

presence of several NE SW to N-S trendlng faults.l '
- While Russell. and Landes (1940) bel1eved that the &
‘“detormatlon.ln ‘the Eagle Butte dlstrlct 'was malnly due to
large-scale slump1ng, Westgate (1968 p.‘13) thought the -
«diSturhance northwest of . Cypress H1lls may be because of the

}emplacement of an 1gneous body at depth probably

‘Synchronous w1th the Sweet Grass 1ntru51ons 1n northern
L Montana.vl' .- R % S

B.S. 3 Glac1a1 Hlstory

‘ Immedlately vest of the Cypress Hllls Plateau, the area -
y; .

Has. been\ggac1ated by- two Laurentlde 1ce sheets,lthe

. ;/‘ ‘;;:,\‘ .
'j‘aer and the W11d Horse glacyer, wh1ch ma1nly

flowed in a;southeasterly d1rect10n in W1scon51nan time.

: v '
Th1s 1s supported by petrologlcal and geomorphologlcal data_

whlch show that the last‘contlnental ;cefdeveloped in

 southern Alberta as three glac®al lobes which advanced in °
. .} . i.. . .. - . . ) Co . . . . -



three d1fferent dlrectxons, and tentat1ve 1nterpre tion of
'

"t111 pebble llthologlcal stud1es 1nd1cate that A e western

flank of the Cypress Hills Plateau had been. glac1ated by two
‘lobes wh;ch flowed ma1n1y to the southwégt&;hd southeast

'(Shetsen, 1984 'flg. 19, p 932) Slnce the area 15 1ocated

4

-

‘at the boun ary of these two lobes, the 1nteractlon of these
lobes migh cause the ice flow‘d1rect1on in the area to
“ dev1ate from the generah trend. Shetseh (1984) suggested
‘that 1n1t1ally, the ice lobe arr1ved in the reglon from the -
east. As this lobe started to waste downslope,'the ‘Eentral
lobe'expanded into the area and partly overrode the gl;c1al
features of the eastern 1obe. Westgate (1968 p. 62; fig.

28) also propoSed that the erratic pebble comp051t1on of the_
‘tills suggested that the earl;er, more extenslve glac1er did
.advance into the region~to'the souﬁheast and later less .
‘extensive glac1er moved to the}southwest. Indee the
dlrectlon of the ice movement is cons1derab1y 1nf1uenced by
loca€1¢opography and the ice flow direction varies
'con51derably near the 1ce margin. Furthermore, Westgate

(1968, p. 81) also stated that the presencevof a 1obate‘end»
‘ moraine near thé”village of‘Wiid ﬂorse (Tp 1,”ﬁ 1, W, 4th

Mer.) 1nd1cates that durlng rece551on of the wild Horse

~ glacf@r from'Montana and thevmap—area, minor readvances had
“occurred o o ‘ | | :‘ |
| The dlstrlbutldh of the Wlld Horse drift shows that the -
study area is . 1ocated 1ns1de the outer 11m1t of the W1ld

Horse’ glac1e;/(Westgate, 1968, fig. 30, p. 70) The‘Elkwater‘

i ]

N
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. drﬁft is th1n to dlscont1nuous and is usually fohnd at o

A e | ¥
. .\ S 'l}‘ { o ‘ . - ) ; g

.elevat1ons of 1250 “*372m (4100 - 4500 ft‘ wﬁile Wild
’Horse dr1ft is ini general less :han 15. 2 m thick and 11es at
an elevatlon of abo,t 25 - 11250 m (3200 - 4100 ft) It is
known fﬁuﬁ, at the northern slopes of the Cypress Hills, theé
ige reaphed an elevatlon of 1372 m (4500 ft) above sea level
‘at the t1me of the most extensive Laurentlde glac1at10nyl
(Westgate, 1968, p. 58), and’ it is bel\eved that at the t1me
of the most extenslve Laurentlde glac1at1on the m1n1mum "
| estrm;§e§*¢% 1ce thxckness over the Foremost Cypress Hills
——-area are' about 701 m (2300 ft) at the c1ty -of Medicine Hat
-—\\\end 457 m&(150QQﬁt) at the villages oijoremost,i '
Manyberrles, Aden and Wild Horse. Although\the reglonal .
slope of the ice surface south of the Cypress Hllls 1s less,
: than 0.57‘m per hm toward the south, the slope of the 1ce
sUrfaee?may have been st§26€nea to about 8;52 m per‘km,
»arouhd;Cypress Hills (Westgate, 1968, p. 58).
The.presenoe'of glacial lineaments, ice-marginal'
channels and the semi-circular belts of hummocky - =
‘dlslntegrat1on moralnef ‘end moraine and ground moraine
around the Cypress Hllls Platea; seeh to 1ndlcate that' the .
ice had flowed upslope agalnst the flanks of the CYpress
“Hills Plateau in all: d1rect10ns, althoughithe-general ice
flow direction was south%ast away from this Plateau. The'icef

probably became stagnant there during deglac1at1on tq: orm .

belts of dr1fé'dep051ts. o L.
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‘Appendix'CJ‘ Airphotogréph~IntérpretaZEpn,ﬂFiold
L4

Observations, ‘Terrain Un:ts, Terrain Patte and Heasured\

Sections of the Study Areas -

'}“ The symbols used to descrlbe the J%?rain'unitsvwithin the .

: terraln pattern of the study areas follow the ELUC system

developed by the Environment and 'Lang Use Commltte ‘\

‘Secrekariat (1978) 'and these symbols-ere delineated in -

Fighre'cvl 3Figure C“b'indicates the symzols.used’in terrain

‘analysrs and Figure C.3 shows the lithol®gic symbols used *?r
ﬁihe geo]‘glc

&sectlons'%nd stratlgraph1c columns. The symbols

used in the stereograph1c plots are shown in‘F“gure 8. 1. The

vdescr1ptlons of folds observed in the areas malnly follow

P

Fleuty (1964).. P L

A ol

© - =
C.1 Wabamun Lake Area . , ‘ . oo e

e

‘1C,1 1 Southern Shore “of Wabamun Lake

A

@

Alrphoto 1nterpretat10n shows that a meltwater channel

c

‘had once exlsted along the . southern shore of Wabamun Lake

wh1ch is at present covered by fluv1al and/or lake sedlments

(Photo AS 135- 5309 20, 21,.22; scale 1' 40-000) The

southern half of ‘the area (Flgure C.4) is occupled by

.hummocky mora1neaand locally is covered by glac1olacustr1ne

dep051ts. Undlfferentlated 1solated hlllS w1th entle -

orphology are observed near the north fac1ng valley wall of .

‘ the meltwater channel Slope movement has occurred 1n two ‘of

) the hlllS 1ndlcat1ng that they might be composed of weak .and

- ) ~
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Explanation~of ELUC. Symbols Used in the Thesi; (after Environment .
ahd Land Use Committee Secretarlat, 197 i :

Exa_ple of ELUC Symgologx

. T

.« )
, | L
Qualifying Descriptor
b X . )
, " Genetic Material R . ‘
N . R . Surface Expression _-
‘ ! Modi fying Process
- Texture —_
b} y S
A sandy gravelly” fluvnoglacual tePrg
moraine whose surface has been eroded by glacial meixwatei’
® lchannels Lo .
Explanation of Symbols: Rl |
Texture:
. s 3
g 5 gravelly _
s - sandy . : - ¢
£ - silty - N .
¢ - £layey ’ S
‘Genetic Materials: . :\\\\\~ﬂ~§,»
F - Fluvial . ‘ : JUY
L - lacustrine’ )
* M - Morainal
0 - Organic
R - Bedrock
U - Undifferentiated
4 N I . .
Qualifying Descriptors: . . ‘ ~
G\ Glacial - - -’
- Active SR
- lInactive , ‘ o

oy

~AfigUre C.1 Explanation of ELUC Symbols

S ) . S e
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< w3 =T NOW

E
-F
“H
V

Mb//R

.Explanation of-ELUC SYmbols Used in the Thesls (continued) =

-

. -

i »

Surface Expression:

apron oo -
blanket

fan

hummocky. .
level - : :
subdued ' ’
ridged
SYE€§tt1L
terr

veneer

“

o=

Modufying,Processes L

- = e =

Channel led
Failing
Kettled
- Gullied

[ 3

Composite Units:

A system of composite units is employed whereby up to three
‘types of terrain may be designated within a common unit-
boundary. The relative amounts of each terrain type are

. indicated by the use of the symbols =, /, and //.

components on either snde of this symbol are approxsmately
equal

/ the component in front of the symbol is more abundant than
the one that follaps

// the componen{/in front of the symbol is considerably more
abundant thgn ;he ,component thgt follows
i _ .
‘Example:

\ -

R considerably less than Mb

4
.

N

Figure C.1l (continued)’ ' ' . . .
\ : . : .
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@. \fond Lake or Depression \
B .

Scarp - Sharp

Line of Section

‘Overturned Anticline, Trace of Axial
" Plunge of Axis

-

og
Marsh ',) ~
Glacial Straie,.movement direction uncertain
Stream with Direction of Flow (Defined, Approximat
\ ! :
Searp‘- Rounded
Breaks of Slope - §harp
Breaks of Slope - Rounded \ o
Slope - o w;NE o)
Landslide - tfpe undetermined
&

Town or City'ea

Measured éection Location

vStrike and Dlp of Bedding, showung dlp of the .

Bedding

Anticline, Trace of Axlal Plane and Plunge of
Axis (Defined, Approxlmate Assumed)

Syncline, Trace of Axial Plane'%befined,
Approximate, Assumed) :

Fault, showing relative horizontal movemen ty

"Plane and
IcerThrust Mounds or Hills
Boundary of Terrain Unit

Boundary of Ice Thrust Terrain Unit (Deflned)

\ Boundary of lce- Thrust Terraln Unit (Uncertaun)

a

Figure C.2 Symbols Used in ’Terrain-‘Analysis

-

—

. h

‘V
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. Slump Cover (soll, tll{ and/or debris).

y e

‘Weathered surface, lught brown to black on,

"Fault jdefined; approximate , arrows.indicate

-~

to overburden .

.

“ .
Sandstone, medium- to. fine- qr;{:ed “laminated
to thin-bedded

Sandstone, Iidhtigrey on weathered surface,
orange brown to dull red on fresh surface,
very hard and Yesistant

Mudstone to shale, bentonitic, light grey to}
grey, occasionally carbonaceous, usually
highly fragmented, moist

Lignite to Coal, laminated, purple brown on <

fresh surface

.vJ . .
Iron nodular layer VT Tuff
Carbonaceous B B Bentonite
Shale

sense of relative movement)

Attitude (dip / dip direction) of Bedding

<« . . & A

. Flgure c.3 Symbols Used in Geologic Sectlons and

Stratigraphic Columns

R
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unstable materials. % b L TR .

- . :

Field studies by Fenton et al. (1983) and the author in~
‘the Pits excavated into thenli}ls located on the .
north- gacxng valley wall\of the meltwater channeI Lndicate '
that these mounds are c02posed ‘of ‘gentle to close tolds. . ;.
thrust faults and shear zones up to 3.6 m thxck The
locatxon of one of these»Pits, Pit 3, and the stratigraphxc'
sections measured in two sl1des occurred in the Pits are
shown in F1g:res c.5, C. 6 c.7, and C.8. A stereograph1c»
plot of the Foles to the beddlng planes and minor shear"
planes measured in Pit 2.wh1ch is about 8 km goutheast of
Pit 3 1§VFBown in Figure C.%a. Symbols used in the plots are
shown in E1gure 8.1. Detailed deecriptions of these deformed
features afM the geology of the area are-pre§e3¥ed in
Chapter 5. W

The presence of the deformed structure in the h1ljs
located in a region which has no recent regional tectonic
' N activities indj29t€3lthat these ﬁounds are glacial-rhrust

hills within ah ice-thrust terrain unit., Figure C.4 shows

the ice-thrust terrain pattern of the area.

