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"valley. located in the Canadian Rocky Mountains4

diamic

" Abstract

This study was conducted in the'glaciated Bow River
/, .
Unconsolidated valley-fill sediments cons1st1ng of

diamicton and sorted sediments were exam1ned in the Banff

and Canmore region of Alberta The study ‘was undertaken in

 this part1pu]ar area so that recent’advances in glac1al

fsedimentology. made s1nc¢ some of the dep051ts ‘weré

prev1ously stud1ed could be app11ed and thus result in a

more comprehenstve understand\ng of the regton 'S gla01a1 B

history.

Seven facies were‘recognised. Facies>1gconsiSts of a .
ton%with numerous sor ted sediment'filled‘lenses;\many
of the lenses are inclined. Facies 1 is interpreted to be
basal melt-but\tild. Facies 2 consists of a diamicton_tnat:ei'
haS'nUmerous elongated, thin gravel layers Facies 2 is
1nterpreted to be lodgement t1ll Fac1es 3 consists of ; :

massive dlamtcton with very few, sorted sedwment f\lled

lenses. Facies.?3 is- 1nterpreted to be lodgement t111
»

 Facies 4 cons1sts of a diamicton with ‘numerous, general]y

horizontal lenses~f1lled with sorted sediment, Facles 4 is
interpreted to be basal melt-out till Facies 5 consists of
mainly an 1nterf1ngered 1nterbedded sequence of poorly P

sorted gravels, dlamlston lenses and blocks ‘Some poorly

‘ sorted gravels are also present. Fac1es 5 is- 1nterpreted to

' be proglacia]ly o s

iv



- - -

: deposited glacial mudflow corrplexes dissected tity: pluins.‘ “
and. glacial outwash cMannel -fil1l deposits. Facies 6 .
- -cons1sts of mainly hor1zontall‘1nterbedded. ihfeqfinqering
lens-shaped gravel horizon; "Facies 6 is interpreted to be
Lra1ded glac1al outwash deposits with a minor amount of
Qalluvial fan deposits. Facies 7 consists of mainly

ﬁnte}bedded gravel and sand‘layers. Facies 7 is interpreted
‘ to be'ice proximal, proglacial outwésh sédiments.

Three mdjor, glacially related sedimentatiqn events
are recognized in the Banf;-Cahmore area. The first major
event is.marked by the formation of é sandur,in front of a
"retreating vélley glacier. The secbnd'major event is ‘

defiﬁeé by fhe advance of a valley glacier which also -
depbéitéd a thick basal till. The third ma jor event beganv
with a glacial advance just into ihe s tudy a%ea. thtis
. : o e
advapce deposited a proglacial mudflow complex. The glacier
_then retreated slightly and thén readvanced completely
through the study area.ﬂTHis finéj“glacial advance .
deposited ‘basal till. The fﬁnalrglaciation was 2-10 times
- . shorter than the event 2 glacial- advance. The final
de&{sg;;tion of the Banff and Canmore area féatured a’;

Vdebr1i; ree glac1er occupy1ng the Bow River valley.

gradua]ly melt1ng away.



This thesis waé,completed with the help of numerous
people, my éppreciation is extendéd to'them.ﬂCarple
Mandryk, Kimiﬂ&réMan, 39% Petér Bobrowsky went u%@rmed into
bear ccuntry‘to assisfﬁéxtthe field'worK..Géorge Mandryk\

provided very comfortable field accommodation’ for the 74
field}season..Harry and Alex Mandryk supportedfgnd pr;vic‘
.a field vehicle. Major fdndihg was provided byﬁNathaniel‘
Rutter through his NSERC grant; additional.finh%cial aid
came from Sigma Xi, The Scienfific Research Society. Carole
.Mandryk and Peter Bobrowsky edited early“drafts of the
thesis. Thanks go to Nathaniel Rutter and'thé Quaternary

' - {
Research Group for discussion and advice.

vi



Chapter 4 " Page
I. INTRODUCTION..... I 1
- A\ OBJECTIVES ,....... e e e o
‘B. LITERATURE REVIEW...“ ................. e .
INTRODUCTION...... e e e i K
DEBRIS FLOWS. .. vit i er cvteiiviiennscnnan 6 -
BRAIDED RIVER, GLACIOFLUVIAL AND SANDUR
DEPOSITS........ e e e N 10
ALLUVIAL FANS. . ... i v e SR
GLACIAL SYSTEMS ............. e e e 14
II. SETTING, PREVIOUS WORK AND METHODDLOGY...; ........ 44
A. PHYSIOGRAPHY...., ........................ Cee e 44
B. BEDROCK GEOLOGY....,. ... ovvvnnuen s e I 45
. C. PREVIOUS WORK. ... civi ittt ittt i et e 45
D.  FIELD METHODS..... e et e e e e 48
E. LABORATORY METHODS.....Jq......: .............. .51
I11. GLACIER FLOW-LINES AND FLOW-CELLS...... e e 54 .
A. INTRODUCTION AND DEFINITION........... ... vvvn, 54
B. GLACIER FLOW-LINE AND FLOW-CELL
RECONSTRUCTION ....... J,....v.............ﬁ ..... 55
1V, FACIES DESCRIPTIONS, INTERPRETATIONS,
*AND DISCUSSIONS........... Bt e e e 58 .-
A, FACIES 1, . i ittt i e s L ....59
FACIES 1 DESCRIPTION. ...... ..o 59
FACIES 1 INTERPRETATION........ ..o 64
FACIES 1 DISCUSSION. ... .oviv i 72
B. FACIES 2....... e R 84
. FACIES 2 DESCRIPTION. ......... ...t 84
FACIES 2 INTERPRETATION................. ~..90
FACIES 2 DISCUSSION. . ....... v, 96
C FACIES 3.t it ittt i enanennnennesen.aa.. 101
FACIES 3 DESCRIPTION. ... ...~ iivi it 101
FACIES 3 INTERPRETATION..; ................ 109
FACIES 3 DISCUSSION. ... ... i, 113
D FACIES 4. .. . ittt ittt iy 122
FACIES 4 DESCRIPTION........ e e 122
FACIES -4 INTERPRETATION............ ... ... 139
FACIES 4 DISCUSSION........ ... i, 144
E. FACIES 5.... . ittt e e 154
FACIES 5 DESCRIPTION...........ovvvnnnn 154
FACIES 5 INTERPRETATION.................. . 165
FACIES 5 DISCUSSION.,.....: ...... e 177
\

Table of contents



VI

VII.

* fi

' F:FACIESGQO\ Ve -cino.nuuoun--"-o't-o-l:oun0¢017°
- FACIES. 6 DESCRIPTION ................. . 179
* FACIES 6 INTERPRETATION AND DISCUSSION. ... 187
G. FACIES 7.. ROURERSR St . 199
_FACIES 7 DESCRIPTION ...................... . 199
FACIES 7 INTERPRETATION............. e 211 .
FACIES 7 DiSCUSSION ........... PITPIA \;....217
- GEOLOGICAL- SEDIMENTATION HISTQRY AND :
CONCLUDING DISCUSSION. . ......0cvvvvivnnens g w220
A. GEOLOGICAL- SEDIMENTATION HISTORY.............. 220
EVENT 1. SRR 220
EVENT 2....... ... J T 226
DEGLACIATION OF EVENT 2. e . 234
EVENT 2b....... . e e e . 236
EVENT 3a........ R SRR 236
. EVENT 3b......... \...; ............. e 239
. EVENT 3C. ... iviin v vrvnnneennanan e 239.
DEGLACIATION OF EVENT 3C.. . e 246
B.- RELATIVE -LENGTHS OF GLACIATIONS............... 247 .
C. METHODS EVALUATION...... e e, . 249
D. CONCLUSIONS......... ]...L\ ..... e e e . 250
REFERENCES........... .. ovvvt e S SR e ... 252
APPENDICE S s v e e e et e ettt e e 265
A.  SAND, SILT, AND CLAY PERCENTAGES OF
DIAMICTON SAMPLESJ..u..‘ ....................... 265
B. GRAINSIZE PHI VALUES AT VARIOUS CUMULATIVE
T PERCENTAGES . . o vt ittt i ittt i e 268
C. GRAPHIC STATISTICAL PARAMETERS................ 272
D. ROUNDNESS VALUES OF EACH SAMPLE............... 278
E. PETROLOGICAL COMPOSITION OF EACH SAMPLE....... 281
F. FACIES LOCATIONS THROUGHOUT STUDY AREA........ 285
G. DIAMICTON PEBBLE FABRIC PLUNGES............... 286
x
- T 4
viii o



. TABLE
TABLE
TABLE
TABLE
TABLE
TABLE

TABLE

TABLE
TABLE

TABLE

TABLE

o v s W N

10:

11:

, 2

,YJqulcn
BASAL DEBRIS LAYER THICKNESS........... Ceie..20
DENSITY OF BASAL DEBRIS.........covvuvnrnnnn, 21
LODGEMENT TILL PROPERTIES....... e .24
MELT-OUT TILL PROPERTIES............ A '
MUDFLOW COMPLEX PROPERTIES................... 37

RANGES AND AVERAGE DIMENSIONS OF UNITS
AND CLAST SIZES- IN SORTED SEDIMENT PORTION

OF FACIES 5. 'vvertveeeneenennenneennenenns 160
COMPARSION OF DIAMICTON PROPERTIES BETNEEN
FACIES 1 TO 4 AND FACIES 5.0\ 'vvvnnnvn.n.. 167
ORIENTATION OF BEDS IN FACIES 7............. 210
SUMMARY OF THE FACIES PROPERTIES AND
INTERPRETATIONS....... e e 222
SUMMARY GEOLOGICAL HISTORY OF THE
BANFF-CANMORE AREA. . ... ovvvrrnrnennennnn.. 223
COMPARISON OF RUTTER’'S (1972) AND '
MANDRYK'S (THIS STUDY) CHRONOLOGY........... 225
. -
\



]