. C.1.2 Southern Shore of Isle Lake

Airphoto interpretation shews that aameltwater channel
rdns east-west along the southweStern shore of Isle Lake and
has eh outlet near the village of Geinford (Photo AS
134-5310-80, 81, 82; scale 1: 40,000). This channel trends

southeast and joins the western shore of Wabamun Lake
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cale Stratigraphic -~ . Lithology -
'(h) ) ~ Column: e

Sandstone, light grey; weathered. to light
greyish white, very coarse- to medium-grained,
thin- to medium-bedded, .presence of coal lenses,
and - root remains near the bottom of. the stratum;
water saturated evidenge of seepage at the top
R of the stratum; wavy <contact. wvth ‘the underlie’
e ‘e carbonaceous shale’ probably due to dnfferent1a1
. 4.+ o7 | compaction to channel: sc ri ‘

Carbonac8ous shalé
v, fine- qra1ned
~Benton1tﬂc sh
‘greenish grey,
1ight "brownish’’
. bedded, s11cken

. _Ca i thir
: Shale, grey to qreylsh brown, . v.thin- to ’
] thin-Hedded, highly: fractured root remains
classified.as root zone; s11ckensided

5T

dark grey :
Tight: brown to

Bentonite,dull brown to greenIsh~ye11ow,
Tumps (up to 2 cm long) are not uncommiop,
A2 reSIStant when dry, soft when moist,
undulatory ‘upper and lower contacts.

Coal, black, jointed .

hale, thm bedded , carbonaceous hﬁ&ented

. ..(FJ

o +

Figure c. 7 Stratlgraphlc Sect1on of Sl1de 1, Pit 3, Hi
 M1ne,‘. : ~*:'f » ' T “A,""

';;3§75

dedgra1ned th1n-‘v

Coal, black,v.thin-bedded: ,jointed,gently fo]ded

' -

hvaled

-
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Flgure c. 8 Stratlg%é%hzc Sectlon of Sllde 2

M1ne

—t—

R S
R,

Stratigrabhic
Column .

oA L 3g8

l,ith(}log_y L te

~Till, dark rown- no qrevlsh brown. massive,

abeut 80 % of clay, boulders and pebbles

include coal, quartzite: ‘columnar jointed, e
‘the joint set which runs parallel to the )

highwall has a spacing of about 0.15 m ; R
the bottom contact with the upderlying el
sandstone .is slightly folded into a qcntlo . e

ant1cline near. th crest area.

. Sandstone,. brown to yellowish. qrey, weatherqd
to light yellowish brown to Tight grey, v. .
coarse-to medium-qrained, contents inciude .
quartz, feldspar and mica, rock fragments which’

"~ can be seenby naked eyes; resxstant on dry
surface. loose on weathered surface root
remains appear-near the bottom of the stratum;
unconsol idated, moist, water- saturated(’) -

Shale or mudstone, dark- grey. weathered to light

7 grey, presence of coal Tenses and roqt

‘remains., hjghly closely jointed and fractured,
intruded by the underlying coa}l unconsol\datod

1| Coal, black, deformed.and 1ntruded relatively

deep into the overlying shale but relatively

shallow into the underlying bentonite,

seepage at the lower contact; intrusion

11 up to 45" cm is found into the above shale

| Bentonite, brownlsh grey to green\sh grey,

weathered t greenish white,

imbricate fractured, at least three

distinct shear p)anes are observed,

.these shear plares are slickensided and ) -
.and may be ‘horizontal to highly inclined,
seepage at the top contact

A Coal,

-————~—I’—koa1 black, highly deformed but qenerally
not 1ntrudgd into the bentonite above, °
" “highly undulatory contact with the abovo
bentonite, wavelength(8 cm) and
—amplitude (10 cm).
Shale or.mudstane, carbonaceou:
black, htthy fractured:

Pit 3,iﬁighva1e

) i E 7t‘}g_? o
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" Figure C.9 Stereographig Plots of Deférmed ‘Beds: a - Pit 2,

Highvale‘Mine{ b —'Southefn Shore of Isle Lake } ' SR -

' na . .
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.

(Frgure‘t 10) A hummocky terraln unit, w1th an ‘area. of
apptox1mately of 1.92 km* and composed of several,/
curv111near rldges.these arcuate rldges,’wh1ch are about
0.28 - 0. 56‘km long w1th their convex §1des facing south
have an east west trend and are located within the meltwater

channel just south of the southwestern shore of Isle Lake.

In general the Lake 1s surrounded by a roll1ng and

' undulat1ng £ill plaln. North of “1sle Lake, glacxolacustblne

dep051ts and glac1of1uv1a1 deposlts are present ofi the till

pla1n and the lake pla1n reSpectlvely. ’
: Fleld 1nvestlgataon 1nd1cates that the sectlon cut by

Highway 16 has exposed the cross sectlon of one of these‘

-rldges. The exposure is malnly composed of alternate layers

of coarse- gra1ned bentonltlc sandstone, greenlsh grey

benton1t1c shale, llgnlte/coal and nodulasxyronstone-beds;
,,/\
Dlgglng 1nto the exposures w1th a spade has shomh that the

" bentonitic shale and.the coal have been hlghly fractured to .

b
angular fragments with a common diameter of less ‘than 1 cm.

A layer of tlll 0. 6 m th1ck was found underlylng the

‘fractured shale and coal beds. The’ cohtact of these Strata

‘in the f1eld is 1ntensely weathered The exposed strata have

been deformed into gentle folds and tilted. beds"’ 1n~genera1
with a d1p/d1p d1rect10n of 55 / 350° (F1gure c. 9b)

The inverse strat1graph1c seqguence and deformed
structure round in these ridges 1nd1cate»the hummocky

terrain un1t is an ice- thrust terraln un1t F1gure C.10

1nd1cates~the ice-thrust terrain pattern of the area.

-
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M . s > ! . K . ‘ “ . . . N
. Other outcrops (230*m long.and 6 m high) trending -

.J

east-west and about 6 km ‘east of the vzllage of Entw1stle on

——

a roadcut along Hrghway 16, haye alqo <kposed symmetr1ca1 to
'asymmetr1cal gently folded ant1c11nes. The attltudes -af the
strata are imposs1ble to. measure because they are 1ntensely

,weathered A fault with an apparent d1p to the east was

' o,served Noted that the exposed sectlons~1n the area ofvu‘
. » i

sle Lake show only t1cl1na} folds or tllted beds; but no.

syncllnal folds were observed .

&

C.2 Edmonton Area -

c21msku.;__’ | S -
Airphoto 1nterpretat1on 1nd1cates that the east "half of
the study area is located on an eraded lacustrine plaln
locally - overlaln by glac1ofluv1al dep051t5° while the west
half fs a flat glac1olacustr1ne pla1n (Photo AS 2792-174 e
175; scale 1'60 000). (Figure C. 11) A meltwater channel, now -
vbccupled by Blackmud Creek, flows sl1ght1y west of north
’fGlaoial flutings with trends of about 027° to 043° az1muth
are ' found at about é5 - 30 km southwest of the study.area
_ (Bayrock, 1972) . - ¢ N
Field studies show that smaller folds are observed'in'
the sandstone and 51ltstone layers’ in the area. Generally,
-they have an apparent wavelength and amplltude of about lﬂ'm
and 0.46 m_respect&wely. Lignite/coal beds:and siderltic

nodqleflavers tend to be highly deformed and have an



. trend of 096° - 130° and a plunge-of‘12° 4“27° E.

apparent anelength and amplltude of 0. 46 - 1.8 m and 0.15 -
’-

0.46 m respectlvely. It is also: not1ced that’ although the

'sxder1t1c nodule 1ayers are hlghly deformed, the strata

above and’ below them tend to femain as gentle  folds. The

fold axes of some of these highly deformedplayers-have a.

The. morphology of the ice-thrust features is indistinct

both on aer1al photos andrln the f1e1d and the 1ce thrust

'terra1n un1t cannot be ascertained except at the 1ocatlon of

4

‘the exposed sectlons. Figure C. 11 sdes the terrain’ pattern

-

" Lostpoint Lake. The Sturgeon River flows northeast

and the locations of the ice-thrust features exposed in the

area.

C. 2 2 bebons I ‘ j~“’f . “l

¥

) <; Alrphoto 1nterpretatlon Jﬁdicates that the exposed

section is located on a giaciofluv1al outwash plain in the

- southwestern to southern portion of the area (Photo AS

2793—228, 229, 230;'sca1e 1:60,000). Ground moraine“occupies

two th1rd of the area w1th aeolian dep051ts surroundlng
CUEN

!

it reaches just north of the town of Gfﬁbons, it turns.

.abruptly toward the southeast and finally joins the modern

2 - ‘ . '
" attitude measurements on the outcrops are possible. However,

a brown lignite laye{? Due to 1ntense weathering, no

-

North Saskatchewan Rlver to the south
The outcrops consist of a l1ght grey, fine- to

medium- gralned sendstone; a dark grey to black mudstone- and

N

0
<

(V
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a tongue. of dark grey mudstone was observed 1ntruded into
\

.the overlying" l1ght grey sandstone with a shear plane at the

bottom of the mudstone which sloped gradually to Abaﬁm

from ghe horizontal at the tongue and,subsequently\t
out. The vert1ca1 and horizontal d1splacements of the tongue

\

are about 1.2 m and 6 m respect1vely.
C.3 Red Deer - Stettler Area

Cc.3.1 Lowden ﬁake Area

Airphoto inter;retation indicates that south of Lowden
Lake, the land surface has a ridged  and undUlatory
‘topography which_resemoles hummocky disintegration moraine
QPhoto AS 1532-133, 134, scale 1 : 31,680; and AS 2156—133,
\‘140,,141, scale "1 : 60,000). Further south the land surface
is inclined downward into a plain which is occupied by Big
Valley éreek. Highway 56 cuts thrOUgh some~of the NW-SE
'trend1ng ridges and exposes deformed antlcllnal structures’
which are-overlain by a relatlvely thin layer of till.

Eight outcrops of these ridges found south of Lowden
Lake‘ﬁave been studied in detail. Figure C.12 shows the
- location of these outcrops. FiguIES-C 13, C. 14 and C.15 show
| the Stereographlc plots of the attltudes of the deformed |
structures observed in these exposures and Flgure 8.1 shows
“the symbols used in the plots. Figures c.16, C. 17 and c.18 .
are sect1ons measured from three of these exposures. The

7

fold axes of these deformatlons measured in’ two of these

4
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SECTION €a & Eb s

SECTION Fo S

“Figure C.13 Stereographi¢ Plot of Deformed Beas Exposed in

-

Sections Ea, Eb and Fa, Lowden Lakeé Area
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SECTION 1 - )

SECTION D S

+ Figure C.14 Stereograbﬁic Plot of Deformed Beds Expo

Sections 1 and D, Lowden Lake Area

sed in
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~ sections B and Gb,Lowden Lake Area
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outcrops (F1gure C. 13, Sections Ea and Fa) have trends of
323° - 356° and plunges of 4° - 48°'Nw- however one section
(Sect;qn D) 1nd1cates~an ant;cl;nal structurevwlth a trend B
.and‘a plunge of 071°‘and,64°IE’respectiVely‘(Figure<C.J4).d
Beddings observed in all outcrops except section D, in
general, d1p toward the northeast and/or southwest At, .
section D, the presence of normal faultlng that occurred -

after foldlng and thrustlng probably caused rotatlon and/or

'translatlon of the prev1ously folded beds (Figure C. 16) .

( f
"Thzs may be the. ‘reason for the structures measured 1n i

sectlon D dev1at1ng from the general orlentatxon of the
structures measured in other outcrops in the study area. As
a result sectlon D should be treated as an anomaly in the.
study area as far as the orlentatlon of structures is.
concerned and should not be included in the analysis of the
glacial direction in the Lowden Lakerarea (Chapter 10;
Section 10.1.1). Many highly deformed sider: . nodulé
layers were found ih’the‘fine—grained sandstone strata.
| Thrust faults and normal faults were observed on
outcrops in the Lowden Lake area. Thrust faults found in the
study area show apparent d1ps of 5° - 15° and a separatlon
79§ about 1.5 m, A rev rse, listric fault was obServed
(Figure C.16) in which the fault initially followed a
: slightly.dipping.beddingpplane.and then becames concave ’;.“
,upward.and turned into,a’high-angle reverse fault near the

-

surface. However, another thrust fault had an gentle

1nc11nat10n (w1th an apparent(dfp Qf about 5 degrees) that
, AN .
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_ roughlysfollowed a bedding plane near the suéfaCe and turned
into a high angle reverse fault (with aﬁ“éb* rent dip of
- about ‘56 degrees) when it extended fuvther backward 1ntp the
» ground (F1gure-c.18) All the thrust faults observed south
of'Lowden Lake have:an apparent northward dip. More0ver,
.- they were always found in groups andnseeﬁ\to form‘an'
imbricate”structure. The thrust faults tend to tollow the,
bedding planes w1th sandstone above and claystone below
' (F1gures C.16 and C 18), although sometlmes they were
exclus1vely found w1th1n claystone strata (Figure C.18).
Normal faults w1th apparent dips of 51° - 80° and |
apparent dlsplacements of 0.15 - 2.1 m are observed at the’
outcrops in the area. These faults d1p 1n different
d1rect10ns- however, they ‘cut across the thrustfﬁaults which’
‘indicate that these normal faults (exposed in the study |
area) were formed later than the thrust faults (Figure
c.16)" | -
In the Lowden Lake area, the NW-SE trend1ng r1dges w1th
surficial deformatlons are 1nterpreted as 1ce thrust rxdges.
The study of these rfdges and the adjatent glac1al deposits
~1nd1cate that there are three ma1n terraln un1ts in the |
study area (Figure C.12). They are: : :
1; ‘Ice-fhrust Terrain Unit -_Many curvilinear,‘aligneddandf
N _roughly.parallel NW-SE trending ridges widh steep sides
'and with‘an’orientation of about 132° azimuth‘are"found

in this terraln. Occa51onally, a, ser1es of lakes with a

‘51m11ar trend are observed 1mmed1ately behlnd some of

' ‘e" i
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s these rldges. The morphology of these ridges are s1m1lar

) to the descriptions of ;he typ1cal ice-thrust r1dges

i reported 1n literature (Gravenor et al., 1960) although
those found in the study area are fewer in number and
'smallervln dlmensions. Near the centre'of Figure C. 12,
the mis—alignment of the ridges seems & suggest that-a
strike- sllp fault with 51nlstra1 movement has caused the
rldges at the northwestern portlon of the unit to,.be '
shifted toward southwest with respect t6 the ridges at
the southeastern portion of the unit. The measurement of
thevrelative.mowement of;the mls-aligned ridges on the -
aerial photographs shows an apparentldlsplacement of |

. about 285 m to the southwest (Figure C.12)..

Other ice- dlsln{egratlon features occupy the area

between the ;ce-thrusf r1dges. ?hese are mainly hummoéky

‘ disintegrationbmoraine'which consists of non-oriented
knobs and kettles, linear disintegration ridges and
moraine plateau. Indeed .the ice- thrust ridges have
created a rather undulatory and roll1ng topography wh1ch
resembles dlslntegratlon moralne. .
“Glaciolacustrine’ Terrain Unit - Glac1olacustr1ne to
.recent lake_deposlts which cover the plain that
‘surrounds Lowden Lake and its adjacent ponds.

. Meltwater Channnel Unit - Recent-fluvial deposits .found
within a meltwater channel occupied by Big Valley Creek .

~

at present. Thls meltwater channel has a trend of about,
¥ L]

150 az1muth in the study area and runs roughly parallel

* -

N ) ¢
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to the ridges observed in the adjacent ice-thrust

terrain unit.

. ” s

The ice- thrust terraln pat qmﬂ%ofwthe area is shown in
X ki

Figure C 12 )

Al

o

Oy ' .

C.3.2 Beltz Lake Area g

Airphoto analysis show.that the study area near Beltz
.Lake is gent&y rolling with Bedrock at or very close to the
ground surface., EXposures are fpund.on the scaro-along the
eastern shore of Beltz Lake and in the d1thes along a |
gravel rpad near this lake (Photo As 825 78, 79, 80, scale ¥
s 31,680) Giant' grooves or l1neaments arq.obberved east of
the eastern shore of the Lake (Figure C.19). ”?*‘ _

Antlcllnal and syncllnal structures, wh1ch are exposed
at ‘the eastern shore of Beltz Lake, have an amplltude and
wavelength of 2.5 m and 24 m respectlvely. Flgures C.ZO and
C.21 are stereographiovplots of these deforied structures

' and showsthat the fold axis of three of these deformations

have a‘NE—SW trend-and*a plunge of 0° - 6° Asymmetrical

e et
L
P

fold structures are exposed .at the northern portion of the/ 7
‘eastern shore of Beltz Lake which tend to change to “/f';
symmetrical fold_struetures when the southern portlon of the
shore is approached~(thures C.Zo.ané C.21, Sections 3, 4,

and 5). Figure 8.1 shows the symbols used in;the |
~'stereographic plots (Figures C.ZO and_C}21).,The

_asymmetrical deformed structures shoW'a gentler em.wfueu*

dipping limb and.a steeper southeast dipping lims (Fiqure
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SECTION 4 R e

. SECTION_3

S

Figure C}20 Stereographic, Plot of Deformed Beds Exposed in

‘Sect'ions 3 and 4, Beltz Lake Area
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SECTION S

Figure c.21 Stereographic Plot of Deforméd Beds Ex osed in

Sectlons 5 and 7, Beltz Lake Area
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C.20, Section 3). Exposures, which are found in the ditch of

~a gravel road about 0.63 km south of th%.90uthefﬁ ‘shore of

\Beltz Lake, show bedding with a dip/dip direction'of 22°%/

'1 630 .

The morphology and distributid% of this deformation
outlines -the ice-thrust terrain units in the area. Figure
C.19 shows that the ice-thrust te;rain.pattern of the study
area zzﬁﬁist essentially ¢f four terrain units. They are:

1. Ice-Thrust Terrain Unit - This is a belt with uncertain
boundary which probably includes the area'between the
eastern shore of Beltz Lake and the eastérn margin of
the area. The overall gentle topographic relief and“very
thin surficial deposits of the area indicate that it has
probably acted as a spillWay'during deglaciatibn.

Ice-thrust featurisvwith indistinct topographic
expressions were exposed on the scarp along the eastern
~shore of Beltz Lake énd have been described in the
preceding paragraphs. On the airphotos, two sets of
‘giant grooves were found in this unit.

2. Hummogky Disintegrétion Moraine Terrain‘Unit - This unit
is found in the southwestern corner of the photograph.
Disintegration features such as non-oriented to oriented
knobs and kgttles togethér‘with liﬁéar ridges are
present. Since no outcrops were found during fie;d
investigation in this unit, no conclusions can be drawn
as to gheﬁher the linear ridées are ice-th{ust ridges or

other ice-disintegration features.
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e "Brain Unit - This unit is located just

north and south of Beltz Lake and forms a belt trending

roughly north-south

This unit is seen at the western edge of the photo and
is mainly composed of a thin layer of glac1olacustr1ne
and glaciofluvial sediments overlying the ground.moraxne

and/or bedrock.

Cc.3.3 Northwest of Sullivan Lake Area : ¢

Air photo 1nterpretat1on indicates that the study area
is essentially an undulating to gently—roll1ng pla1n of ‘
ground moraine (Photo AS 3026 - 201, 202; scale 1 : 30,000).
Bigknife Creek, which is probably a meltwater channel, flows
in the western margin of the study area. Recent fluvial
sédimeqts are found‘along the sides of the Creek. A ridge

with a NW-SE trend is found about 1.65 km northeast of the

- exposures (Figure C.22).

Field observations indicate that the outcrops are

located at the crest of a véry gently inclined and roughly

north-south trending tidge. The exposures are the Horseshoe
Canyon Formation and are composeé)mainly‘of fine-grained,

cross-bedded, bgﬁtonitic sandstone, bentonitic éiltstone to
mudstone, 1ignite'and iron_nodularvlayers; They are overlain
by a thin layer of clayey_tillvabout 0.3 m thick._WatEr well

drilling reports show that the till in_the ground moraine
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,‘terra1n un1t dn the study area ranges from 0 tob5m thxck-’
'fvhoweVer; the tlll may be absent locglly\and up to 6 7 m of
'ﬂclay overl1es the bedrock for exam e/ th%‘bedrock along

the Blgknlfe Creek is covered malnly by 2. ;» 1. glm of clay.

The beds exposed at the r1dge are folded and faulted
(Flgure C. 23‘ The faulted beds have an average dlp/dlp
dlrectlon of . 39 ° /. 061° (Flgure C.24a, Sect1on 1) Flgure 8 1’
shows symbols used 1n ‘the stereographlc plots.»A gentle :
E’ant1c11na1 fold 1s observed on- the western part of the
A[sectlonxwh11e 1mbr1cate faults are found 1n the eastern parth
.‘»of the sect1on.'The eastern 11mb of the ant1c11ne is e
'truncated by the thrust fault. The exposed thrusts have aQ}i
s1m11ar d1mens1ons and an apparent d1p of about 14° toward -
) 'east formlng an 1mbr1cate thrust system. W1th1n each thrust'

;sheet drag folds are found overlylng the 1ﬁbr@pate thrusts

w1th a steeply westward dlpplng llmb and a gently

zeastward d1pp1ng limb w1th lengths of 0 9 m and at least 1.8
5om respectlvely (Frgure C 23) These form a ser1es of

asymmetrlcal ant1c11nal stvuctures (F1gure C 23) The'
/v”ébottom portlon of the thrust sheet is composed ma1n1y of

Eenton1t1c sandstone whlch 1s overlaln by benton1t1c
~mudstone and 1ronstone nodule layers. The lower.port1on of

the thrust gs lbcated w1th1n the sandstone and tends to

'>1ncl1ne more. gently thv” the beddlng plane wh11e the upper :

port;on ‘is loca,_ approx1mate1y at the cod%act of the

the mt@stone 1ayers. The 1mbr1cate thrusts are
0

overlaln by layers of gently folded sandstone and. mudstone.
e . :

',sandstone an

.
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SECTION 1|

Figure C.24 Stereographic Plots of Deformed Beds: a -
iSeCtiqn“1,-Afea;N0réhwest of Sullivan Lake, b - Sections 3,

4a, 4b éndgg,.Hannat— Sedgewick Area . N A
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The thrusts seem to die upwardﬂinto,the gently folded

% ‘P X . . . . : } ' \ .
sandstone. Due to the weathering on the outcrops, the amount
of apparent\mihimuaushorteding dueﬂto tolding and‘thrusting7t¢
is d1ff1cult to measure, nevertheless, the exposed sect1on‘

'1nd1cates that there is at least 2 5 m of shorten1ng due to

thrust1ng

The deformed N-§ trendlng r1dge is 1nterpreted as an
ice- thrust ridge. Due to 1nsuff1c1ent morphology and
exposures of'the ice-thrust features in the area, the
compiete boundary of the ice- thrust terra1n un1t cannot be
'outllned° nevertheless, ‘the ice-thrust. terraln pattern of.

‘the area is shown in Figure C.22.