F IGURE
FIGURE

* F1GURE

F IGURE
F IGURE

‘FIGURE

F IGURE
F1GURE

FIGURE

F IGURE
F IGURE

- FIGURE

F IGURE
F IGURE
F IGURE
F IGURE

F IGURE
F IGURE
F IGURE
F IGURE
F IGURE
F IGURE
F IGURE
FIGURE

F IGURE -

FIGURE
F IGURE
F IGURE
F IGURE

F igunres
A | ,. .
LOCATION OF STUDY AREA. ..............9..2
MAPS DF STUDY AREA, ..o vvvvnvrvvenioronsensns .4
BEDROCK GEOLOGY OF THE aow vaen VALLEY. .. 46,
GLACIER FLOW LINES.. e ..5
NORTH FIRESIDE SECTION........... e 6
"SOUTH FIRESIDE SECTION............o.... e 61
FACIES 1, 2, 3, AND 4 DIAMICTON MATRIX .
CUMULATIVE GRAIN SIZE CURVES.......ooovonnn. 69
ROUNDNESS OF GRAINS IN DIAMICTONS........... 67
PETROLOGICAL CONTENT OF DIAMICTONS.......... 68
FACIES 1 DIAMICTON FABRICS......ovvverennn.. 69
FACIES 2, 3, AND 4 DIAMICTON FABRICS....... .70
FACIES 1 GRAIN SIZE COLUMN......n.vverrnn... 73
FACIES 1 ROUNDNESS.COLUMN....... SO eyl 13
FACIES 1 PETROLOGY COLUMN..... e 76
SKETCH OF FACIES 1 FORMATION.............. .78
POWERHOUSE SECTION. + ve e es et e e 85
ANTHRACITE SECTION. vttt vne e eieeeeeieeenns 87
: FACIES 2 DIAMICTON MATRIX CUMULATIVE GRAIN
SIZE CURVES . e v evevsserneneeeininonnenns 93
o: FACIES 2 GRAIN SIZE COLUMN.,.............. -..93
FACIES 2 PETROLOGY COLUMN..............oouns 94
FACIES 2 ROUNDNESS COLUMN................... 94
SKETCH OF FACIES 2 FORMATION................ 97
FACIES 2 DIAMICTON FABRICS.......oevuvnnnns 100
CASCADE RIVER SECTION C1........ e 102
CASCADE RIVER SECTION C2........ PR ,.103
CASCADE RIVER SECTION C3..:.ovvienrennnn 104
JOHNSON LAKE SECTION UL=3.....0vuerrenennn.. 105
JOHNSON LAKE SECTION JL=4.........ocvvvn... 106
JOHNSON LAKE SECTION JL-5........... . 107
FACIES 3 PETROLOGY COLUMN.................. 112
FACIES 3 DIAMICTON MATRIX CUMULATIVE GRAIN
SIZE”QURVES.... ............................ 115
FACIES 3 GRAIN SIZE COLUMN.:........... ....115
xFACIES 3 ROUNDNESS COLUMN.. ... U 116
SKETCH OF FACIES 3 FORMATION............... 118
FACIES 3 DIAMICTON FABRICS.......covvunn... 121
CARROT CREEK SECTION. .\.vvvvvereveinanennns 123
CANMORE SECTION..... e A 126
CASGADE RIVER SECTION CB...\evvvrvvnnrnnn.. 128
CASCADE RIVER SECTION C7...ovvvvnennrnnnn. 129
CASCADE RIVER SECTION CB...ooooveee e 130
COUGA FOREEK SECTION. . ovvvvveneenecnennns 131
uouns LAKE SECTION UL=1T...ovureernennnn. 132
uonnso AKE SECTION UL-2. v es v eeeaanenns 133
gpnnsou LAKE SECTION UL-6.vnvrvnvnnnnnnnn, 134
/



FIGURE
F IGURE
F IGURE

FIGURE.

F IGURE
F IGURE

RIGURE

F 1GURE
F IGURE
F 1GURE

© FI1GURE
F IGURE

FIGURE
F IGURE

F IGURE
FIGURE
F IGURE
F IGURE
. FIGURE
F IGURE

F1GURE
F IGURE

"FIGURE,

FIGURE

- /',_,FA*GURE

FIGURE
F IGURE

F IGURE

~ FIGURE
 FIGURE

~ * FIGURE

. F IGURE
F IGURE

. FIGURE

F IGURE

F IGURE

421

43:

44a:

44b:
45:

46
47:
48:

49:
50:

51:
52:
58
54:

55:
56 :
57:
58:

59
60:

61:

62:
ﬂ?;

64x

FIGURE 65+

66:

67:
68:
69:
70:
71:
72:

73:
74:

75
76: .

77:

'FACIES 4 DIAMICTON "MATRIX CUMGLATIVE ééijd

FACIES 4 PETRD&O@YIouocvottrlouotiourf” 1
?OggDNESS AND PETROLOGY COLUMNS OF. FACIE

SIZE CURVES. 70 . .. v nnnens Ceeeeaes ... 145

FACIES 4 GRAIN S1ZE COLUNN. e 145
EACIES 4 ROUNDNESS COLUMN. “oovwvrvvrnrinit, 148°
SKETCH OF FACIES 4 FORMATION.......... ... 147
FACIES 4 DIAMICTON FABRICS.............. . 152
FACIES -5 DIAMTCTON MATRIX CUMULATIVE GRAIN
STZE CURVES. + v v vt v e e s eremesenennneenenns 156
FACIES 5 GRAVELS COMULATIVEGGRAIN SIZE '{
CURVES . ot vt vt o N 159
FACIES 5 CUMULATIVE GRAIN SIZE CURVES OF
SAND LENSES WITHIN GRAVELS.........convnunn. 162
LAMINATED MATRIX OF FACIES 5 GRAVELS....... 164
SSKETCH OF FACIES 5 FORMATION .. ............. 186

PETROLOGICAL TERNARY PLOT OF JFACIES 1 TO 5. 168
ROUNDNESS ,OF FACIES 1-4 (DI

5 (GRAVEL) AND FACIES 6 (GRAVEL)........... 173
FACIES 5 AND FABRIGES—_.../................, 175
FACIES 6 CUMULATIVE GRANN/SIZE CURVES. . .ww182
PETROLOGICAL TERNARY PLOY OF FACIES 6...... 188
FACIES 6 GEOGRAPHICAL DISTRIBUTION......... 190
PETROLOGICAL TERNARY PLOT OF FACIES 6...... 192

PETROLOGICAL TERNARY PLOT OF DIAMICTON UNITS
(FACIES t-5) AND FACIES™®..................
PLOT TO DETERMINE THE DISTANCE BETWEEN T
SEDIMENT SOURCE AND THE DEPOSITIONAL SITE{.,. 198

ANTHRACITE SECTION AT.. .t 'vvrtinninnnnnnn. 200
COMPOSITE GEOLOGICAL COLUMN AND HISTORY OF)
FACIES 7 DEPOSITION. . oottt iinne s 212

. FACIES 7 AND ADJACENT FABRIC IN FACIES 3...214

SEDIMENTATION FILLING EVENTS AT ANTHRACITE

SUBSECTION At. ... i iiiiiiie i nnnaeens 216
SEDIMENT FILLING DIRECTIONS OF THE CHANNEL
AT ANTHRACITE SUBSECTION At................ 218
COMPQSITE GEOLOGICAL SECTION...!............ 221
EVENT 1 SEDIMENT DISTRIBUTION.............. 224
EVENT 2 SEDIMENT DISTRIBUTION..... e 227
EVENT 2 AND 3c CORRELATION CHART..... e 229
EVENT 2° LATERAL TILL FACIES CHANGES........ 232
ATHABASCA VALLEY GLACIER TRANSVERSE TO FLOW
CSECTION. . vt i e i i gosa s e e 235
EVENT 2b SEDIMENT DISTRIBUTION.. ... L ... 237
EVENT 3a SEDIMENT DISTRIBUTION............. 238
EVENT 3b SEDIMENT DISTRIBUTION............. 240
CEVENT 3¢ TILL DISTRIBUTION................. 242
"EVENT- 3c LATERAL TILL FACIES CHANGES....... 244

. S )
J ‘ o . *

ICTON) , FACIES\J/ '

&



g

PLATE

PLATE
PLATE

S pLATE

9

LPLATE
PLATE |

,"_PLATE

PLATE

PLATEKQ\\

PLATE -
PLAKE
PLATE

PLATE

7-
8

10:

11
12:
13:

N v i ““ . .!Q N v' ) " ) . ;I
\'\l P]ates'/ - . . '\ o " g::!?

Nt

Airphoto of facies 1 and "the bedrock

H.protuberance...;;..b.........,.x.....,...;..80
Folded silt-filled lens 16\\Zc1es 1...1; ..... 83
Elongated gravel bands in faties 2 at thet’
Powerhouse P2 subsect1on.f ...... e ‘..;.,89
A1rphotos of drum11n1zed topograpby 1n the
‘Powerhouse vicinity...... Ve e e e .91

 Deformed sand- fl]led lens in the d1amacton of
fac1es K S e ,w..,.120
Cunved Jo1nts with striated surfaces in »
fac1es 4. ... .. ... i e e e BERTE . 185
Facigs 5..;..},}.;.;...j,.;\..}..{ﬂl,......170

‘Faciek 5..... e et s e 171
2, . ¥

Progladiial stream eroding basal till..,....178

Facfes 6..... Ced e ‘.;:; ...... 181 -
, Faciés 6 'iarge*diemeter‘olasfs...;1.i.t;..1845":‘
' :Fac1es T e e ORI ZOKJ

_Sub acies 7f.ut...;.f...;;....I,f..L.,..;m,208\

i) ’ |
s
) :
¥ ' N



|7 1. INTRODUCTION * -

g A. OBUECTIVES . L | 3
' g 1 C. . ) g | |
A]though modern'valley glacier sedimentary environments -
have been stud1éd by several researchers including Boulton
{1967, 1970a, 1970b), Lawson (1979, -1981a, 1982), and-Mills
’ (1977, 978)' %ew studies have'used‘a sedimentological

approach in the analys1s of anc1ent valley glaCIer -
o
sedgments. The‘trad1t1onal approach to the study of ancient

glacial depbs1ts has focused more on stratlgraphy. The .
* traditional approach has also had fewer modern
sed1mentolog1ca1 stud1es to use as a reference The
‘sedlmentolog1cal approach, on the other hand. is a vajuable
tool that can oe’uSed for understanding,the dynamic
interacting processes ofvglaciers and their deposffs. In
, this study the sedimento]ogicaﬂ approadhtwas uSed in the
descripfion and interpretation of‘ancient valley glacﬁer ' /
sed1ments 1n the Banff Canmore{area of Alberta (F1gure 1). /7
This area originally studled in deta1l by Rutter (1965a), //&
- was chosen because it contains substant1al Quaternary ;

deposits accessible for study

@-

MaJor obJectmves of the study:
1. To ref1ne the. Quaternary strat1graphy and

Quaternary glac1al?h1story,of the Banff-Canmore

’
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area of Atberta

2. To detepm1ne the sed1mento]ogtcal genesis of the

‘

“Quaternary deposits in the Banff-Canmore area.
3. To contribute to the understanding of yélley QQacier-

.

sedimentation processes.
B. LI TﬁATURE "REVIEW

INTRODUCTION .. o %’)

The sediments investigated in this study are located in
the Bow Rtver valley (Figures 2a 2b). These sediments are
unconsol1dated deposits which unconformabty@o@qrtie older
rbcks..Thisspatial‘relﬂtionship SUggests the
unconSolidatéd‘sediments‘were deposited-és'valley-fttt
seAiménts*within the mountains. The four‘types of 'sediments
‘commonly dep051ted in mountainous sett1an and whlch a]so_
have characteristics similar to the sedlments in the
-Banff Canmore at?a are debr1s flow deposits, fluvial
deposits, alluvial fan depos1ts and g]actal deposits

The depositional processes and'characteristics of the //
four s of deposits will be reviewed below. Qne aim oﬁ/
the review is to present information on the depositionaf/
. processés'responsigle for each type of deposit since in

many cases the différing processes result in deposits with -

practically indistinguishable characteristics.