C. 3.4 Nevis Area ' . ﬁd
Airphoto 1nterpretat10n 1nd1cates that sect;ons along

nghway 21A/a;e located near the west fac1ng top edge of a |

meltwater channel that runs from!th to south into the o

modern Red Deer R1vqpn(Photo AS 2 —151, 152, 153;,scale 1:

4

30, 000) (Flgure C.25) 1““

| 51eld studies showed that the exposed bedrock con51sted
1of coarse- to f1ne gralned sandstone to benton1tlc : A
sandstone,,coarse gra1ned, cross-bedded sandstone, greenlsh
grey benton1t1c shale, black shale, nodular 1ronstone, coal

_ and l1gn1te. The sections are overlaln by a thin pebbly till
of less 0 1 m to 0.6 m th;ck The sections exposed cons1st

of folds with an apparent anelength of 12 5.m, an ampl1tude.

vof 0.46 m,.and fold axes w1th trend/plunge of 140°/ 16 SE,
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042°/. 14° NE, 025°/ o°, 241°/-0 The stereographic plots of
the poles to the strUCtures measured in the area are
fpresented in.Figure C726 and. Flgure 8.1 shows the symbols
used in the plots. Near.the intersection of Highways 21 and
21A, the beds on the exposed sectlons are. mostly inclined
‘toward northwest or south or -gently folded

/The portlon of the meltwater channel where the deformed
,sectlons are found is thought to be ice- deformed At
present, the avallable geologlcal 1nformat10n is not enough -
to outline the ‘complete boundary of the ice- thru;t terrain
‘ un1t in the ‘area. Flgure C. 25 shows the 1ce thrust terraln

pattern of the study:area. \ : S : : -

C.4 Hanna‘4'5edgeWick Area
Four sections (Sections 3, 4a, 4b and 5) which are
exposed along nghway 36 east of/the southeastern shore of -

'Sulllvan Lake have been stud1ed in deta11 The exposed
J},i;;:\ ’

bedrock is. composed mainly of coarse- to f1ne -grained
bent@nltlc sandstone, benton1t1c siltstone to mudstone,
ﬂjcoal/iignite and nodular ironstone wvhich are oVerlaln byh
sandy to clayey till about 0.3 m to 0.8 m thick. Field ‘
‘ observatlons 1nd1cate that the exposed bedrock is tilted and
ldeformed The measured d1p/d1p d1rectaon of the bedroqg
_exposed are-9 / 108°, 9°/ 254°, 12°/ 249°, 10° / 100° 12°/.
222° and 14°/ 232° (Figures”C‘24b and 8.1) At one sect1on,
the coal/llgnlte and benton1t1c sandstone beds have been i

intruded by a layer of bentonitic mudstone with an apparantﬁ
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Figure C.26 Stereographic Plot. of Deformed Beds, Nevis Area

5
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movement of at least 0.46 m.

Alrphoto 1nterpretat10n 1nd1cated that, on the whole,
 the 'study area is a gently rollzng ‘plain (Torlea flats) and
is located within or adjacent to a sp1llway with R
' coarse- gralned glac1of1uv1al dep051ts over1y1ng bedrock or
covered by a thin layer of till which in turn over11es \
bedrock’ (Photo AS 1336-224, 225, 226, ‘278 279; scalef }l
31 680) . Several NW-SE aligned shallow troughs, kettles and
marshes are seen on the plaln. These depre551ons probably
formed when the sp1llway overflowed and meltwater flowed
over the area'east'of Sullivan' Lake. Two linear ridges,
nhich:are_roughly,oarallel to the trend of the aligned
depressions,'are found at about 317 m and»475‘m northeaet,

R andvsouthwest of an exposed section reséectively (Photo AS
1336-115, 116, 117;‘sca1e'1:‘31,660).

In this.area, the morphology of the ice-thrust features
‘is indistinct .on aérial»photographs and in the field, and
the complete boundary of the ice- thrust terrain un1t cannot .
be~de11neated based only on the exposures. The ice-thrust

‘. *

terraln paptern of the area where sections 4a and 4b.exposed

. are shown on Figures C.27.. oD

C.5 Cypress Hills Area

Alrphoto 1nterpretat10n‘1nd1cates that the area is
composed mainly of a badland terrain un1t veneered by a thln.
'layer of t111, a meltwater channelr(the Medicine Lodge

Coulee) that runs roughly NW-SE, and a kettled hummocky

. 0
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disintegration moraine terrain dait'which occupied the
northern and southﬁestern‘corner of the’photegraph VPhbto AS
2503-171, 172; scale 1: 60,000) (Figure C.28). The pall of
the meltwater chanpel is steep and is usually cover d by
-fluvial deposits. Gully erosion is common along thege
slopes.l’ ’ , : E | “\

Field studies are performed in'twovclay pits, Pjits 39
and 45, in the area. . Pit -39 is located at the.bounda y of
the badland terrain unit and the meltwater channeLy hile
P1t 45 is 51tuated along the walls of a valley w1th1n the
_padland terrain unxt (Figure C.28). The stratigraphic
seetion exposed in the Pit 45 was mapped and is shown in
Fiéure C.29. | '

fIn Pit 39, the beds are inclined.wlth‘a“éeneral diﬁ
téwara{SOGtheast. A thrust fault tdip/ dip_directipn: 32°/
078°) and a nermal'faultgéz1°/ 07Q°) are found with dip
toward northeaStf while a reverse fault (54°/'230°) shows .a
dipbtoward southwest (Figure C.30). The symbols used in the
stereographic'plets are shown ia‘Figure 8.1. Small scale

.

'open folds are observed in_ the shale of the Battle Formation
:w1th apparent ampllzudes and wavelengths of 0. 5 - 0.66 m
,and 0. 9 - 3. 9 m: réspect1Vely, w1th one fold axis having a
trend/plunge of 177 /14° S, The>folds found in the area were
_formed earller than the faults 51nce the former are observed

being dlsplaced by the latter. Some of the dips of the "beds

'decrease érom,30° E to about 22° SE.

1
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Scale Stratigraphic Lithology
(m) Column

o -] Till, sandy, silty to clayey; boulders
i up t0.0.15 m in length are common,

— . - —

"~ Sandstone, 1ight grey to brownish grey,
light brown to yellowish on weathered
‘surface, coarse- to fine-grained, :
thin-bedded; trough crogws-bedding, loose
and poorly cemented, interbedded with

20 siltstone, shale, and iron nudolar layers.

Shale, .deep brown, highly fractured,
the top 0.15 m is a soft and moist*clay
shear zgne {?); the .top of the bhed is
wavy ang¢ is defined as an unconformity

Tuff, grey, resistant, vertically jointed
— -+ with spacing about 2.5 cm to 7.6 cm,

contorted to gentle to tight folds

'Shale, deep brown, highly fractured;
glickensided and wavy polished surfaces
are common, carbonaceous, root remains,,

random and inclined joints, become
~relative sandy and silty near the bottom.

Frenchman Fm.

10 —~

‘Fm.
]

Battle

Sandstone, very light grey, finew to
medium-bedded, kaolinised, gentle folds
. with wavelength greater than 30 m,

-——f_—}alus

mud Fm.

fwh§te4

o
[

. R

Figure C.29 Stratigraphic Section of Pit 45, Cypress Hills

v

Area I ‘ o -
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Figure C.30 Stereographic Plot of Deformed Beds, Pits 39 and

45, Cypress Hills Area
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. . | o
In Pit 45, the beds are‘in general tilted tdward the;
northeast. However, the tuff bed in the Battle Formation has
been deformed into a gentle to t1ght fold w1th a
7trend/p1unge of 319°/ 2° NW; and a thrust fault is observed-
near the crest of thi; éold (Plate C,1), Figure C,30 is a
stereographic plot of the poles of bedding and faults
measured in Pit 45, Thrust faults are observed in the

" cross-bedded sandstone of the Frenchman Formation and the
bentonitic shale of the underlying Battie Formation which -
dip northwest to north. These thrust\faulge seem to.be

listric. The shale of the Battle Formation appears to be a

shear zone because of the brecciated and fractured‘nature of

the material, an he presence of many contlnuous and

discontinuous, r and wavy thrust faults. A normaly
fault, with an nt displacement of at least 2.6 m, is
found in the cres f the genﬁly folded‘anticl{ne in the
overlying Frenchman Formation. On the whole, the beds are
deformed into a broad gentle anticline with an apparent
wavelength and amplltude of 490 m and .13 m respectively..
Plate C.1 shows the macrofabric obseryed in Pit“45. It is.
noted that only anticlinel features but no synclinal .
features vere observed in Pit 45.

| Due to the limited deformed structures exposed in the
area, the boundary of the ice-thrust terrain unit has not
been drawn; Figure C.28 shows the ice-thrust tefrain’pattern

of the study area. ' - ) .
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Frenchman Fm, -
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‘Plate C. 1‘_‘_M_§e_¢g£p._fab‘:ic ‘Exposed in Pi¥ 45, Cypress Hills atea .
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Appendix D - Calculation oftlnterbed Slip along Highwall‘d&?r'
' | to Excavation o |
'MatheSOn (l972 p. 270) noticed that artificial excavations
tunder undralned cond1t1ons in the’ overconsolldated Tertxary
.and Upper Cregaceous bedrock”have a maxlmum rebound oE less
~than 1 % of the excavatlon depth and the upper bound of
'dvertlcal d?splacement of the excavation edge 1s about 1/3 of
the maximum rebound occurrlng in the: centre of ‘the
excavatlon (Ma{heson and Thomson, 1973 p 971) Although no:
measurements have been taken by the author on the elast1C‘
"rebound movement on the pit’ wall‘and floor due to the
excavation, the amount of interbed slip that”occurredunear
"the highwall 1n Pit 3, nghvale m1ne, can st111 be est1mated
bx examlnlng”the recorded rebound(ih an excavatlon in
. N

Elsensteln and Morrlson (1973 flg 164, p. 207) and

51m11ar mateilal

.. DeJong and Morgenstern (1973 fig. 10 p. 272)° studled the
5_fmovement in an’ excavatlon with a- depth of about 11 3 m. in
?ﬁ;downtownaEdmontonf The overconsolldated Horseshoe Canyon_
'Formaﬁion‘at‘the site:(where most rebound occurred)@is about

-4

,6 m below the bottom of the excavatlon' however

o measufements 1nd1cate that heav1ng mainly t ok place in the

bedrock»xThe recorded heave data measured by DeJong and L
Morgenstern (1973) show the time delay to reach |
: approx1mate1y 80 % of the two year heave- is roughly two
.months' as a result, the‘ﬁ?tal rebound in response to };\ﬂ‘

b

»unload1ng can be treated as. 1nstantaneous and elastlc\-Tﬁo7f

P

s nel
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onths after»the excavatlon had started there was‘a heave'
d% about 1.3 cm at the wall wh1ch d1m1nlshed rather llnearly

to-ébout zero at approxlmately 6 m behlnd the wall, and the

" heave in the. centre of the excavat1on was about 4 5 cm. In

this case, the vedtical heave at the excavatlon wall 1s

‘

about 29 % of the maxlmummrebound at the centreioﬁ the -

r

'“excavation, Which is rather close to the value of 1/3 as

i

‘suggested by Matheson (1972).

N

With the observatlons mentioned above, the edge of the.
h1ghwall in nghvale mine-is bel1eved to have an

instantaneous and elastlc heave of about 1/3 of the max1mum

- rebound at the centre of the excavatlon, wh1ch would be

'equal to about'1 % of the helght of the wall The measured

- depth of the excavatlon in Pit 3 and the beddlng thickness

“are about 20 m and 0. 3 m respectlvely, thus, the resultlng

3

"-max1mum rebound in the centre of the excavatlon would be

o)
about 0.2 m w1th a vert1cal dlsplacement at. the edge'of
a.

"about 7 cm. Let the heave d1m1nlsh to zero at 6 m behlnd the )

el o

7edge of the highwallj;. thus, the max1mum 1ncl1nat10n of the

: &
_beddlng agalnst hor1zonta1 on the wall is equal to‘%an (7

/ 600) Accg;dlng to Norrr (1967 p. 318) and. Matheson

.o

l

(1972{ 1< 313),,1nterbed sllps between two layers at the1r

common 1nterface for a,51nusoldal arc can be estlmated as

followe: gy

: 2 '.-»u_"'. * ’ 5";‘ . : . * . L - . . ; .
&‘%. ﬂ“‘. e)/180 .....l.‘..l.....‘.(D 1)

'T‘ ’ "/'
e”ﬁﬂte T = thigkness of each layers, 9 = deflected

1nc11nat1on (1n degrees) of the: fold layer w1th respect to

~

.f'

AP
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the horizonfal, and m = 3.1416. . . . »

Substituting the above infomation into.equafioh (D.ﬁ),
the amount of, interbed slip that might 0ceur on the!atrata

V‘equ%ed along .the hlghwall due to the e tiqn in Highvale

mine is equal. to about 3 5 mm. This valu is much smaller

than the dlsplacementsv(30 = 200 mm) re uired for"afshear
surface of a normally or overconsolldated clay to reach

g '3 ~ ;“E‘,f
close to. d. g

; gubl strength (Skemptoq, 1985) .

s
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Appendxx E - Location andsProcedures for Block Sampl1ng, Pit

LY

_‘353W1ghvale M1ne

In the summer of }9d3//slgpe 1nstab111ty occurred in the
highwall of Pit 3, Highvale m1ne Wabamun Lake area, whz&h.
"endangered the draglines operatlng on the bench of the
h1ghwall | | \ a
X p A f1e1d program was set up to study the geologxcal and
| geotechn1cal propertles of 1ce thrust sedlments ™n Plt 3 of
the mlne in the summersoof 1983 and 1984. These 1ncluHed
o field mapping of the.slide arealandbblock sampling at' the
~‘shear zone which uas suspected’to be formed'by icew |
thrusting. “:>:~. 0 S '. 5 : . -
. In the sqmmer of 1984, the thhor‘studied-the.slides
that OCCUrred 1n th 3 about orfe month afte: they had taken
place Two tr1al pats vere dug in the shgar zone exposed
along the h1ghhall about 20 m from the ?i: main slide bodles
.(Slldes 1 and 3) F1gures 10 2 and 10. 3 show the locatlons "
for the block sampllng Field: o@ﬁervat1ons‘have shown ' that
these trial pits were l}cated on a stable’ area.‘gamples were
.collected at or close to the flat 1y1ng pr1nc1pa1
h}dlsplacement shear that appeared 1n the shear zone within
the benton1t1c mudstone and the bentonlte layer from trial
v 'ts 1 and 2. respectlvely (Flgures 10.2 and 10.3).. These
B trial pits- were carefully dug 1nto the hlghwall about 0.7 m
hﬁrom the face of the wall ‘to ellmlnate de51ccated materlal N
: fdue to drylng and to. expose ‘unweathered' material’ for

sampllng. Des1ccat10n d1d not extend ‘more than 0 3 m below

411'
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\the exposed surface of the ovérconSolidated clays’that had -
‘beenfexposed for‘seteral years (Fookes and Dehnes, 1969, p."
' 4735 Direct shear.test‘moulds were taken*to‘the field and
‘placed d1rectly on the bottom of the trial pits where the.
samples were de51red The moulds were pushed gradually into
the layer whlle the outer edge of the so1l (about 5 mm from
* the outer faces of the moulds).were continuously carved
away. Plate E,1 shows. one of the shear test moulds being
pushed through the failure. surface of the sl1de. The he1ght'
of the samples collected was greater than the height of -the.
moulds prior to extractlon in orders to reducé dlsturbance..
" Block samples, 0 3.mx 0 3mx 0.15 m; wege ‘alsop collected.

. These block samples and the dlrect shear test moulds were
waxed 1n the fleld and were transported to the lahoratory
twlthln a few hours. In the laboratory, they were further
wzged and stored in the moisture room ready for e;amrnatlon

and testing.
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Appendix F - Microfabric: Laboratory Preparation and Method

"of Study

F.f Preparation ofxsahplea for Thin Sectioniag

The orientation of the fold axes and slickensided
'features_found’in the deformed structure observed in
Highvale mine indicate that the sedimentS’Qere deformed Bj/
an ice lobe‘coming from the'horth’(Appehdix C, Figure C.%a).
Aa a result, the conftguration of any deformed fabric (such

‘:as grain a11gnments and faultlng) due to 1ce-thrust1ng

’,.should be best exposed on o;th south oriented cross
sections through the deformed layer. (Figure 5.2). Thus, ind
order to study th fofdbric of the ice—disturbed
'sediments, samples for thin sectioning ;ere cut | -
approximately parallel to north-south and vertically_down
through the blook aamples collected‘ig the ice-deformed
strata in the mine. . | |

[y

Four slr&eathre cut from the benton1t1c mudstone block
;sample and five slices were obtalned from the bentonite,
block sample. F1gure F.1 shows the locatlons in the block
‘sample of benton1t1c mudstone taken for thin sectlonlng. The
geologic features appear1ng on these slices and hand
spec1mens have already been described earller in the -
::Mesofabrlc Section of Chapter 6. All samples were cut thh a:
steel wire to a thlckness<of about 1 cm, a length of 5 cm |

and a- helght of 8 cm. They wvere logged photographed and

1mmed1ately sent for thin sectloan'

414 Co
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1% ‘ .‘, ' . C *

'F.2 Preparation of Thin, Sections

The‘slices were dried in\toom temperature for about 12
hours before. belng put into an oven &t a temperature of

35° C for half an hour. This drying process is to ensure

emost of the pore spaces within the samples are dry S0

- that when the samples are imptegnated with the hardening

s

~mixture, the pore space of the samples would be entirely

filied'byﬂthe mixture.
Shrinkage oocutring during-drying may disturb the
microfabric of "the samples. Ta evaluate'the amount of
shtlnkage assoc1ated with the drylng under room
tfmperature for about 12 hours, 'the shrlnkage limits of

i
the samples, which indicate.the amount of shrlnkage,
po o :

. were estimatedffollowingﬂthe-procedures outlined by

Hoitz and Kovacs‘(1981 p.'{82) The resultihg shrinkage
llmits of the benton1t1c mudstone and the benton1te are
24, Qeand 16. 7 % respect1ve1y Slnce the aver;ge natural
moisture content of. the bentonitic mudstone is about 28

%,.the amount of overall shrinkage of the bentonitic

mudstone samples associated with drying under room"

»tempefatufekis considered to be small. On the other

hand the'bentonite has an average natural moisture

content of about 47 %. As a result shrinkage

K

disturbance of the microscopic features is thought to -be
significant for the benton1te during preparation of thin

sectione. Thus, both the mesoscopic and.miCroscopid

2
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fabric of the bentonitic mudstone that appear in hand

'specimens and thin sections was studied by the unaided

eye and under microscope respectively; however, only the
mesoscopic fabric of the beﬁtonite is‘described. |

The drled samples were 1mpregnated with a hardening
mlxture'after remov1ng from the oven., The harden1ng
mixture is made up of 4 parts of resin (EPO-TEC301) and
! part of dyed hardeher (8 grams of blue dye (Orocet
Blue) mixed witt 350 grams of hardener'to'produce the

d?ed'hardener).“The blue dye'wou1d show whether the. pore

" spaces within the samples were saturated with the &

hardening mixture; and moreever, it differentiates
natural fissures from those,formed due to thin
sectiening. . | |

Carbowax 6000, although the most common
impregnating agent wsed to’'cement the tlay fabric
agaiqet disturbance during thin sectioning (Mitchell,
1956; Morgenstern and'Tchalenko, 1967c), was not used in
this study because: (a) EPO TEC 301 has an index of
refract1on the same as- ‘glass and is thus
nonfbirefringentyand would not influence the
birefringence of any clay minerals under polarized
light,. (b) EPO-TEC 301 is harder than Carbowax which has

a Moh's hardness number of 1 (Barden and Sides, 1971a),

"the use of the former as the 1mpregnat10n agent would

further decrease the thickness of the disturbed zone due

to_grrnd;ng, (c) the lineal shrlnkage of Carbowax is
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generally less than 8 % while the ghrinkage of EPO-TEK
. a '
301 with roomvtempetature/overnight cure is about 1.5 %

. X - . -

only.
3. After the samples were saturated wath the mixture, they

vere taken from the mixture ‘and left in- the air £or q!l 4}

about 12 hours to harden.

4. One of the surfaces of the hardened samples ug; smo d
by hand grinding on silicon carbide paper (22 grlg

400 grit). A

~ 5. The smoothed surfaces of the samples were glued to a
glass plate with the same hardenlng mixture descrlbed
However, no blue dye was  in the mixture th;s time.
Again, the samples were left for 12 hours fqr the
mixture to harden.

6. .The other side of the rough surfaces of the samples were
"hand ground dn silicon carbide paper to a thickne
about 3é\uh. o ’ p

7q \Flnally, a thin_ glass cover (about 0.17 mm thick) was -

. glued to the smooth surface with a fast hardenlng liquid

(Eukltt). The samples were then. ready for examination

under microscppe.

F.3 Optical Theory Used to Study the Microfabric of Clay
The study of the microfabric of clay based on .the
optical properties of clay under a pblapizing microscope has

been performed by Mitchell (1956),\yorgensterh and Tchaienko



419

(1967a, 1967b, {967c, 1967d), egko (1968a), and

" Chandler (1973).:The followiné outlines\the basic optical
theory‘used in theée sEudies.k '

The most common and'abundant«cbéy mfneralé in the
icé-thrust sediments found in the study, @fea are ,

montmorlllon1te, illite and kaolinite (Figure 6 6) wh1ch

!
. Ri

_ have an essent1a11y plate-like structure. The
crystallograph1c axes oféjhese clgy minerals are orthsjonal
and parallel to nearly parallel to their optical axes"
moreover, Lhe refractive indices along the two optical axes
lying‘parallel tovthelbasal planes are egual to-éééh other
for all pféctical purpo#es (Deer et al., 1966). Thué,
altﬁough\these clay minerals ar€ biaxial crysfals} the
optical propertieés shown under crossed nicols of a
polar121ng mlcroscope are similar to uniaxial crystals. That

is, the clay m1nerals would show low b1refr1ngence (mainly

greyness to opacity) when the basal pJanes are’ normal to the

axis of the microscope oY to the 1nc;dent pola&hzed Ilght.

directions of extinction and four dir?gy
| | ' 1

illumination when the stage of the péﬁ

¥ o ) 1‘:“ 3 ‘. ..
- - I SN
: . H AR
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rotatéd 360“ under cross-nicols (Bloss, ‘196]; Hurlbut amd= "N\
Klein, 1977). . e
| Since clay minerals aIways occur as submicroscopic
crystals in nature, ﬁhe‘shape of individual clay mineral is
often indiscgrnable under a“standard.microscope. Indeéﬂ,
clay Qﬁnerals alwajs appear as a matrix\or aggregates under
SEM (Yong and Sheeran, 1973; Pusch, 1973b; Colliﬁs and

' McGown, 1974). This implies that if'the'clay minerals within
the agqregate are randomly oéien&ed, there will be no |
obyidué'change‘in the‘inteﬁsity of illumination of the
aggregate under polarized\light when the stage of the
polarized microgcope is rotated 360°; on the other hand, if
thé:e is preferféd orientation within the métrix,.the
rotatioh of the stage to a certain position would cause the
oriented clay miﬁeraﬂs within the matrix to display maximum
illumination or extinction while the rest of the matrix is
under extinction on;; relative weaker illumination. In this *
caée, the magnitude of illumination of the aggrggates would:

~be enhanced by the iﬁcﬁﬁpse_in pr:férred particlem

orientation. Usiﬁg thg gbove technique, the shape, size and
the spatial relationship of the oriented and/or randomly
oriented groups of cléy minerals, and other microfabric can

>

be recognized.
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F 4 Method of Study 1
. ThlB is- essent1ally a qualltatlve approach and malnly
follows s1m1lar work per]ormed on clays and shale by IR

Phllllps (1939) Mltchell (1056), Tchalenko (1968b 1970),
-and Lockes (1973) In general the allgned clay partlcles

l

» are 1dent1f1ed when a group of clay part1cles have shown

h = $.

four p051tlons of\maxlmum 1}1 m1natlon and four p051tlons of
£En1mum 1llum1natlon or extlnctlon when the stage of the

','; polar1zed m1croscope is rotated 365\_;n contrast to(thi .
‘relatlvely constant 1nten51ty of 111um1nat10n shown Y the’

‘ surroﬁndlng matr1x wh1ch 1s composgd of a randomly'orlented :

¢

N structure ~No attempts were made to measure the

e

-

.'blrefrlngence ratid or the degree ofzgrlentatlon of ciay
.;‘_ partlcles seml—qUantltatrvely by the photometrlc method
‘whlch essentlally deals w1th monomlnerallc material, as -
s outrﬁned by Morgenstern ‘and Tchalenko\(1967c) ' |
A standard polarlzed m1croscope (ZIESS Photomlcroscope)
WItQFa 35 mm camera mounted to: take photomlcrographs was
vuged to stmdy the m1crofqpr1c of the ice- thrust sed1m§nts.
The ob]ectlves of the m1croscope have powers of 2. Sb}¢10x,
-:and 40x, and the dlameter of the fleld of v1ew of th& flrst

LT .
‘two objectlvestare 5. 4 mm and 1 4 mm respectlvely.

& R



" Appendix G - Submicrofabric:‘Laboratory Preparation and‘

"

i Method of Study '

G.1 Preparation of SEM Samples

The samples‘used for 4 M study‘Were prepared by

free21ng, fracturlng, dryli mounting, peeling, anddgold
coatlng follow1ng the methods suggested by,Gillott (1969)
Barden and Sldes (1971a) and Tovey and Wong (1977).