Figure 2a. Map of stddy area with locations of outcgpps

studied.
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< DEBRIS FLOWS

Debris flows are sedimeht gravity

)

lows in which e o
sediment?mass, consisting of clasts sus\ended in a finer
grainred metrik, f lows downs lope usually hndef the influence
of gravity and also sometimés by‘dispersipn;within;the massl
(Enos 1977; Lowe 1979). Debris flows are bingham substances
(Lowe 1979). Bingham-substances,have strengfh. and flow |
with constant viscosity once the substance’'s yield strength
is 'exceeded (Fisher - 1971)

. Macroscop1c processes of debris flow 1n1t1at1on.
movement, and flow' termination (deposttion), have been -

om——

observed Two mechanisms of debris flow inifiation
vpertinent to this study are, (i) by rainwater or floodwater

mi xing w1th unconsol1dated sediment with the result1ng

"water-sediment mass flowing (Fryxell and.Horberg,1943;
@ N ao -

. Pierson 1981; Clague et al. 1985) and (ii) by water

saturated debris on gla01er ice attavnlng a state of excess

pore pressure and then flowing (Bouléun -1968; Lawson 1982)

‘.‘5;e55“h“ v.Once initiated, debris flows can move along slopes with

. T%; ?1ttle as 1-2° slope (M1ddleton and Hampton 1876). |
Bebris flow movement is by ofle of three-mechanisms (P1erson -
1981; Lawson 1982). ,Q.s
(i) Lam1nar flow. In laminar flow the ent1re debris flow 15}
yndergo1ng laminar deformat1on and clasts are homogeneously

\/d1str1buted Lowe (1979) attributes the clast d1str1but1on
to dispersive pressure forcing coll1d1ng gravel s1zed‘

o clasts,apart.‘ Clast support is provided by“the yield



strength of the finer gratned matrix in which the clasts
are‘dispersed (Johnson 1970; Fisher 1971; Middleton and
Haméton 1976) . | v
(11) ngld plug flow mechanlsm Movement occurs with a
rigid, non- deform1ng plug - of sed1ment rafted,above a basal
zone of lamjnar shear (Carter 1975). o
(iii) Turbul\nt debris flow. This is a stage of'peak flow.
Cobbles andvboulders’are forced out from the body of the
flow and towards the flow‘s'edge by turbulent and dipersjive
pressure (#iersdn 1981). Turbulent flow has only been’l)'b
observed Fo occur when the mass is totally confined within
a channel. |

Debris flows observed within incised éhannels are
usually preceded and followed by the flow of stream-water.
’, Tne.body of the debris flow has a/poulder-rich front;
behind the front are fewer bouldens. Increased mud and
pebnlefsized fragments' in laminar flow usually make up- the
remainder of the upstream end of the flow (Johnson 1970}
Morton and Campbell 1974). |

Debris flows cease”moving by the fd]lowing mechan sms .

A

For example, whkn sediment input to‘the flow diminishes
(Carter 1975) ~wRen water in the debrie flow is lost to
under lying sediments (usually gravel) (Hooke 1967; Lawson
1982), when bed slope decreases (Lawson 1982), and when the
thickness of the flow decreases (Carter 1975; Lawson 1982).

Any one, or combination of the above changes causes the
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applied'sheér‘stress acting qn.fhﬁidebris-flow mass to drép
below the yield’strength of the debris (Hooke 1967; Fisher
1971; Lowe 1979). This drop inmapplied shear stress causes
the flow's motion'tb stop 6r "freeze". As the applied shear'
stress is decreasing, the thickness of the rigid plug. if

present, increases in a downwards direction until the
entire debris mass is non-shearihg (Carter 1975)(wLaminar )
_debris flows can freeze‘ftém the top or the bqttom (Hooke
1967; Lowe 1979; Carter 1975), |
As thé debris flow stops flowing, and even after,
cobbles and boulders may settle out of suspension if the
debris cohesion is,tbo low to support the larger clasts
(Pierson 1980). Pierson (1980) observed that rocke 7
@,8omposing lateral leveesasank into the froien deg?is flow
mass.®In other instances®the boulders and cobbles along the
fgbnt portions of debris flows did not sink into .the debri$
flbw deposit (Curry 1966 ; ‘Pierson 1980).
Muddy water often emerges from the frozen’ debris flow
deposit to wash away fine-gréined sediment on the deposit’'s
AsurfaCe_(Piérson 1980) .» Rain- and stream-water also remove

fine-grained sediment from the upper surface. .of flow

.deposits.
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. .Characteristics of debris flow depésits

Debris flows range in thickress from a few éentimeters
to 6 meters: An individuai”%ebris flow depos;t usually has |
a shee;;like geome}ry of uniform thicknesg (Pierson 1980{
although channelized shapes do exist (Mortoh and Campbell . -

1974) ,

Internélly. debris flow deposits are poorly SOrted‘gﬁa
consist'of randomly distributed rock fragments supported in
a finer-grained matrix (Hooke 1967; Johnson 1970; Fishgr
1971{ Enos }977: Nardin et al. 1978). The presence and |
nature of‘stratificgfion varies amongst deposits: in
general most arevmassive.(Fryxell and Horberg 1943; Hooke -
1967; Fisher 1971 Nardin et al. 1979). Some deposits have
internal sed1q$ntary structures interpreted to be the
result of flowage (Nardin et al. 1979) Inverse grading or
poor ly developed inverse grad1ng 1s sometlmes observed
eifher throughout ‘a dep051t (F1sher 1971; Nardin et al.
1978) or only in the.pasal zone of the deposit (Nardin et
al.1979). Lowe (1979) and Pierson '(198Q) have observed
debris flow deposits that have large cobble- and
‘boulder-sized blocks or clasts concentrated alohg the base
of the dep051t \gany deposits have the coarsest sediments,
cobbles and bouldé(s. situated along the depos1t’s sides

AN
AN
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-and front portions (Curry 1966; Hooke 1967; dohnson 1970;

RS -
! 10
Morton and Campbell 1974; Pierson 1980). In some instances
the surfaces of some gravel-sized clasts aré abraded (Hookg

1967 ) 6r are marked by 5 cm long, randomly oris&nted s}riae.

Debris flow deposits do not have a characteristic
pebble fabric battern although within shear Zones fabric
develéps either parallel to.ﬁwa (Enos 1977; Nardin et al.
1979) or perpendicular to flow (Enos 1977).-.The imbrication

of the clasts may be inclined up- or down-flow (Nardin et

al. 1979). Clast rientations are random within zones of

norj-shear, including inside a rigid,non-deforming plug.
Debris flow deposits often have sharp, cqgjormable\
loLer contacts (Hooke \1967; Fisher 1971) which are either

hotizontal or U-shaped (Rodine and Johnson 1976) .

4 -
P

“

BRA ED RIVER, GLACIOFLUVIAL, AND SANDUR dEPOSITS

‘Depositional procesées.and sediment characteris}ics of
braidednriven, glaciofluvial, and Sandur deposits will not
be reviewed because the basic processes are generally well
understood. |

‘Some useful braided river references are in Price and

Howarth (19707, Church (1972), Smith (1974), Church and

Gilbert (1978), Miall (1978), Boothroyd and Nummedl

(1978), Rust and Koster (1984), and Smith (1985). Useful.
B . ' ; '

%
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references on glaciofluvial and ice contact rivers are in_

Shaw (1972), McDonald and Shilts (1975), and Allen (1882).

ALLUVIAL FANS
| - R
_ An alluvial fan is defined by Bull (1972, p.63) as, "a
deposit whose surface forms a segment of a cone that
radiates downslope from the point where the stream leaves

the mountains . Alluvial fans are composed of sediments
fhat have a wide range of both grain s1zes and sortiné};
raﬁging from sorted-silt, -sand, and -gravels (water-laid
sediments) to diamictons '’ (mudflows) (Bull 1960) .

Alluv1a1 fans form where a single trunk stream exits
side valley and enters a larger ‘valley (Bull 1972) These '~

streams are often ephemeral and when flowing contain clear

‘water to viscous mud (Bull 1963). The sediment dopoSition

¢ which initially forms and then maintains an alluvial fan is

usually induced by a“decrease in stream gradient (Bull
1963). This change in gradient may result from a base level
: &

fall in 'the main valley caused, for example, by valley

TDiamicton is referred to throughout this N
. 'thesis. Diamicton 1s a descriptive term used

‘¥ when referring to,"any nonsorted or poorly - \
‘ . sorted terrigenous sediment that consists of .
sand and/or larger particles in a muddy. T

matrix. Size distribution is commonly bimodal
or polymodal, with one or more modes in the
coarse gra1n range and one or more in the

- silt-clay sizes,” (Flint et al. 1960a, p.509.
1960b). Frakes (1978) notes that the clasts
in a diamfcton may or may not be.in contact
with one another. -
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glacier erosion (Bull 1877). Bull (1963) observed that
alluvial fans elso formed from mud flows which freeze upon
entering the main valley because of a decrease in flow
depth and velocity. Sediment is distributed across a fan's
surface by a network df bﬁaided sireams which continually
111 with sediment and change location«(aull 1963; Kochel
and Johnson 1984), and also by debris fldws‘exiting
channels and spreading sediment over the fan surface (Bull

v

1963; Hooke 1967 Pierson 19&0). v

X ' ¥

Characteristics of alluvial fan deposits2

The cross-sectional shape of an alluvial fan, profifed
from the valley side to the valley center, is a wedge which
thins awa§y from the mountains (Bull 1972). The gross
geometry efifhe beds within a fan are sheet-like beds‘(Bull

'1972) which vary in thickness. Bedding is not usually'

v1sible within fans composed solely of gra~el Individual

beds extend for many meters in cross-sections parallel to
the fan's surface slope, cut and fill bedding relationships
are’ seldom observed (Bull 1972). In sections parallel to an
alluvial fan's topographic contdurs nuﬁerous cut and fill
structures exist (Bull 1872). f |

2) table of alluvial fan characteristics is
located in Kochel and Johnson (1984).

“«5\”\

12
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_Alluvial fans are.composed.bf sediment typ¥s which’

range (1) from well sortéd cross bedded, laminated, or

structureless silt-sized grains to sorted qravel sized

clasts which were é?ansported by braided distributary

channels (Bull 1963, 1972), to (i11) diamictons deposited by

sediment gravity mudflow processes (Bull 1963 Pierson

1980}, to (iid) s1eve deposits formed when fine grained

" sediments (clay- to sand-sized) are blocked upstream of\a

coarser lobe of gravel-sized sediment (Hooke 1967).

" The .alluvial fan depos1t1onal env1ronment cannot be
iden¥ified or character1zed by a partlcular grain s1ze
{Bull 1872; 1977). The mean gra1nsize of an al]uvial fan is '
ahfunction'of'the source region (Hooke 1967). In general,
grain?size decreaséé downs lope in modern arid-climafe
,alﬂuv;al fans (Bull 1977). Grainsize and sorting differs
markedly between individual beds ;ithin an alluvial fan.
(Bull 1972). | ‘ '

GraveTl clasts, in sediments interpreted as alluvfalifan
deposits, are more angular than. nearby river deposited
clasts (Ryder 19?1). In the §amevstudy RydeE observed
alluvial fan gravels have less fithologic variation than
.river gravels. a funct1on of the source area’s linhologic "L

chpos1tion Hooke (1967) hot1ced that clasts within an

alluvial fan are abraded.
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GLACIAL DEBRIS INCORPDRATION s 4 ™
Valley glac1ers 1ncorporate clast1c mater1al o v

%

subglac1al1y (from below® the- glao1er) and suprag]ac1ally i

' (from above the ;lac1er) (Shaw 1985).. Any debr1s on a A
glacwer s surface in the accumuWatIOn area is ‘
supraglac1ally 1ncorporated 1zto an eng]ac1a1 position by
snow Epr1al or by direct tncept1ona1nto a crevasse. = ! 6

Material -Whtch-~fal‘ls onto a glacier in the ablation a”r‘é'a '
L
w1ll remaln on the glac1er s surface unless it enters a

crevasse. Basal 1ncorporat1on of;ma€ertal in subpolar~
glac1ers 1s by the process of regelat1on (Boulton 1970a). .