The samples are freeze dried 1nstead of a1r dried-
‘because the m01sture content of the samples stud1ed varled 3
from above to close to’ the shrlnkage 11m1t Barden and Sldes

«_(1971a) and Tovey and Wong - (1977) reported that the amount
’of shrlnkage‘related to a1r—dr1ed and freeze—drled,samples
with a moisture content above the shrlnkage limit are 8.% or
h1gher and 0 5 % respectlvely Moreover, although the
crltlcal point drylng method creates less shr1nkage than the
fre?Ze dry1ng method thefl ter method was employed in. th1s
study because the samples studled are relatlvely flssured
and locally unsaturated It 1s noted that the 1mpregnat10n

- of unsaturated samples requ1red for the cr1t1c@W p01nt
drylng method may cause’ d151ntegrat1on (Tovey and Wong,
5{977 p. 187) R o S RERTRENE )

AT The procedures for‘the sample preparatlon are brlefly

4
'_“descrlbed below. Flgure F.1 shows the locatlons in the block

3

sample of the bentonitic mudstone where SEM samples were
taken. .

v1.“1 5 cm. x 1.5 cm X 2 cm retangular blocks vere cut gently

& -
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P

from the block samples with'a razor blade. In order to o
ellmlnate edge d1sturbﬂﬁtes on the m1crofabr1c of the : xlh
spec1mens taused by gleld’samplmng as po1nted out by -
Barden and McGown (1973),|¢ll the SEM Samples were taken

at least 2 cm away from the 51des of the block samples.

2. Each sample vas gently notched at the place where .

fracture would be méde after free21ng

3. These small. sample blocks were. frozen in liquid

-

'_‘ n1trogen, and then fractured aiong the notches 1nto

small cubes w1th s1des of about 1 cm by sharp blows on a

2

frozen razor placed aga1nst the notch

4, The cubes were put into- the f{eeze dryer where the

frozen water ‘would be subl1med : £>\ |

5./ After about 24‘hours, the cubes were taken out of the
dryer and each was mounted on a megal stand The loose =
part1cles on the fracture face were peeled away by

apprylng adhe51ve tape to the face about 50 t1mes.

. '

- 6. The-peeled samples were put 1nto the sputter coater

_—

" where the-fracture_faCe was coated with a thin layer‘ofg“
~pure gold about 0.02 unggyick. The samples were then

. : - . ) /‘.
. -t 4

Ir@%dy:forASEM examination, oA
- G.2 Method of Study

The Cambrldge Stereoscan 250 equ1pped with the “Kevex

% : FONP

7000 Energy Dlsper51ve Analyzer for m1nera1 1dent1f1catlon

: .
- was used in this study Twelve SEM samples,.whlch were taken,

-



,‘ | e o T e
at and below the major pr1nc1pal d1splacement shearothat

appeared 1n the block sample collected from the shear zone

(e
R

exposed 1n Pit 3 nghvale mine, were examlned under the “.
‘ SEM The fractured faces of these samples for the SEM
exam1nat1on were chosen such that they were e1ther parallel

or normal to the plane of the major pr1nc;pa1;d1splacement.,

- i

shear and 1ts dlsplacement dlrectlon.'

.Thx fracture fack of each sample was scanned thoroughly -‘
.‘under‘magnlflcatlons of 20x to 1,000x ‘in order to obta1n a
general plcture of the m1crofabr1c of the sample and the

" presence of any pecu11ar features. About 20 s1tes on each'.
.face were - then studled in deta11'under med1um to hxgh
magn1f1cat10ns of ‘ 000x.to 20, OOOx. These sites were elther‘
'areas of 1nterest tgat were found durlng the prel1m1nary
‘v1ew1ng of the samples under 1ow magnxf1cat1ons or were
randomlymscanned 51tes. An attempt was also made to obta1nf
~the energy d1spers1ve system spectrum of some of the gralns
hfor m1nera1 ydentlflcatlon (Welton, 1984) Features of‘.‘

1nterest were descrlbed hand- sketched and photographed

¥
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| -Aﬁpendix H - Laboratory‘Testé Results-

o
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, Table H.1 Atterberg L1m1ts of Benton1t1c Mudstone* in

Botehble/ Depth| v P | L I 1 Sy
o : c L - L - P L t
———Sample #HV | . (m) [.(%) [ (%) | (%) (%) KN/m?
83-3/C10 27.3(26.3. |{37.9 [92.9 556.0 |-0.21[19.44
83-3/C19 27.3}122,5 31.1 |82.0 '}50.9 [-0,17]|19.25
83-7/C9 30.2(19.3 [26.8 {75.1 |[48.3 |-0,16]19.70
83-8/C4 13,0145.0 |26.6 {72.5 [45.9 |0.40 |.
83-8/Cc9. 24,0]25.6 26.3 .188.0 61.7 |-0.01/19.94
83-9/Cc4 0 16.2(29.4 [37.3 {110.0 |72.7 |-0.11|20.17
- 83-9/Cc8 29.1]25.2 34.4 |127.1 |92,.7 |-0.10|18.89"
83-10/Cé 19.5/23.6 {38.8 [90.3 |51.5 {-0.30}20.13
83-17/C7" 123.0(23.7 53.6 |74.8 21.2 [-1.81}19.14
‘ 83-406/7 - |  11.6]26.6 31.0 {61.0. |30. 0 [-0.15]19.41
. 83-406/9 14.3[19.3 |23.9 l62.6 |38.7 ~0.,12(20.29
B 83 -406/11 - 14.7149.3 - |23.9 [67.4 43.5 [(0.58-]|17.28
83-408/RC10 36.85(18,0 23.6 |87.4 63.8 |-0.09|
83-413/RC4A | 9.04146.5 {47.0 [121.0 |74.0 0.0
83-413/RC4B | 9.36(47.5 47.0 |121.0 [74.0 0.0
83~415/RC3B 10.5{23,2 27.7 1135.5 [107.8 -0.04| -
83-415/RC3B |- 10.85(26,.3" o , : o
83~415/RC5 | - 16.7]15.0
83-416/RC8 33.16(20.3 R _ g
83-417/RC7 | 31.95(30.0 40.0 |235.0 |185.0(-0.05
.83-418/RC4 9,70}111.9 | : ' '
*Tested by Thurber Consultants Ltd., Hardy Assoc1ates Ltd., and

Monenco Ltd.
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able H.2 Summary of Consolidation Tests on‘Bentbhitic

©  Mudstone
- _Depth| w Y e | s
R T T T N
~{m) | (%) |KN/m? (%)

14 |28.2 [19.26|1,03 [73.9
e |17.8 |18.81]1.01 |47.6

"ocr | P p' [ ¢ c' | a

| (kPay |(kPay|. x10*

1.8 | 176 | 320 [0.125 |0.boa2[-6.3
2.1 176 |.370 [0.097 |0.029(-3.7

Si = initial degree of saturation
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: confining Before the Test ' ‘ After the Test
. pressurd ‘ L A
O (mm).._—_‘-::__; o | N
) . : ) -z . 35 - 45
wi = | £ 77
n‘.“ ;. —
v = T
- B | I PPPT ST SRR
™ 11 . _ o 20 ~ 25
‘ 20 - ‘
Ea 0 - '.
e ” S
5 3“ Ed ALY B4
_ A
!"i‘:’v ’f
.“j;! Vg - v
. -’ )
o 7
[- %
v
e o
¢ s
i ' 1
= 4(66§§§§2
. .
[« TR
- o ‘ e
l\nb ~ [
V- SN 20
\ e
LEGEND Co
o . . . N .
\\\“ . -~light to light brownish grey, moist, plastic, clay; *
N wavy boundari®es (flowage structure?) : ' .
. [:::] -~dark grey to dary brownush grey, silty to saﬂdy, clay;
g fissured, crumbly, dry * '
- - fallure plane ‘ -25?9”— fissures, cracks

i

F1gure H.1* L1tholog1caﬂ\?nd Structural Descrxptlons of

Tr1ax1a1 Test Samples, Bentonltlc Mudstone
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Table H.3 Summary of Consolidated‘UndraLned Triaxial Tests

on Bentonitic Mudstone

L

éample

‘Depth| w oy o' - _
’ e r t ’ c ]
No (m) | (%) |KN/m3|(KPa) .
1% 14 [35.6 |19.2 | 400
2% 1’4“ 36.7 [19.12| 526
3% " 14 |28.6 [19.44| 701 ;
HV-83- 406** 12.8{19.1 |20.72} 150 _
HV-83-406%x 12.8{18.9 |20.72] 300 '
HV-83-406%+ |~ 12.8(17.9° 20.72| 600 B ) o
_ Sample 'At‘Faiiufe " Failure Angle
TNo | ‘g,'. |loy-05 |Axial| A To Horizontal
(KPa) | (KPa) |e (%)| :
% 260 | 315 | 6.0 |0.44
2% 385 | 368 10.7?‘ 0.38 30 to 35°
3% 428 .52‘2_' 3.05 |0.52 ~ 50°
Hv-83-406¢* | 79 | 396 | 6.2 |0.18 '
HV-83-406%% | - 163 | 598 | 2.5 [0.23 .
HV-83-406%x |- 293 | 977 2.1 0.32 o

x Tested by the ‘Author

- k% Tested by Thurber—Consultant Ltd

;A = Pore Pressure Coefficient

»
|



. -

.
L ]

430

% Table H.4 Summary of Unconsolidated Undrained Traxial Tests

on Bentonitic Mudstone

, »
Sample Depth| w P L v -
3 , L L t
‘ . No (m) | (%), (%) | (%) |KN/m?
X s :
g; 1% 11.9|30.1 [39.8 |76.5 [19.68
(O , ;
‘HV-83-3/ | 21.%-|i6.8 [30.1 |75.1 [21.14
o CeEx | 22001 - :
 Hv-83-10/ | 13.4-[21.3 [21.4 [76.2 {20.02
o Céxx 14.30]. : '
W '
;“‘1 X 13;, v
B ?‘M ,} ) “
‘Sample " At Failure Failure Angle
No o |o,-dy |Axial 'To Horizontal
- (KPa) |.(KPa) |e (%)
14 350 | 264 | 5.5 25 and = °
- - . 40°
AN .
) r4
HV-83-3/ 0 130 . | 0.5 ,
CB8*x%. '
HV-83-10/ o |51 |os| \
Cla*x ’ C ‘ -
‘¥ Tested by the Author

*% Tested by Hardy Associates
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Table H.5 SUmmafy'of Drained Direct Shear Tests on Bentontic

if

fp

Pt

w
Si = initial degree of saturation

water content” at plane of failure
) :

"~ Mudstone
Samplel Depéh W LA w v e ;
- fa fp t- 0 i
No @ | @ | @ | @ (om| | w
1 14 |20.4 |[37.5 41.3 | 18424 (1.13 |70.5 A
2 14 [34.7 |36.9 |47.6 [17.54|1.16 |80.8
3 14 [2008 [37.3 | 18.85[1.16 |69.3
4 14
,Sémple‘ o' | 7 T ! .
‘n p r
No' (.'KPa‘) (KPa) |(KPa)
1 286.| 81  [51.5
2 200 | 150 | 92
3 525 |202.5 | 155
4 156 | 43 | 32
Wfa.= averége water céntent,at failure '

D



Table H.6 Summary of Drained

{

*

3

Wfp

water content at plane of failure

432

Direct Shear TeSts on Bentonte

. ’ v \ . il
.. Sample (Depth W W w o |y 1 v ' T T '
o fa ﬂfp t n P r
. : ,
No (m) (%) (%) (%) |KN/m* |(KPa)| (KPa) |(KPa)
Jor— F i O W
1 17.2 53.3(53.2 52.0 |16.17 338 ’,176 63
2 17.2 49.8152.7  |54.6 [15.75 525 249 180
3 17.2| 45.8]45.5 {47.1 [15.78 625 194 121.5
A--M—\_.‘ Lo
w. = average water content at failure :0
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Bentonxtxc Mudstone Core Samples*

} . :
Highvale Mlma.,,..f,'4 .

\.

Al
-

L
Ao Wi B
ol i
SRAN RN
TR
\ . i
R AL
W4 o
RS
0

|

\ ; i - ,__f*, § ; '

- Borehole/ Depth' - o' N T T A  ‘?
o ' n P EST
Sample #HV (m) (KPa) (qu) '(xpam,’ |

[ + ‘ !ﬂ
-83-3/C10 27.3 450 124 N\, 46 g
' §3-3/C19 27.3 1200 490° 320 -
83-7/C9 - 30.2 400 . 445 212
83-8/C4 13.0 150 64 44
83-8/C9 24.0 606 143 66
83-9/C4 16.2 300 136 116
83-9/C8 29.1 450 217 94
83-10/C6 "19.5 300 275 60
83-17/C7 23.0 456 286 . 155
83-406/7 . 11,6 150 113.8 40

. 300 365.6 87
600 456.7 120

83-406/9 4.3 150 317.7 40
o 300, 340.7 50

' 600 729.9 160
83-406/11 14,7 150 88.5 47

. 3 300 170.7 65

| | 600 298.5 105

. 83-408/RC10 36.85 400 231.9 75
- 36.95 600 597.8 150
83-413/RC4A 9.04 200 160.5 50
83-413/RC4B . 9.36 300 235.8 70
9.56 500 366.7 75

83-415/RC3B - 10.5 100 106.8 24

o 10.85 200 159.9 63
83-415/RC5 16.7 300 536.8 80
83-416/RC8" 33.16 600 4591 250
83-417/RC7 31.9%5 350 232.7 00

' . 32.65 600 237.9 130 .
83-418/RC4 9.70 150 © 180.6 85

s —

*Tested by Thurber Consultants Ltd., Hardy Assoc1ates Ltd-, and

Monenco Ltd.
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.&Tabie‘ﬁ.913ummary“6f Dréinéd Direct Shear Test OntenténiEe

" Core Samplés*,,ﬂighvale Mine

I

e

&)

Sampleg . -

No

“Depth|:

(m) .

-

(%)

%

1 |7

|KN/m?

1977-78#4
* ' ‘ ©

198243

83-10
. 83=9
83-6

25

.+ 20,7
: 29.1

38.3

|16.48 .
17.95

- Sample

Ng

Dgpfh .

5 8

(m)-

v(KPa)'

(KPa)-

(KRa) -

19777844

C e

< 198243

N T Y
. &

S A
- 83-10
©B3~6

@

< 25

Sr
W
©20.7
129. 1
31.9

- 450

280

410.
570

350 -
*600" .
i
300
" 450
600.

e —

240
1260

© 235

320.
f1§:
<215,
250"

l\_’/

100 |
100

205. -
190 |

50
30
110
100

90

110‘5

55
A
"135

—

f Tested by Monenco Lt;iE (l983,wfig."E-12; léga)vfig. ?—13)
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Table H, 10 Strength Propertles of Suspected Ice Thrust
Sedxments ' |
Sample - Lithology W v
No (%) .|KN/m®

. A% ;Sheared.Bentqnitiéﬁtlayv, a8 |

L Weathered ‘Mudstone 31 8 |
. C*x. -Sheared Bentonitic Clay ' I B
. . .'D+ Sheared Interglacial Clay 30¢0u,18;84

C Bt Sheared Clayshale ~118.7 [20.41 )
;}“;“ F++ Clayshale with’ Soft Zone: 29.7 |20.41 .
LG ' Intact glaYehale/‘ . 120.41 &
Sample P L |1 I C.F.-{Mont: Ill |Raol1.
o L | L. | B | L ] doo
No (%) (%) (%) (%) (%) (%) (%)
Ax . | 39.8 |100.0-.60.2 |0.14 | 47 |
B+ . | 20.1 |84.8 |64.7 |0.18 | 52 - -
Cxx .~ 160 : : , a "1 50 |50 -
. Bt 25 |72 47 -0.11. | 76 | 30 35 25
E++ 24,1 168.9 44,8 |-0.12 |- ' 45 | 36 19 -
CF4# 23.3 |82.3 . |59.4 |0.11 o '
-~ Sample ¢! 9" c e, Yo [T
ot CR. . . 1 v B r r " . R . - ‘. ‘
No ° (KPa) |deg. |(KPa)|deg. S : '
-_‘-”Aitei — e . e o
D+ : -0 |8 to e

E++ 0- 10 ¢ L c

F++ 0. |13 -

G+ _ . 0 15 MR . oo '
SRR — 4 e 3 ( -
%F“ é Clay Fractlox}(( <2 mlcrons) , , R '

A v ' LA
o ¥ Tested by Elgenbrod and Morgenstern (1972) : (\/L;
& ** Tested by Wilson (1974)" h . . v
1 F 4 Tested lZy Insley’ et al. (19!6) o , A{ ' o . :
++ Tested by Insley et al (1976} . o
’ = b S l:d
i
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.kAppendix 1 - Examples of Glaciotectonic Facies
1.1 Escarpment.FaCies ‘ : 5ﬁ..fil' E A , - e

I. 1.1 Wabamun Lake Area rm\<-““
. . ‘ LN

Figure 1.1 is a north- south “bedrock topographlc ‘,gg ,
'cross ~section drawn across the area at the southern shore of
Waba\\ﬁ*Lake and 1s roughly perpendlcular to the east- west
trend1ng interglacial North. Saskatchewan Valley The
north fac1ng slope of thlS valley in the ‘area has’ a gradlent ;{9
of 19 m/km and the valley is about 19{3 km w1de betweenylts |
,top edges and about 5 km wlde at its- bottom. The ‘ -
.ynorth facrng bedrock slope gradxent 1n thg area probably

}fwgﬁsent the hedrock surface prlor to the 135t

glaciatiOQ Q:cause most of the slope 1s underla1n by. ?~ ,
déformedkw-drock (F1gure-I 1{ Andr1ashek et al., 1979). &\'

~

]

y nghvale mine was from the north (Appendlx’

'F}gure C.%a;

Flgureo10.3), it is inferred that the last glact L flowed -

& . : - C )
across the'interglacial'Norﬁh“Saskatchewan Valley ahd

o

compressed aga1nst the north- fac1ng slope of the Valley at. ge

least in the nghvale mine area, cau51ng subglac1al bedrock
N

| deformatton. The relatlvely lesser amount of d@formed

N bedrock 1n$the south fac1ng slope of the 1nterglac1a1 North
' k3 e
“Saskatchewan Val%ey and ‘the large extent of icer thrust

-

S feagures in the north fac1ng slope of the Valley also ‘
s suggest th1s view. The area just south of the southern shoraW

-

T B AT R SR & - B £
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of Wabamun Lake is 1nterpreted as an Escarpment Type
glac1otecton1c fac1esp.

F1gure 1.2 shows that the 1certhrust features fo&nd at

R

W
' the squthern shore of Isle Lake are located on the LF;ﬁl?

I

¥ north faC1ng slope of the Onoway Valley whweh 1s about 16 6

h. "; lt' ®
. km w1de at 1ts top and about‘1.1 km at its bottom. Th1s

I vt

north fac1ng slope has a grad1ent of 39 m/km and q{b

bhe thalweg of the Onoway Valley for a horlzontal d1 tan%e‘“&
of 3 1 km southwar& before 1t slopes down 1nto another ? %

meltwater channel iQ'he ice- thrust features are located 0 9 .’;
- km south and 30 m, hléﬁer than the thalweg of the Onoway " |

Valleyﬁ North of the Onoway&yhlley, the bedrock surface -

slopes gently northward wi

‘a grad1ent "of about 4.7 m/km.

: From the adjacent ice dlreclaon@lnd1cators, the orlentatlons

- 3

.0 of the ice=thrust rldges located at the southwestern 51de of

the Isle Lake (Append1x*C, Flgure c.10)°, nd the topography
of t#¥ bedrock .surface,,;the last ice pv~bly advanced from

the‘north to. northeast wh1chrmlght follow or flow across

. - -o»,

' the Onoway Valley and compress aga1nst the north fac1ng
bedrock slope 51tuated jUSt south of the mﬁﬁern Isle Lake.-
J
"The presence of exten51ve hummocky moralne,and 1ce thrust'

featureS‘ln the Onoway Valley and its adgacent eerraln

».

At 1nd1cate that %he 1cé&marg1n was stagnant and had remained
°a @ e
S -

: w1th1n the valley for some- perlod of t1me.v
The Isle Lake area 1s con51dered as an Escarpment Type.
‘ N

or": Valley .Type glac1otecton1c fac1es. The present ] ¢“

- [N

1nformatlon 1s ‘not. enough to d15t1ngu1sh whlch type the area

f . s . v 3
5 al, » . LS

R R LT . e . o % .
. > - . et M -
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belongs to.

Figure 5.2 isr,pfabric diagraﬁ'ggwthe Escarpment Type

g
LT .

fs 'glaciotectonic facies found in the Wabamun Lake area.

1.1.2 N1sku Area o ft“., ,”~ B
' \w;?f ﬁ:«-ﬁ . 7

);\' Figure L. 3 shows that the northeast fac1ng wall of
i

' Blackmud Creek nea; the town of leku where 1ce thrust

#

features are oB&erWed " has a gradae of .35 m/km. This slope

h.fhextends for a hor1zonta1 distance of about 0 55 km and then

”“g'Lattens gradually toward southwest.

In the N1sku area, if Blackmud Creek was present before

Vo e

J. -
a northeast d1rect1on 1nt6 the area woﬁqd compré%s thM :
o h g . ' #
* northeast fac1ng ‘Ell of Blackmud Creek, caus1ng 1ce g
;Sthrustlng to take place. In this case, the Nisku &rea should

'”1dered as an Escarpment Type glac1otecton1c facies.

1f Blackmud Creek formed after the ice had
kretreated then the’ 1ce*thrust features in. the Nisku area
wvere formed when the last glac1er had flowed across this V '
relat1vgly featureless plaan. Thus, thlS would be a Pla1ns
'Type glac1otecton1c fa01es. Recent subsurﬁace 1nformat10n
seems to. Ssuggest leku area has an Escarpment Type
Mglac1otecton1c fac1es. ‘This 1s because bhe bedr.ock -‘. ‘x"c
. topography and preglac1al thalwegs map. in’ the Edmonton area"
" (McPherson and Kathol 1975 fig. 20) shows-that the ‘

Blackmud Creek roughly follows the- path of the Ellersl1e

>
K S

ipreglac1al vallﬁ& southwards, and it 1s reasonable to - -\
\/ .



@H\» ‘, oy . . . R B . “ .
. . . )

wls - , ) ) , ) .

sechoﬂ meusured

Blacmm Creeﬁ [

cale: 1: 50,000 - . o c§0urce Carlson 1967 flgs 2c gd Ba’yrock 1972)
cale: 1: 7, 620 ‘ o o t'»\lertlcal Exagqeratuon 6.6 x
‘ 2y - e
Bedrock Topographlc Cross Segction, %&sku Area (cross-section drawn at N35 E with respect to the
e | : section measured at the Nisku Area) ‘
- . . . . y - R » . . ~ . - '[
X - - ‘ﬂ"';‘. N . . ‘ ‘ . -~ ;
- I
~ ' ( ,
‘ £ £ E £ £ ) £ . £ .c}
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N . - C : ¢ . L \ :
Creek . 3 o * . : Big Valley Creek
L co . . T _ section D . g Val y, &
Z > j
. - / <.
p—— — . 1 $
o , . 0':_
31 Scale:’ 1: 250,000 " (Source: S‘talker 1960a, map 1081A; Farvol@n . 1963a, fng.
Scale: 1: 30,480 b - Vertical Exaggeratlon 8.2 x .
S - N o : l
.4 i Bedrock Topographic Cross-Sec.tion Lowden lLake Area (cross-seétion .drawn aﬁ N45° E with respect t
o 3 \ "'» 7 section D measured so;ﬁth of. Lowden Lake)
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believe that both the Creek and the preglacial valley run
-~ o

together for another 20 km ip'approximateiy’the same

di'rection into the Nisku area. - o
e "
- e 9
;"‘v”;’f. P

1.1. 3 Lowden Lake Area

. & Due to. 1nsuff1c:ent 1nformat10n on the bedrock
mtopograpgg in the Red Deer - Stettler area, only the hedrock
topographlc cross §ect10n of the Lowden Lake area has been
constructed. -, ‘ .