Aand also basa} ﬁﬁeeze on (Weertman 1961). Polar glaciers
are thoughttto basatlyfincorporate natertal by'dverriding“

| frontal aprons (Shaw t977) | R

i Sedtment 1ncorporated by a glac1er is clasiht1ed as
’glac1al debr1s (Dreimanis. 1982)} Glac1al debras 1s defﬂned

by Dreimanis (1982, p. 1&4 as, mater1a1 betng transported

byta,glaCier in contact with glac1er jce. In most cases- 1t
"1s disaggregated except for clasts gf various sizes, B
including large rafts T e

'G(}c1al debris 1s transported by the glac1er 1n one of

. 0
oL &

A R



three possib1e positions supraglacial. ion the glac1er)

englac1al (W1th1n the %1ac1er) and subg}g&gal (basally or

" in the lower, basal: portions of the glacter) {Reheis 1875) .

Glacial debris is unl1ke1y to remaln in one transport
position - and will usua]]y change transport p051t1on&
Attr1butes aqu1red by debr1s in-one transpol zone may: be

retalned once another zone 1s entered _ 9"

’ Flow lines in the accumulatton area of a glacier are:

~N

~directed downwards and as a resu]t suorag}ac1al and.

-englacial debris in the accumulation are.s are\trEnsported

to a basal position (Boulton and Eyles 1979). Basal melting
in temperate glaciers is another method of transferring |
englacial debris to the basal transport Zbne (Boulton

1978) .

Englacial debris can also move upwards and become °

]

-exposed_sUpraglaCially in areas of dominant surface melting

(Sharp 1949). Upward transport of basal debris along
inclined shear planes‘or thrust faults will also elevate
basa] debr1s 1nto an englac1al p051t1on Shear planes-

develop in many valley glac1er setttngs for example, (1)

when a valley glacter is overridden by .a tributary ice

‘stream (Ey]ee and Rogerson.1977),‘(2) when merging

tributary valley ﬁTEETEhs move basal debr1s 1n§g an -’ ‘5
eng]ac1a] position along the mutual boundary of the two
glac1ers (Boulton 1978) (3} basal debr1s‘fo$1ows an
upwards path when a subglacial Knob is crossed (Eyles and |
: | . | S | : ///ﬁa;‘\;;///

&
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Rogerson )878 Boulton 1978), and {4) compression and
‘ thrust fault1ng happen at a valley glaCIer s term1nus where
. the glacier's base is frozen - the ground or impeded by
e}agnant iée_(Bdulton 3968)r This differential movement .

also caus bdsal debris-rich ice to be carried into an

uenglacial ana t into’a supraglacial position (Clayton

1964; Boulton 1970a).

2. CHARACTERISTICS OF GLACIALLY TRANSPORTED DEBRIS

] |
Da. SUPRAGLACIALLY TRANSPQRTED DEBRIS

rd

Anﬂairpﬁé?o survey of valley'glaciers (conducted by the

'author) reveals that most modern valley glac1ers are

16

largely free of supraglac1al debris. If SUpraglac1al debris

is' present on the ice it 15 roncentrated above lateral and
medlal mora1nes “This surf1c1a1 debrls ranges in th1ckness
i from a few to 50 centimeters (Small et al. 1979).
(Supraglacial ﬁebr1s which has been dep051ted is called
supraglac1a1 morainic till" by Eyles (1979))

v

-a. Grain size
[y

Relative to debris in the basal transport zone,

~ [

supraglactal debrls has less f1ne grained sediment (less

than 15% clay and s11t) (Sharp 1949 Boulton and Eyles
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1979). Supraglacial debris therefore has a ooarser'mean
grain size and also better sorlino?(Boulton and E¢les
1979). The clay and silt content increases downnards in a
vertical section of supraglacial deoris (Boulton and Eyles

1979). Some clay silt may be concentrated in stratak

which represent fouiier supraglacial ponds (Sharp 1949) ,

N

Clast d1ameters range up to 1 meter in d1ameter in

-]

supraglac1al exposures of medial moraines (Small and ﬁlark

1974); clasts much larger than ‘this could conceivably be

ied onto olaciers by avalanches. o

A
. l(“"“,

b. Fabric
-Clasts within supraglacial deoris have no preferred

orientation (Eyles 1979).

c. Petrology

Supraglac1al debr1s is often composed of d1stantly
der ived lithologies, a result of dertvation from mountain
. s1des sﬁﬁuated far up valley, the lithology. of the debr1s :
'”therefore has a component reflecting th1s d1stant source
(Drelman1s 1876) . @;;
. Q@; .ES.

d. Roundness

Supraglacial debris is_usually;composeo of only angular

clasts (Sharp 1949; Small and Clark 1974). Angularity_is

H

maintained because processes which round the clasts are

P

/”“/l‘



generally 1a¢ang; in fact frost shéttening eﬁnances
angularity (Sharp 1949; Dreimanis 1976). Some rounded
'clasts are present, a product of supraglacia] stream

atranspoft (Sharp 1949).

. -

o

[¢:]

" 2b. ENGLACIALLY,TRANSPORTED DEBRIS

o s T

Englacial debris is tr3nsported in a non-abrasive

,envfronment as‘is-demonstrated by the lack of grafnsize or

roundness alteration (Boulton 1978) along the éenglacial,
transport path. Weathering and erqsion procésées. which
mainly affeét supraglacfal and subélaciéa debris
respéctiveiy. do not affectienglacially transported
material (La;son 1979) . Bécause'of this, grain size and
.roundness properties attainéd by erpis pridr to entering
the englacial realm are retained. Clast fabric is one
property not rétained. ‘ | -

| Engiacial debris génerally consists of scattered éebris
 wi£pin the fce. although some debris, may bé concentrated
into bands (Lawson 1979) or as ehglaéial'étreém sedimehts
fBoulton=1972a). Englacial debris concentration by vojume
ranges‘from 0.002% to 25% (LéWson 1979) ; fhe mean being;
closer té the formér value. Englacially and supraglaciarfy
transported depris acéodntsafor,about 3% of the debris416ad

of the Matanuska Glacier (Lawson f979). this suggests most

- debris is basally transpbrted.

:18
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a. Grain'size ‘ .“avx4vf o
Englacial debris is Cmeosaéﬁof‘a widé‘range of grain

sizes and generally has boor sorting. “Englacial'stream

sediments are better sorted and cbns1st malnly of gravels

and sands (Bou1ton 1972a) Badd1ng of this 1atter sedtmentv

is mostly planar. high angle cross beds are rare {Boulton
. 1972a). - L | LT

b. Fabric

Englac1al clast fabric is generally para]lel to ice:
‘ »f .

flow (Humlum 1981). In zones of compressive flow. 1nclud1ng

[
zones of_thrusting, transverse pebble fabrvcs develop

. (Dreimanis 1976).

c. Roundness

Clasts generally have low roghdness (Boulton 1978;
Small and Gomez 1981). |

2c. BASALLY TRANSPORTED DEBRIS ‘ S

The 1owerhost. basal portiéns’of a g]acier transporf up
to 97% of a glacier’s debris load (Reheis 1975; Lawson T
1979). Basal glac1a1 -debris consvsts of unsorted clay- to

- gravel-sized material (Boulton 1967 Gow et al. -4979)1

Cx
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concentrated into 1 cm to 10 cm.thick bands {(Clapperton

1975; Shaw 1977]. Theﬁe ‘bands alternate with \ayers of

.. .cleaner ice which are a few cent1meters th1pM WClapperton

1975; Shaw 1977) or with unstraﬁi‘ied debris containing
interst1tla] ice (Lawson 1979) | }

The amount of basal debris in transport and the
thlckness of,wbe basal debris: 1ayer is a function of the

glacier 8 tel Hhture regime. The basal debr1s layer is

thicker in polar type glaciers (Tables 1 and 2) and thinner

in temperaté-type glaciers.

~Table 1. Basal debris layer thickness:

[
S

Type of glacier. Thickness range

temperate up to 15 m (1) but

. generally less than f m (2) .
subpolar up to 16 m (3) |
polar <§ to 60 m (4)

N~

1) Lawson 1979'
2) Boulton 1872b :
2; Herron and Langway 1979

(
2
{ Boulton 1972b Shaw 1977

20 .
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Table 2. Dens1ty of basal debris g g
(% debris by volume of ice)

type of glacier average. range

- 'temperate | 40% (1) <4-75% (2) ‘
A
- subpolar - 0-15% (3)

polar - 5-50% (4) .

(1) M1cKelson J973; Boulton et al. 1974;

. Boulton 1975; Clapperton 1975; Reheis 13875;: Lawson '
“1979; . Humlum 1981 o

Lawson 1979, Boulton 1975; Mlckelson 1973
Boulton 1967 Gow et al. 1979 S

Boulton 1972b; Shaw 1977.

a. Grain size

Basale trénsported debris makes frequent contact both

with ne1ghbour1ng partlcles. also in transport, and with

,the stat1onary subglac1al substrate. Any contact results in

the abrasion and crushlng of debr1s Th1s 1ncreases_the
f1ner-gra1ned frapt1on‘of the basal debris (Boulton 19726).
Basal debris is thus enriched fn fine-grained fractions and
depleted ih_coarser-grained fractions relative to debris in
higher leVels of glacier transport, such as supraglacial

transport (Boulton 1978; Boulton and Eyles 1979).

b. Fabric
~Basal-debris pebble fabrics ére usually oriented

parallel to the direction of ice flow (Lawson 1879; Humlum

(’1



accord1ng to the basal debris density.

o
o

22
1981) albeit less-pronounced than englacial pebble fabrics

~ )
(Humium 1981). Lawson (1979) found that basal-debris pebble
fabrics have a mean divergence of 12° from the actual
ice-flow direction and the plunge of the primary fabric

trend is parallel to debris stratification (Lawsoﬁ,1979).

c. Roundness

‘Clasts are generally subangular to subrounded (Reheis

. 1975; Dre1man1s 1976) . Lawson (1979) found roundness varies

3. GLACIAL-DEBRIS DEPOSITION
3a. THE TRANSFORMATION OF GLACIAL DEBRIS TO TILL

Glacial dégris that has been Uepésited by glacier ice
is till. In this thesis I use Lawson’s (1979, p. 28)
definition of till, ife. "till is defined as sediment,
depos1ted dfqgctly from glacier ice, wh1ch has not p
undergone subsequent disaggregation and -resedimentation.

This definition is adopted because it only defines one main

. process, the dwrect deposition of debris from ice.

Dre1manls (1982) definition of t11] whlch is widely
used, includes sediment gravit9 flow as one formative

process of till. Since sed‘ment gravity flow often follows
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the release of glacial debris from ice (Boulton 1972a:

Dreimanis 1982; Shaw 1982; Dreiménis and Lundqvist 1984)
the flow process is an intervening, distinct process in
some instances of glacial debris deposition. | believe a
definition of till that includes the sediment gravity flow
process is counter productive because one goal of g&acial
sedimentology is to distingdish flow deposits from tills.

“Using a till definition which includes additional processes °

makes such a task even more difficult. 7
. /

3b. DEBRIS DEPOSITION FROM A BASAL ICE POSiTION

E

LODGEMENT TILL
Processes of Jodgement tilf deposition

Lodgement till is deposited beneath an actively sliding
warmtbased'(téﬁperate{'glacier (Boultqh 1972a; Kruger 1979;
Shaw 1983). If the basdl ice temperature is not above the
freezing point of water (i.e. cold-based), pressure on the
basal glacial-debris and -ice may depress the-melting |
T temp%rature of the ice and induce'thé warm-based conditions

_requiged fdr'lodgement processes to operate (Dreimanis

1982). ' .
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Lodgement till forms when glacial debris in bas;W”ﬂ
transport (Boulton 1975, 1976b) makes contact with an
Qndgrlying. stationary.substrate. I% the resulting'fr1étion
between the glacial debris and.fhefgubstrate ﬁ; greatér
-than the strength holding the debris into thevglacier the
result 1s’the glacial debris becoming pried- or sheared:;ff
the glacier and being lodgedﬁfnto or against the substrate
(Boulton 1972a; Boulton 1975: Shaw 1982: Muller 1983a).
Muller (i983a) also proposes that 1gbgement till may be
deposﬁted-by accretion of entire layéng'Of basal debris

instead of by the deposition of individudl particles.

Characteristics of IngementLtilJ -
| £ 5]
The‘characteriétics of lodgement till are listed by

author in Table 3.

Table 3. Lodgement till properties

Boulton 1972a (modern) _
-massive, no stratified horizons
-may have drumlins on surface

Boulton et al. 1974 (modern)
-wisps of soft clasts
-reduced number of grains in 4 ph1 to 1t phi range

o

Rose 1974 (ancient)
-fabrics paratllel to ice flow, low angle of dip
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Marcussen 1975 (anc tl
"> -hard, dense tiY )
-horizontal and sub horizonta) jointing
-few lenses of.sorted sedimeni\s
-flutes or drumlins parallel to ice flow
-fabrics pag®llel to ice flow .
-1imited assotiation with sorted sediment
.,
Dreimanis 1976 (review)
-high compactness
-fissility or foliation '
-shea:]planes which rise down 'glacier marked by sand
or silt-
“boulder pavements may be present
-fabrics parallel to ide flow, a-axes plunge up glacier
also- transverse fabrics
-local lithologies dominate

Boulton 1976b (review) ~
-may have isoclinal folds W1th flat lying axial planes
-jointing parallel to surface - .
-shear banding may be present
. -may have boulder clusters
-no sedimentary banding
, “may. be any thickness, average may be large
. -fluted or drumlinoid surface aligned in dlrectlon of
ice movement - -
-strong parallel fabrlc, up glac1er plunge may also
have transverse fabric
-small grain size .
-located at base of sequence

~
<
~

-Lawson 1979 (modern)
-till forms up-glaciar of terminus

Broster et al. 1979 (ancient) o ‘
-well developed fissility in some places '
-fissility, shear planes
-some pebble rich zones
-fabric parallel to ice flow or b1modal

Kruger 1979 (modern and ancient)

-compact, clayey till . d

-platy structure .

-lenses consisting of boulders lodged against each .
other :
-smudges, soft clasts of limestone smeared out

- some ell1p1ca% sand lenses :

'Q& fabric strongly developed parallel to ice flow - .
*-smoothed pebbles with minor breakage
-consistent striation of clasts

ki
i



Boulton and Deynoux 1981 (review) l ;
-may be folded
-may be jointed -
-boulder clusters ‘
-no sedimentary stratification
-any thickness
-fabrics: stron?, parallel. to flow peaks with
upglacier imbrication; may have transverse peaks:

Eyles and Sladen 1981 (ancient)
-upper surfaces of fluvially deposited units are
sheared off, some are folded and slickensided
-streamlined low relief surface, drumlinized
-fabric: preferentially oriented axes
Haldorsen 1982 (ancient)
-fissility
" -fabric: strong a-axis orientation
- -high proportion of fine grained mater1al
-abraded (rounded) clasts ‘
- -bullet nose boulders .-

Dreimanis 1982 (review) .
-less distantly derived material

Shaw 1982 (ancient)

-parallel‘éf flow sole marks on base of till (i:}\,\;\

Eyles et al. 1982 (ancient)
-sheared-out stringers
- -smudges of coal and shale
-sand bodies below till have flat tops-and concave
bot toms
-drumlinoid upper surface
-streamlined boulders

Muller. 1983a (ancient and review}.
-fissility
-silt films ion horizontal fracture surfaces
-lineation-like slickensiding on horizontal fracture -

surfaces
-thin layers of sorted sediment
-sorted layers drape clasts _ ?

Kruger 1984 (ancient)
-clasts with double stoss-lee form

Lodgement: till generally appears as a'massive. hard,

dense till (Boulton-1972a; Marcussen 1975; Kruger 1979)



with a wide range of'thickne;aes (Boulton 1976a). Lodgement
till may contain isoclinal folds with flat lying axial
planes, (Boulton 1976b) Horizontal or sub-horizontal joints"
aﬁé often present in lbdgemen{;til1 (Marcussen 1975
Boutlton 1976b). Other features relate&wto joints are foamer
shear planes marked by sand or silt which°may rise down
valley (Dreimanis 1976}, fissility‘and fdliatian (Dreimaﬁis
1976; Broster et al. 1979; Haldorsen 1981; Muller 1983a),
or a platy structure (Kruger 1979) ; s
Boulders within lodgement til)l often make contact with
other boulders, thps forming horlzontal planes of boulders

(Boulton 1976b; Dreimanis 1976; Kruger 1979)termed boulder

‘clusters (Boulton 1976b) or boulder pavements (Dreimanis
*

1976).. Pebble-ﬁich-zbﬁes have also been observed in what is

interpreted as lodgement till (Broster et al. 1979). Softer

clasts of, for example. limestone, shale, and coal often

) appear as smudges or wisps drawn out in the ice flow

d1rect1on (Boulton et al. 1974, Kruger 1979; Eyles et al.
1982)

v Lodgement tily may contain a few lenses filled with
Sorted sediment {Marcussen 1975; Kruger 1979). Aside from
such Tenses, sedimentary banding (Boulton 1976b) ma jor -
stratified horizons (Boulton 1972a), or_internal y s

stratigraphy (Boulton and Deynoux 1981);jsfnot observed.

A lodgement till deposit‘has a surface. expression of



'rounded (Kruver 1979 Haldorsen 1982) w1th only a m1nor1ty

NG T
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lou relief (Eyies and Sladehf1981)“wftﬁ drumlins orsflutes

aligned paraljel to the'forher.1¢e flow direction {Boulton -

jb?Za; Marcussen 197 ;“Bou1ton 1976b;: Eyles and Sladen
1981: Eyles et al. 2%2) |

- Pebble- fabr1cs are generalty strongly or1ented parallel
to the former ice flow d1rect§z% (Rose 1974; Marcussen
‘1975 Boulton 1976b) the predom1nant orientation usually

plungss at a low angle up valley (Rose 1974 Boulton 1976b

‘.Drewman1s 1976) . Fabrlc patterns transverse to former ice

flow direofﬁdﬁ (Boulton 1976b; Dre1hap1s<1976) and bimoda
.fabrios (éroster gi al. 1979) are less commonly'observed
Lodghment tills are described as clayey (Kruger‘ﬁ979)
This \s a reflect1on of the high proport1on oﬁ fine- gra1ned
sediment im the tilt (Boulton 1976b Haldorsen 1982) .

Pebbles in lodqement t1ll are generally smooth or

' -broken (Kruger 1979) Numerous strlated (Kruger 1979) and

streamlined'boulders are also~present (Eyles et al. 1982;

Haldorsen‘1982) Most clasts are of Jocaliy derived
l1tholog1es (Dre1man1s 1976; Dreimanis 1982). R

~—

Lodgement till is thought to be deposated upglac1er

‘from the glacier’s term1nus (Lawson,1979), as a result the?'

ti1l Has only a limited temporal association with sorted’

sedimehts (Marcussen 1975) Lodgement ti]T is afso most'

B

likely to be located at the base of a vert1ca1 sequence of.

‘ temporally related glac1al depos1ts (Boulton 1976b)

{
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ace méy-ﬁhue;séfe ma¥Ks paralliel to =

. the fqrmefhjce‘flow«dfrection (Shaw 1982). Fluvially
depositedLSQSd;qmd ggawel units directly below lodgement
till often.have flaiﬁUppef surfaces and concave bases. The
f]af, upper surface is interpreted to résuﬁt from shearing
caUsed by an overriding giacier (Eyles an% Sladen 1981;
Eyles et al. 1982). |

S

MELT-OUT TILL

L]

*process of melf—ou{ till formation

o

‘Melt-out titl is formed from glacial debris reledsed

‘during eifhér top- of bottom-melting of aebris-rich ice
(Bou]fbn'1970b; Lawson 1978) which is neither sliding nor
QQFQrming internal]y'ih the area of debris release (Shaw_“
v1983).'Bottdm melting of'stagnént‘glacial ice results in

subglacial melt-out till fofhing‘(Boulton and Deynoux

1981). This bottom melting can also occur under the base of

a piece of Statfonary debris-richﬁice which lies beneath_a_

méying glacier\(BoQiton'1970b; Lawson 19Rta). Surface
melting of stagngnt_glacial‘ﬁce also reicases debris; if

this sediment remains immobile it forms supraglacial .
meftiout till (Boulton 1970b; Boulton and Deynoux 1981). A

« confining force, such as overlying sediment, is needed if -

this debris is to remain immobile (Lawson 1981a).
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The process of melt-out till formation is
non-destructive, that is. the till retains the texture and
fabric of the parental glacial debris (Boulton 1978; Lawson

T71981a). Also retained intact during depositidn are lenses b

' ofctexturally‘and,struc?urally djstinct material, sucﬁ as
sand lenses (lLawson 1981a). Sand lenses are‘produéts'of
streams Which‘carriea meltwater through°b5sal iéé>(SHﬁQ
1979; Haldorsen and,Shaw'1982). ‘ |

| During melt-out till formation {nterstitﬁa? ice within
glacial debris melts and releases the debris. The fabrics
and structures of this debris are more likelybto be

preserved in melt-out till when the ratio of glacial debris

[

to interstitial ice is high (Lawson 1979).

oA
"‘-(’9‘

-ﬁ:' .
" Characteristics of melt-out till . ‘ C

The character1st1cs of melt- out t1ll are 11sted by

author in Table 4, - , .