_ Flgure 1.4 shows that fce-thrust features occﬂ' on the
<Endiang and the Battle Plains. The, slope of these Plains dip'
gently to. uﬂb northeast and have a gradlent of 2.1 m/km, The
.'Joffre H1lls, whlch are located about 4 3 km southwest from

1

the ice-thrust features, forms a topographlc hlgh that rlses;

" toward southwest with a gradient ‘m/km for a o
horizon¥al distance of about 2 75 . ore it guaduallx‘

slopes toward ‘the modé¥% Red Deer River (Flgure I. 4). & oy

N

Hummocky moradine covers the topographlc hlghsfwtgg Eﬂ@&aﬂg PP,
Plain and the southwestern portion of the Battle Plain. The (<
Lowden Lake area has an Escarpment Type glaciotectonic.

: . - A .
facies. Figure 8.3 is-a fabric diagram of the area. -

11.1.¢ Cypress"Hills Area .,.‘ : ‘/(ﬁ\' .
' Bedrock topograph1c maps (Westgat , 1968, 'fig16) shows *
that both Pits 39 (topo. elev. 1097 m) and .45 (topo. elev.
: 1234 m) in Cypress- Hllis area (Appendlx c, Flgure cC. 28)

-~

are located on a spur,of a glongated butte whlch poxnts
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roughly toward the north and with 1ts s1des fac1ng northeastv
and northwest. The heads of trxbutarles of the preglad\al

,mMed1c1ne Hat Valley extbnd very clpse to the spur. Compared

with the topograph1é'elevat1on of glac1al sediments

" deposited by the Elkwater and wWild Horse‘glac1ers in tﬁé

Cypress Hills area, it is noted that the study area has been

Kt ’\;ﬁ:}a

attitudes of the ice- thrust structures and glac1al depos1ts

glac1ated by both glac1ers. Glac1al llneatlons, the

suggest that the last glacier had adyanced into the study,'”‘
area from the northeast and northwest (Appendlx cC, Flgure ’

C.30)- : | ’ : TN
Figure I.5 shows the: NW-SE bedrock topographic'

cross-section which indicates that the study area (Pits 39

~

~and 45)vis located,near the top edge of the northw@ﬁt*faclng“

slope of the pré@lacial Medicine Hat Valley. "The study area

~is located at- approxlmately 36 5 .km horlzontally and O. 53 km

§.
vertically from the thalweg of the Medicine Hat Valley. From‘

w

the top edge of ' the valley to about 1 km northwestward of

P1t 39, the bedrock surface has a grad1ent of about 50. 8

' m/km' and from there ao;?hwestdard to the thalweg ‘of the

valley, the surface becomes much gegtler ‘and has a. gradlent

of about 11 6 m/km (Flgure 1.5). v

| Ff gure I.6 ‘is the NE- sw bedrock topographlc .
crossw§ect10n and shows that the trlbutary of the Medrclne\
Hat Valley and meltwater channel have formed relatlve steep

'topographlc hlghs and lows. near the top edge of ‘the Medi
ﬁ o

lnﬁv

. Hat Valley The study area is: located on the

» o ~ -:‘ ! 4 . 7

e s ' Ce
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northeast fac1ng slope of one of these hlghs and lows wlth anfll
'-grad1ent of about 52. 3 m/km. Away from these hlghs and lows,
the bedrock surface d1ps gently northeastward with: a.
-gradrent of about 11 6 m/km. Plate r.1 shows the change in
’slope gradlent_near the EaglefButte‘dlstrlct, CypreSSvHrlls
farea. AltHOUQh the study areaﬁis locatedion a terrain of
‘bedrock veneered w1th t111 hummocky dlslntegrat1on moralne
J}s found at about 7 5 km northwest 1 5 km northeast and 2 8
“:# km southwest of the study area (Appendlx fot Flgure C. 2&)
. 5 ‘ The study area-is con51dered .as an Escarpment Type

' glac1otecton1c fac1es. L N,

1.2 Valley Facies -~ o

o -

“1. 2 1 Edmon(gp dﬁty Area

Flgures 1.7 and.I. 8 are ‘the bedrock topographlc RS

l

cross sectlons of the area drawn pegpendlcular to the

thalweg of the preglacial valley (trendlng NE SW7 and 1ts

‘trlbutarles Ctrendlng NW- SE) . Bedrock topographlc

L~

cross sectlons show that ice- thrust features appear on one\}i"d
or both s1des of the walls of the preglac1a1 valleys in theff\
ic1ty of Edmonton (F1gures I. 7 and 1.8). e ,9,» 2
g At the 1ocat1on where the cross sectlon is drawn\\the
Beverly Valley has a w1dth of about 8 5 km between 1ts top
| ::’edges and 3.75 km at its. bottom. The gradeents of the 2;
‘northwest faC1ng and southeast fac1ng slopes are 23 m/km and
"».32 m/km:respectlvely (quure h:j) Suspected aﬂg-thrust

v

,,,,,,
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drillhole,, 152 L ;T/hc_xlw/ea,,of Beverly V.~ 129
o l C ' i N. Saskatchewan R.
S oo . S,
.\ . 4 . —
' . , ] R N . - o, L e ~ . |
tal Scale: 1: 50,000 = o . (Source: Kathol' and' McPherson, 1975, fig. 20;
1 Scale: 1: 7, 620 - , P o . McPherson and Kathol, 1972; Bayrng,
AR A t Vertical Exaggeration: 6.6 x . -
e 1.7 Bédrock Topographic Cross-Section, Edmonzon Araa (cross-section drawn at NS4 W withcrespect
. o _ " N . ‘ drill holes 129 and 152 and.is also perpe
a the Thalweg of the Beverly Villey) '
v
< ~ <,
, " - -3 .
" AN
s " Thatweg of Namao V. - - N . Thalweg of Beverly V. .
drillhole 155 = .-, v . o .. ) " drilthole 124
: -il ' N : o . ' 4 .
b e
\ : . . . : T
° . Y o T . R )
al Scale: 1: 50,000 s (Source: as above) ~. - "
Scale: 1: 7 620 . . o ~ Vertical Exaggeration: 6.6 x
I1.8. : Bedrock Topographlc Cross Sectlon, Edmonton Area (crosz;zectlon drawn at N52 E w;th respect
’ o | , ’ , - 124 '4nd 155 and is also perpendicutar to t

Thalweg. of the ‘Beverly Valley) . -
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- | | . o ey
" features are found on ‘the-top-edge of the‘northwest(facingv-

" . ‘ ] . . 8
slope (drillhole 129). They are situated 5 km southeast and *

‘61 m higher than the th%}weg of the Beverly Valley. on the

top edge\bf‘the southeast fac1ng slope (drlllhgle 152),
suspected ice- deformed bedrock is noticed at: 3. 3 km .l ‘
northwest and 69 m h1gher than the thalweg- of the valley.
Flgure 1.8 1nd1cates that suspected ic thrust features
are observed in drlllholes on the ndrtheast- fac1nglslope of
the Beverl' ey which has a gradlent of 11 m/km. The ,
'Valley 15 at! i ast 7. 5 km wide at its top and 2 km wide at
1€§\bottom These f*ﬁtures are found at(h;kkm southwest and
15 m hlgher than ‘the thalweg of the Beverly Va lley._ ’

Suspected 1ce thrust features are dlso found in drlllholes

) located in the southwest- fac1ng slope of the Namao Valley :

»whlch has a gradlent of 28 m/km{ ‘The features are about 0 75

km northeast and 21 m hlgher than the thalweg of the Namao

~Valley. The w1dths of the top and bottom of the Namao Valley

are about 4 km and 0.35 km respectlvely. ,,' v ".
| In the Edmonton c1ty,yﬁc1n1ty, ‘the appearance of

ice- thrust features on both s1des of the preglac1al “alreys,

'}th@ trend of these'valleys, and thg general ice’ flow

B case, ‘the Ednonton C1ty area has a Varley Type

¥ o
diréetion (NE-SW) in-the area su%?est.that.the’last gladier

'entered'the area and flowed‘along the‘preglacigl valleys.

The location of the 1ce=¢hrust features in thk e preglacial |

\\ )’
Htre s

valleys wh1ch show[on the bedrock topographlc cross- sectlons~ d

,strengly stport this v1ew (F1gures 1.7 and 1.8). In thl)

T2
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;1.3.1 Hanna - Sedgewick Areaf

L

" The bedrock surface of the Alllance = Galahad -
Hardlsty dﬁstrlct dlps gently toward northeast w1th a
gradlent of about 2. 2 m/km except that, in ti% spxllway
(Whlch is occupled by the Battle Rlveg) and its trlbutary;

- the surface‘becomes rolllng and undulatory The north Tac1ng

\./
slope of the, tr1butary has a gradlent 6f 27 m/km with

0 1ce-thrust features located at its base (Figute '1.9).

’ ;

' The bedrgcﬁ.sugface of fthe Castor'~'Coronation -
'

'-Brownfle d district 1s featureless and flat as shown in =

o

Flgure 1.10. Northeast of H1ghway 36 1n tke area, the

surface has a gradlent of about 2. 6 m/km’ tOWard the

-

northeast; wh1le southWest of the hlthay, the surface d1ps
southwestward W1th a grad;ent of 4.6 m/km.vThe above

»
districts are mainly covéred‘by ground moraine and

glac1ofluv1a1 dep051ts. L
It is kmown that ice thrusting tends to occur on upland |
‘:slopes such as escarpments and valley walls (Chapter 2, |
'; Sectlon 3.3. 2). The occurrence of 1ce thrust features in the
study area whlch 1s located on a’ relat1ve1y flat toj}eryJ
gently 1nc11ned bedrock surface suggests that ice thrust1ng
;.coﬁld occur on relat1ve1y flat surface. The dlstr1cts are

econsidered QS~a Plains Type~glac1otecton1c facies.

.
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(Sourqe Carlson and Topp, 1972; Bayrock 1958a, ma
Bayrock, 1958b, maps 57- -3A;, 57-3B)
Vertical Exaggeration: 8.2 x .-«

Scale: 1: 250,000
ale : 1: 30,480

: Bedrock -Topographi¢ Cross-Section, AlIiance:Galahad-Hardisty Districts ’ .
b N ' '
¢
A
e 3 o £ “ -

: ) . .
: " . - ' nghway 36
: . | | | - ‘ - 1,~— section 4/
". o ! -
| Scale: 1: 250,000 ' C . . (Ssource: Carlson, 1970; Carlson. and Topp, 1972;'
Scate: 1: 39,489 : ‘ - - Gravenor and Bayrock, 1955, mapp 55-1;

Gravenor, 1956, map 56-2; Bayrock 1958a
" Vertical Exaggeration: 8.2 x :

10 " Bedrock Topographnc Cross Section, Castor-Coronation- Brownfield Districts
(cross section drawn at N4S'E wnth respect to sectnon 4 measured in the Area) &
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. I 3 2 Northwest of Sul&1van Lakc -Area

N s
The bedrock topog:\phlc map shows that the study area

[ ]
is s1tuated at the northwest facing valley of the Buffalo
.Lake bedrock pregla 1al channel and the Haﬁk1rk Divide. ThlS

.i8 a rxdge thh very . gentle and rounded crest that separates

" the Battle‘Plaln and the Endlang Plain,‘and is located juste

south of the study area (Farvolden, 1963a;7f19 14). The

Buffalo Lake bedrock channel is One of the many preglacial

~ bedrock channels in southern Alberta wh;ch are mature river

\

valleys that 0cdupy broad lowland areas- between w;dely
separated low and rounded upland areas (Farvolden, 1963b, p.
66). These preglac;al valleys are usuall 3 - 16 km wide
withrgently: slop1ng valley walls (Stalker, 1961) The
bedrock surface of theyreglon_around the study area has a
gradinet of 3.0 and.4.4 m/km toward northwest and northeast

L Y

respectively and can be approximated as a flat surface.

The study area is referred to as a Plains Type

glaciotectonic facies. Figure 8‘4 ts a fabric diagram of '
' N

this’ fac1es observed in the Hanna‘— Sedgewick area and the

area northwest of Sulllvan Lake. :
ST e ¥