Tabléu4. Melt-out till properties
s ﬁ@

Boulton 1970b {modern) *
transverse fabrics in reg1o%s of coﬂ.’essxvg flow

Dre1manis 1976 “{review)
- lower compactness than lodgement till
“ -lamipae of silt or sand, approximately parallel to
depositional surface
-parallel or perpendicular fabricsg
-more .distantly transported lithologies

e
..l"
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Boulton 1976b (review)

' -thin, likely less than 2 m
-no banding
-no folding, no faulting, rarely jointed
-parallel or perpendicular fabrics, major
axes para]lel to bed

. -small grain size- and spatial-variation

.-always overlain by overburden'
-never exposed at surface
-directly above lodgement till or “eroded surface

" Boulton 1978 (review)
-multidirectional striae on clasts

Lawson 1979 (mpdern)

-basal melt-out till is very dense and 1npenetratable
4-supraglac1a1 melt-out till is loose and readily
disaggragates
¢ -generally- massive appearance, with possible
S discontinuous layers, lenses, pods of texturally //r
distinct material o v
-tabular geometry, meters thick, Km long
-lacks distinct, continuous internal contacts
-strongly defined pebble fabric, mlnor scatter, lgw
-angle of dip -
-primary mechanism of till format1on near glac1er s
terminus : : _ /
Kemmis 1981 (ancient) '
-nod vert1cal gra1ns1ze var1at1on

Boulton and.Deynoux 1981 (ancient) ' '
-unllkely to exceed 2. m thick - - . y
-massive bedding _ o

" -internal folding rare . \g%a
~ -rarely 'jointed :
-sediment infillings. of englac1a1 tunnels
-most fabrics flow para]@bl ‘also flow
perpendicular |
-fabrics 11Ke1yhﬁave large scale areal cons1stency

Broster and Dreimanis 1981 (ancient) ‘ _
-silt laminae in till : " N
-silt coatings around clasts

Lawson 1981a. (modern)
--structureless to banded :
-may have sub-horizontal or d1pp1ng planes of d1ffer1ng
‘composition, texture, or color
-generally lacKs concentrated zones of pebbles or

. larger sized clasts

-preferential systematic alignment of clasts into a
regional pattern

* Dreimanis 1982 (review)

-more engiac1ally transported material than lodgement

- -
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Shaw 1982 (ancient and modern)

-~ -incorporated clasts of unconsolidated subtill.sediment
-intrabeds of gtratified materiatwithin till
-plano-convex “Yenses of gravel at base of till and

stratified lens deposits within till .
-fabrxcs un1d1rect1onal parallel to ice flow

Haldorsen and"’ Shaw 1982 (ancient and modern)
-unl1tq;f1ed sorted and stratified sediment within
till & - : :
-fabr4ts may be parallel to flow ‘ ’
-l1thoﬁogvcal and textural properties of englac1al»
debris

N . - % . !
Melt-out till is generally'ma§sive (Lawson 1979),

althoqgh banded melt-out till has also been observed

(Lawson 1981a) Melt-out till w11] often . conta1n

dlscont1nuous 1am1nae. layers, and lenses of texturaily'or‘

compos1tlonally distinct mater1a1 preserved from the
vfglacier ice (Dreimanis 1976. Lawson 1979; Lawson 1981a).
Basal melt-out till i§ very dense and inpenetratable
relative to supraglaciaﬂ‘melt-ouf till; supraglacial
melt-out till is Tooagwéno disaggregates easily (Lawson :
1979). In general, melt-out till is less compact gnan
lodgemént till (Dreimanis 1976).
Melt-out fill does not contain faUlffdisplacements or
internal folds and is rarely jointed (Boulton 1976b).
1.%%oncentrated zones of pebbles or boulders which.are
commonfy'observed in lodgement till are seldom seen in -

melt-out till (Lawson 1981b). Any concentration of stones

X
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in melt‘out til ie a relict fedture preserved from glacier
ice ‘and is not a ;%oduct‘ofelodgement processes (Lawson
1981b) . | |

Melt-out till contains two types of inclusions or
lenses composed of unconsolidated sediment. More commonly

observed in melt-out till are lenses or intrabeds of

33

unlithified, sorted, and stratified sediment (Haldorsen and |

Shaw 1982; Shaw‘1982). These represent ‘in-fillings of ,,
englacial tunnels  (Boulton ahd Deynoux 1881). Less commonly
observed are pieces of unconsolidated subtill sediment
erjginally incorporated by the glacier and now preserved »
within till (Shaw 1982). |
Pebble fabrics of me]t-eut till usually have au
unidirectional, strongly defined orientation‘parallel to
the ice flow direction (Boulton 1976b; Dreimanis 1976;
Boulton and Deynoux 1981; Haldorsen and Shaw 1982). The |
"axis of major fabfic orientation is either parallel to ihe‘
base of the glacier or hasée low angle of dip (Boulton
1876b; Lawson 1979). Some pebble fabric tfends are oriented
noqmal to the ice flow direction in regions of compressive:r
flow (Boulton 1970b Dre1man1s 1976; ‘Haldorsen and Shaw
.1982). Regardless of a part1cular fabric s1te (] alignment

groups of sites have a regional consistency (Boulton and .

Deynoux -1981; Lawson 1981a).

-~



The'grainaizé of melt-out till also has a regional ‘ *
consistency_wjfh no (Kemmis 1981) or little spatial
variation (Boulton 1976b) in the generally fine-grained
ti11 (Boulton 1976b), Melt-out till usually reéﬁs more
of the properties of englacial debris than lodgement till =~ .
a does (Dreimanis 1982). Because englacial debris is often'- | |
derived far up-valley the textural and petrological
campositioﬁubf melt-out till also reflects the up-valley

2

compositions of the source material (Dreimanis 1976;—
>Haldorsen and Shaw 1982).

A deposit of me]t out tily has a tabular geometry
(Lawson 1979). A single dep031t will most likely_be less’
than two meters thick (Boulton 1976b;.Boulton and Déynou§; 
- 1981) .and can have a lateral éxposuré.up to Kilometers in
length (Lawson 1979). Melt-out till is often observed to
have the following fjeld relationships with other types of
deposits; the till may lie, directly above lodgement tfll:
(Boulton 1976b), above an eroded surface (Boulton 1976b) ,

or above planar-based, concave upwards lenses f1lled with -

sand and gravel (Shaw 1982).



*gc. DEBRIS DEROSITION FROM A SUPRAGLACIAL ICE POSITION
. . ‘ v

Process of mudfiow complex formation

~Glacial mudflow complexes are here defined as
interbedded glacial mudflows and glacial outwash sands and
gravels. The mudeCﬁfgffiginated from glacial debris

Feleased from ice. ropose this definition should rep\acé

Eyles"(1979) term "till complexes” on the basis that v

Eyles’. definition of till is ingompatibie with tie
definition of till Bging used in this thesis.

The first stage in.the formation of_a glacial mudflow
comp lex is.the supraglécial relea;e of acial debris. This
‘cOmmonly occurs at the glacier's terminus (Lawson 1982),

- when upturned debris bands in temperate or sub-polar .
glaciers melt out of the‘ice (Boulton 1967;vBou1th 1968;
kruger 1979).vThese.upturned bands Eésult from_éompressive
-»ce flow thrusting basal debris upwards (Lawson 19??1.
Another source of sediment for mudflows is glacial debris
released from the Higﬁ level of transporf in polar or
subpolar élaciers (BoU]toh 1978; Boulton and Deynoux 1981).

G]acialkdebris.released at a glacier!s terminus wili
.remain stat}onary if the ice slope is small; }n such a

~ case, supraglacial melt‘outgtiil may form (Boulton i970b).

In additioh, hummocky terra{n may result (Boultop and Eyles

1979) if the glacier is.already covered with supraglacial

s

O
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debris. This scenario forms till variously referred to as

lowered till (Lawson 1981a), supraglacial morainic till, or
supra-till (Boulton and Deynoux 1981).

) Thevdeveloping hummocks may then provide enough

'topogbéphic relief and slope to allow sediment gravity flow

movement off of the ngmdéks {Kruger j979;'Bleton‘and
Eyles '1979). Supraglacial debris released at a Steep
glaciér terﬁinus will definitely flow off the ice
(Hartshorn 1958; Boulton 1967: Boulton 1968) and possibily

onto ice situated at a lower elevation (Boulton 1972a).

. When this now buried-ice melts, folds and faults will

develop in the overlying assemblage of debris-flow deposits

PR

(Boulton 1972a).

Debris flows at the glacier terminus usually flow onto
proglacial outwash areas (Boulton 1968; Boulton 1976b;
Boulton and Eyles 1979) and into topograbhic hollows

'(Boulton 1967 ).. Diamicton whicﬁ’flows onto outwaéh areas
'will become sorted by meltwater streams (Boulton and Eyles -

' 1979) and likely buried by the same meltwater stream’s

deposits (Eyles 1979; Boulton and Deynoux 1981). Subsgquent
debris flow and meltwatef>déposition‘produces a complex,
intérbedded sedﬂénce of the twoAdeposits (Boulton and
“Deymoux 1981); termed glacial mudflow cohplexes in this
thesis of till'éomplexes by Eyltes (1979) and'Boulton and
vDeynoux {1981). These complexes are preserved when major

outwésh streams are situated at an elevation below mudflow



by

deposition (Boulton 1972a; Eyles 1979).

Glacial mudflow complexes account for only a small

 percentage of the total debris deposited by a glacier.

Boulton (1978) estimates 30 to 100 times more material is

released basally, upglacier from the terminus: although at

ice margins, debris flows produce 50-75% of the deposits
(Lawson 1982).

Mud f low cdmplex characteristics

\

“The characteristigs_of'mudflow complexes are listed by

author in Table 5.

Table 5. Mudflow'complex properties

Har tshorn 1958 (anc1ent)
-ti11 as lenses, wider than thick, lenticular beds
-voids in till
-till overlies sand and gravel or is 1ntrastrat1f1ed
with sand and gravel

Boulton 1967 (modern)

- -diamictons and gravels are 1nterbedded ‘
-may have interdigitations of diamictons and bedded
clays d silts
-diami®lons have 1socb1nally folded internal
stratification
. ~diamicton bands h&ve planar internal bedding
-cdmplex internal structures when debris is let
down on hummocky topography
-f]ows may be depleted in gravel

Boulton 1968 (modern)

-complex interdigitation of t1ll and bedded silts.
sand, gravel

-d1am1cton may contain wisps of’ sand which form flat
lying isoclinal folds

RJ
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-parallel or gerpendicu!ar fabrics depending on
location within flow (diamicton)

-fabric oriented in direction of greatest surface slope

-sharp, planar interfaces between diamictons and :
stratified sediments

-associated with stratified deposits (meltwater stream
‘deposits)

-complex overlies melt out till

Boulton 1970b {(modern)
-diamicton-flows overlie proglac1a1 or ice marginal
outwash sediments and lake sediments
-complex overlies t111

Boulton 1972a (modern)
-beds folded when overlie glacial ice
-high angle reverse and normal faults when overlxes ice
-planar and distinct contacts between diamictons and
gravels
-complex overlies supragl?e1al melt-out till.

Marcussen 1973 (ancient) -
-diamicton contains silt strwhgers and flat lying
pebbles

Marcussen 1975 (ancient) ~
-diamicton and sand-gravel interbedded
"loose, incoherent character”
-sed1mentary structureg indicative of slumping
-irregular surface topography
-irregularily shaped fabric diagrams

Boulton 1976b (review)

-intraformational folding
-may have parallel to surface Jo1nt1ng
-high angle faulting
-sedimentary banding present :
-variable thickness, from very-.thin to very thick

~ -surface expression: sllghtly irregular or irregular
hummocky ridges

. -parallel or perpendicular fabrics, large within site
variability
-considerable grain size variation throughout comp lex
-1ocateg top-most in a sequence of tills, often above
outwas

Lawson 1979 (modern) :
-sedimentary units have varied geometry, orientation,
and dimensions; units often deformed
-laterally discontinuous strata ‘
-diamictons may have sorted sediment cap
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-masive to graded diamictons, may have gravel rich

bases

-dimensions of complex, 2 m or ‘less thick and less than
100’'s meteré long .

-rapid lateral and vertical texture variations

-upper and lower contacts of diamictons very d?stincb

Eyles 1979 (modern)

-blocks and lenseg of diamicton interbedded with
outwash ‘
-massive structureless sand unmts present

.-faults observed

-deformed stringers and lenses of fine grained
sediment in diamicton

-maximum observed thickness of complexes is 3 m

ruger 1979 (ancient and modern) '
-many layers and irregular lenses of variable
composition o'
-loose, sandy diamicton
-irregular concentrations of boulders
-weakly developed, inconsistent fabrics
-large clasts oriented randomly relative to ice flow
direction .
-most pebbles are angular and broken

Boulton and Eyles 1979 (modern)
-diamicton interbedded with planar, matrix-supported
outwash beds
-may contain deformed mud lenses
-association: rests on basal t1ll. usually lodgement

—

Lawson 1981a (modern)
-desication cracks may be on top surface of dmamictons
-graded, inverse to narmally
-restricted dimensions
-polymodal fabrics, widely dispersed orientations about
a poorly defined mean
-internal. var1at1on in coarser particle size
fractions within diamictons _
-most basal contacts non-erosional

Lawson 1981b  (modern)
-flow induced deformat1on features may be present in
diamictons
-clasts may be concentrated 1nto layers, usually at
hase of a unit
-laminated silts and sands separate some of the
diamicton units .
-may have no aligned fabrics
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. Haldorsen 1982 (ancient)

-some areas of diffuse stratificatio in diamicton
-1rre?ular lenses of fine sand in diamicton

-fab c trend parallel to local surface slope
Lawson 1982 {(modern) " .
o -diamictons may have sorted tops.

-gravel may be concentrated at base of diamicton units
-gravel concentration may vary lengthwise in diamictons
-fabrics range from Ab preferred alignment to

parallel or perpendicular alignment

Haldorsen and Shaw 1982 (ancient and modern)
-clast orientations not systematically related to ice
flow directions

De jong and Rappo! 1983 (ancient)
-interbedded diamictons, gravels, sands
-graded or ungraded diamictons
-poorly developed fabrics ’
-between and within fabric site var1ab111ty is large
-variable sorting of matrix
-flat upper bed contacts with lower gull1ed contacts

Mudflow complexes mainly consist of interbeddedhlaxers

and lenticular-shaped lenses of diamictony and fluvially
. Boulton: 1967 ;.

ppol‘1983). THe

deposited sand and gravel (Hartshorn 195
Boulton 1968; Marcussen 1975; Dejong and.
layers and lenses are laterally discohtin ous (Lawson 1979)
and much wider than thick (Hartshorn 1958) of the

lenses are deformed (Lawson 1979). Blocks of diamicton also

- occur amongst the interbedded deposits (Eyles 1979).

40
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Deposition occurs in a dynamically active environment,

This is reflected in the total folding of some beds 3 
+ (Boulton 1972a) and in high angle reverag and normal faults
displacing a number of beds or lenses (Boulton 1972a;
Boulton 1976b:,Ey1es.1979).

The internal character of diamicton units varies
substanfially dependinglpn the exact flow mechanisms which
deposited a pérticular unit. Internally, the diamicton
units may be massive, bedded, graded, folded, or have smaTﬁ @

voids (Hartshorn 1958).

Bedding within diamicton layers ingimdes planar

internal bedding (Boulton 1967). The
somerdiamictoh units are comprised of ified sediments
—(Lawson 1979) . Graded unfts may be inverSe or normal]ly
gréded (Lawson 1978). Folding is manifest by isoclinal
folding of internal stratification (Boulton 1967).
Disrupted internal stratigraphy of the diamicton units aré»
often caused by let-down oyéf buried ice in hummocky
terrain (Boulton 1967). o |

Within diamicton units are lenses and smaller stringers
- filled with clay- to sand-sized sediment (Boulton 1968;
‘Marcus$en 1973; Boulton ‘and Eyles 1979; Haldorsen 1882).
These leﬁses and stringers are almost always deformed;
deformdtion ranges from minor (Eyles'1979; Haldorsen 1982)

to recumbent folds (Boulton 1968).

i
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Therdimenstons of i:fﬁ:jdual diamicton and Sand—gravel
units are variable (BouTt o 1976b: Lastq 1979). Lawson
(1979) found ‘the general thvckne s of glacial mudflow

less and theﬁoveral]

length is le,ss than hundreds of meters. Eyles (1979)
reports the' max imum observed thchness is 3 m. The.surface :
topqdraphy of recent mudflow complexgs s
1rregu1ar1y shaped hummocks or ridges (Marcussen 1975;
Bout ton 1976b) o : c s
Pebble fabrics df diamictOn units dsua]ly'have.a pep)]y
defined mean orientation (Lawson 1979;;Krdger"1979{ Lawsoh :
~¢51§é1a;ng;ong and RaprT 1983) aligned paraﬁle] or
perpendicular. to the direction of debris ftowage (Boulton
1868 ; Boulton 1976b; Lawson 1979; Lawson 1982) The ?abr1cs
can also have max1mUm or1entat1ons a11gned para]lel to ‘the
dep051t1ona1 surface (Bou[ton 1978, Lawson 1981a) Since
‘fhts surface is'not hecessarily related to the direction of
ice flow the‘pebble fabrics have a'randdd relationshib with
respect to the ice ftow d1rect1on (Kruger 1979 Haldorsen
and Shaw 1982) Pebble 1nc11nat1on>rahges_from flat lying
(Marcussen 1973) to vertical (LaWson 1981a)J Pebble fabrics
have large w1th1n (Boulton 1976b) and between (DeJong and ¥
' Rappol 1983) site variability.- A
Glac1al mudflow complexes have rapid lateral and
vert1ca1 grainsize var1at1ons (Boulton 1976b; Lawson 1979) ) ‘
Gravel s1zed mater1al may be’ depleted w1th1n the d1am1ctq§} Anh
L S \
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, . o\ a |
~members (Boulton 1967) or vary in concentration throughout =

(Lawson 1882).,Diamicton units may also have clasts
concentrated along tne/base of the unit (Kruger 1979;
Lawson 1979; Lawson 5981a: Lawson 1982). N

The contacts between d1am1cton un1ts and sand -gravel
units are sharp. d1st1nct and planar when viewed at a
macroscopic scale-(Boulton 1968;‘Bou)ton 1972a: Lawson
1979). The upper contacts are usually flat (Dejong and
Rappol 1883) and the lower céntacts'non;enosional (Lawson |
1981a) or sometimesfgullied (Dejong and Rappdl 1883} . <
Viewed at a mdre microscopic scale the cdntacts between |
d1am1ctons and bedded clays and: silts are 1nterd1g1tated
(Boulton 1967) | , Q

i
s ’ 'I

Glac1a1 mudflow complexes are usually the top-most

depos1t in a sequence of tills (Boulton 1976b) and are

the fol1owwng_types o depos1ts basally depos1ted till

,u'(

and Ey]es 1979) fluv1al1y depos1ted sand. and gravels
(Hartshorn 1958) and 1ake sedlments (Boulton 1870b). in a

. proxﬁmd1;glaEMa} environment ; and supragla01al melt-out

onf1972a).

r
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" 11. SETTING, PREVIOUS WORK, AND METHODOLOGY

In tﬁis section the setting of the study area will be
presented, , including the physiography %nd‘bedrook geoTogy ‘
of fhe area. The prewious.aesearoh fn theﬁBanff-Canmore |
area w111 also be reviewed: This is followed by a summary

of the f1eld and 1ab methods used in this study.

-

A. PHYSIOGRAPHY

(e8] ;7

Ny

@ 4
. The study area is located within the 4 km wide,
mountaim bound, broad U-shaped- Bow River valley (Figure

) The mounta1n peaks are. at approx1mately 2750 meters

~e1evat1on above sea level and the valley floor is at about .

~ Quaterpary sed1mentspar'w

1400 meters above sea lgvel -
Rutter (1972) determlned that the . Bow Rlver valley was
glac1ated and that the glac1ers f lowed eqt1rely within the

valley. gostglac1a1 erosion by the Bow and CascadeéR1versA

has removed quite a volume of what Rutter (1872) interprets’

as Quatermaryfperiod sediments. fﬁese sediments, which’

outcrop , iﬁ‘thevBanff-Canmoﬂe portjdﬁﬁqf the Bow River

valfey. are, stud1ed in thls thesis. Outcroﬁs eXposing the

‘cituated al@ng fﬁe Bow and Cascade

ﬂ 2y

"R1vers. and\also alonglzbe numerous tr1butary streams which

"

G T

enter the Bow Rﬁvgr (F1gure 2)

7 -

44 ’ i /i
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B. BEDROCK GEOLOGY

i

The bedrock exposed in the study area is dooinated by
Paleozoic-ere carbonate rocks (Figure 3). Less extenSi;e
Qytofoos of sedimentary rocks ranoing up\to tower N
Cretaceous in age é]so appear . Approximately 20 km upstream

of the study area, a]ong the Bow R1ver Valley, are large

-y - 4!}.' P ,,e

outcrops of generally quabtztti . 2l aﬁﬂn and Precambrian
. . D

rocks of the Gog and Miette groupsf,resﬁect1ve1y (Figure
3). These quartz1t1c outcrops cohtlnue up-valley along the

Bow river valley. | ' T f\'

.‘:5 &

Relatlve to the study area’ s locat1on a more d1stant

l1thology re#ers to quartzwte. and a local llthology refers
%5,

fic s (l1mestone and’ dolom1te) The d1str1butlon of

ypes in the Bow‘valley and in the tllls w1th1n

C.. PREVIOUS WORK

Only Rutter (1865a, 1972) has prev1ously undertaken o
}detalled studiesiof the unconsolidated sediments in the

) Banff to Canmore portion of‘the Bow and Cascade R1ver

valleys. (See Rutter 1965a-for-beferehceebto very eab]y . o

geheral studies of the area.) Rutter’s study included the h

@
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Lase Ktavpgyog,, i

. 10 km

LEGEND
Ou-rtzile-domlﬁnlnt bedrock. Precambrian and Cambrian.

-
) Carbonate-, sandstone-, chert-, shale-, siltstone-,

and cosl-dominant bedrock. Middie Paleozoic and Mesozoic.
ol

Untithified sediments. Quaternary.

’ [

-

N e ,
Figure 3. Bedrock geology of the Bow River valley between -

the tbwns of Lake Louise and Canmore (after Wit 1975__).
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Powerhouse and Carrot Creek sections. Based on observations
at these. and other outcrops he established sthe Quaternary -
stratﬁgraphy and presented a glacial geological history for

the Banff—Canmore area.

e

Rutter (1972) recognised a 30 meter thick till overtop

of at least 11 meters of wéll'sorted gravels at the
Powerhouse section (Figure 2). At the Carrot .Creek section

.8

(Figure 2) he observed a thinner till (1.5 m) over]yiné
ﬁetebs of what- may be mudflow§; Gravels were observed ./along
thé‘basepgt the Carrot'Treek section. Finally, he als
recognisedﬂéurface landforms above the Powerhouse se tfon
in the form of'druh]ins parallel to the inférred difection
of glacia} flow. |
Ruiter (1972) proposed a Quaternary geological.history‘
for the Banff-Canmore area of Alberta based on‘his
observétioh of the area’'s stratigraphy and sedimentary
depositqi He iﬁterprets,the lowef gravels at the Powerhouse
section'és,representing glacial outwash depogited from a
retreatingFVaIIeyvglacier. The earlier advance of the
retreating glacier, which Was.responsible for the lower
Powerhouse section gravelé, is termed the pre-Bow Valley
advance. The till at the bowerbousé section is'ihterpreted
to represent a majéf glacial advance dbwn the Bow Valley
and is termed'tﬁe Bow Valléy advance. Apparently.‘the -
g]acief Qﬁich deposiied the Bow Valley till then retreated

up-valley to the Powerhouse section aF%a. based on the fact
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that only one till occurs there. At some time following
this reﬁreét'and standstill of the glacier’s snout, *the
.glacier re-advanced down the valley and deposited a thin )

layer of till. Rutter calls this final ice advanee into the " -

Banff-Canmore drea the Canmore advance.

: . | -
D. -FIELD METHODS

Field work was performed'during June to August, 1983
and in June énd August, 1984. A variety of'techniques were

employed to collect the field data. One of the first stebs
. ! . L}

’3 was to~locate pertinent outcrops. Rutter’'s (1965a) study

~g_ives the location of'the Powerhouse and Carrot Creek
sections, other sections were épottedv%;om highway 1.
Airphotos were also used to locate additional outcréps

' Oncglgytcrops were located 1n the field they were
mapped by 1ay1ng a metered gr1d line along e1ther the top

or bottom of the outcrop, thereby establ1sh1ng a horizon ' ‘
scale The exposure’s dimensions were then drawn to scal:aﬁ\\éﬂ]\‘
on square-ruled graph paper. The 0utcrop’s sedimentary
units were identified and drawn on outcrob mﬁps, as were
contacts between‘units and all pertinent features of the
lunits. The compass orientations of the contacts and

features were also recorded.

9 . ,
While examining an outcrop in detail, wridten

’
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descriptions ‘were made of all observations. The outcrop’s

‘ ;hape, orientation, compositibn. and ‘sedimentary structures
were described. Also described weré features such‘és
sedimentrfilledvlenses'within diamicton or diamicton blocks
within a sorted-sediment matrix.

The contacts between sedimentary units were descr ibed

in detail. Noted were thevcontact’s orientation, sharpness,

@

and distinction. The contacts were also excava}ed to see if
any sedimentary structures such as flutes were present on

' the contact’s surface. In addition, pebbles which :
intersected the contacts were examined.for facets or
 ‘striations as their presence may indicate relativé movement
along fhe contéct{ | )

Sediment was sampled for laboratbry analysis. Materials
" sampled included diamicton mafrix, the sediment fill of
lenses or inclusions within-the dianﬁctpn.“aﬁd sediment
from distinct units composed of séﬁaééﬁd gravel; Individual
‘sample volumes were about 0.5 liters. Samples were
collected in;order to determine the sediment’s grain size
distribut%on;and to determine the rounaness and petrology
of certain size fractions. Samples were collected in-
vertical iocréments up an'exposurg and in hofizonatal ’
-increments along an é&posure so that analysis could reveal -
i.f changes in thé?Sediment occurred througﬁbut an outcroé.

Wea(theréd sediment was scraped away from the outcrop pri@f

)

“to sémple collection to ensure'dnly unaltered



sedimentXWas obtained.“Sample locations were marked on, the
outcrop, sketch and 6n the airphofo of the outcrop.

Pebble fabrics were measured on pebble-sized clasts
(Wentwor th scale) w{thin the diamicton units. Fabrics
‘provide information about the genesis of the d%amicton.
- Pebble fabrics.were measured at npmerous.sites along an
exposure to reveal any horizontal changes in the
diamictoﬁ's fabric. At outcrops where the diamictoﬁ is
thick, fabrics were measured in a vertical succession at
numerous locations; fabgjé‘sites were usually located near
the top, middle, and bo£tom of the ;Hit. Two fabric sites
were éelected at thinner exposures at locations about
one-third and two-thirds above the unit’'s base. The fabric
sites’ locations were also marKed'oﬁ autcrop sketch maps

and airphotos.

50

Pebble fabrics were recorded by measuring the trend and

plunge of the long axfs of the first 50 pebbles meeting
selectibn criteria. To meet the criterié a pebble had to
have a ratio ofvlongést-:‘intermediate-: shortest-axis of
2:1:1. The pebble orienatation was measured using a Silva
(brand name.) compass with a built in dip meter. Rose
histograms were plotted and eigenvectors and‘eigenva1ues
webe'calculated for each fabric sfte with a computer

program provided by Dr. H.A.K. Charlesworth of the
Department of Geology, University of Alberta.



51
E. LABORATORY METHODS

Laboratory analysis consisted of analyzimg sediment
‘samples collected in the field as a means to yiéld
additional data. |

Granulometric anmalysis Was performed on diamicton
matrix samples (less than 2 mm fraction) and alsoﬂon sand
and gravel samples. Graih size ahalysis of the diamicton
-matrix was‘undertakeﬁ'to hélp.quantify the diamicton
matrix. Tﬁé resulting graibsizéﬂparameters can aid
interbretation of the diaﬁicton?s genesis. Sﬁzé ana1ysis of
the s;hd and gravel uniFslwas done mainly t6 determing the
samples’ mean grain size for,blassificatioq purposes.

The American Society for Testing Mater{a]sv(ASTM)
(1964) procedures wer; followed in performing,the
diamicton-matrix grainsize analysis (hydrometer method) .
The procedure utilized in this‘study deviated slightly from
ASTM (1964) methodology. The temperature of the control.
cylindeﬁ during each hydrometer readfng was used in
conjunétion wi th ASTMI(1964) temperature correction fgcfoﬁs .
to compensate for the lack of a constant tempérlure water
bath. The sand, silt, and clay percgn%ages of the diamicton
samples are listed in’Appendix A, |

Grain size analysis of the. sahd and gravel samples was
performed by passing the samples through sgahdardjzed wiré'

mesh sieves. A Ro-Tép machine was used to shake each stack -

.
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of sieves for approximately 15 to 20 minutes.
| Calculation of graphic statistics required grain size
phi values at various cumulative percentages. (Folk ahd
Ward‘1957t This data (Appendix B) was read of f of the
cumulative grain size curves The graphic: stattstlca{
parameters calculated were Graphic Mean (Mz), Inclusive
Graphic Standard Deviation (SDII, Inclusive Graphic
Skewness (SKI1), and Kurtosis (KG) (Appendix C). All the
formulae used are from Folk and Ward (1957).

Calculation of the graphic statist?cs required all phi
percent11e values to‘be read directly from the cumulative
curves with the except1ons of some phi values for P5, @85,
and #95. About 20% of 5 and #85, and 75% of the P95 values
»hae to be determined by extrapolation from the cumulative
curve itself. This was necessary because in some cases the
pertion of the curve based on laboratory data did not
extend to the ordinates of P5, #85, and P95.

Roundness values of each sample were used to
eharacteﬁize and aid in establishing genetic
interpretatiqhs of‘the facies the samples represent .-
Roundness of the 1-2 mm carbonate grain size fraction was
determined as follows.’ ) '

Fo{;;iamicton samples the 1-2 mﬁ siz% fraction
remaining after wet sieving the hydromater fraction was

used. For sand and gravel samples the 1-2 mm size fraction

- following dry sie!ing was used. The 1-2 mm fraction of



»
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grains was quartered until about 75 to 100 grains comprised
each quarter. The first fifty carbonate grains encountéred
" were then picked from the pile. These 50 grains were placed
one at a time under a binocular microscope and visually
compared to Krumbe{v’s (1941a) roundness chart. The grain's
roundness was recorded and the prpcedure repeated until all
50 grains were ?ssigned'a rounéness value. A roundness
value for the sample is the average roundness of the 50
grains. Smaller roundness values are mofe angular than
larger numbers. The roundness value of each sample s
listed in Appendix D. )

Petrofogy‘was used to characterize and help correlate
units. Petrology of the very coarse sand fract{on was,
determined by staining a‘gamble’s 1 to 2 mm grain size
fraction with an Alarazine-red carbonate stain. The stained-
and dried fraction wés quartered. Every grain’s petrology |
within the quarter was identified under a binocular
, miCroscope; this usually cohsisféd of 150 to 200 gréing.
Identification wgé aided because carbonate grainsvacquired
a red stain. Vé;vpetro}ogical qompositioq of each sample is
listed in Appendix E.

"
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e I11. GLACIER FLOW-LINES AND FLOW CELLS
This chapter introduces the concept of glaclq‘
flow-lines and flow-cells. This concept is discussed here
because flow-lines and flow-cells are referred to many
times throughout the remainder of the thesis.

¥

-

A. INTRODUCTION AND DEFINITION

An explanation of the concept of glacier flow-lines is
presented at this point so that the reader will be familiar
with the concept when it is referred to in the following
sections A glaCIer flow- l1ne is def1ned here as the path
delineated or traced by a point in gla01er transport. In
this thesis flow-lines will be considered er1mar:l§ in mag}r et
view.7Map views are two-dimensional projections of "the N W
glacier's flow in, the horizontal*plane. : k' | ‘fiﬂf x

Glacier flow-lines are useful in two ways. First,, theynfﬁrl

T
PRRPIP 0T N

provide a reference-line or ~trend for measured d1am1cton

fabric dslentations ‘A reference line 1s needed to
determine if a fabric trend is related to either the formerhﬁg
ice flow trend, a relat1on expected 1n t1lls or if the‘
fabric trend.1s totally unrelated to ice flow directions as
is expected in debris flow fabrics Secondly, glac1er flow»;
lines establish the glacier flow-cell boundarles in a

valley glac1er Flow-cells (reconstructed) are defined heré'
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-as regions of equal flow behavior. These reconstructed

flqw¥cells are delineated by reconstructed fWw-1ines which

have the same trends, but not the eame locations., as ‘the

:reconstruqted flow-1ines shown i Figure 4. This is an

idealistic, simplified definition of flow within a glacier
undergoing extending flow.
. ‘ , -
The following section describes how the flow 1ines —yeed
flow cells were recontructed.

o "

B. GLACIER FLOW-LINE AND FLOW-CELL RECdNSTRUCTION
: N
. The direction of extending flow in valley glaclers;ls
mainly parallel to the bounding valley walls (Raymond l971;
Robin and Mi11ar 1982). As a result, the flow-lines of
glaciers with extending fldw have smooth pafﬁs down the

Ll S

valley Extend1ng glacial flow is hypotheSIZed #% have

¢

S éxwgﬁed durlng glac1at10n throughout most of the s tudy

anealﬁlﬁi;gas based on the large scale .bedrock- controlled

topography of the valley and the lack of any major

nobstruct1ons downstream of Tunnel mounta1n which could have

prevented extend1ng. valley- trend parallel ice flow.

. Former glacial flow lines are reconstructed as follows
Aycentral‘valley flow-line is drawn by Jo1nigg all'polnts
which bisect valley-normal lines joining<bedrock

topographic contours of equal elevation on opposite sides

R
P
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QW.

Figure§.: Réconstﬁuc-ted vg_'iacie'r flow 41 nes.



of the vélley (Figure 4)
reconstructed by subdividing these valley- norma1 11nes into

d1fferent‘proport1ons and joining the equal po1nts a

the valley s length

R ;1.[‘.' '
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1v. FACIES DESCRIPTIONS, INTERPRETATIONS, AND PYSCUSSIONS

' ‘ R A
] 7 A

Observations and descriptions. of the sedimentaﬁy '
depdsitsﬂin the Banff?Caanre_area are.cresented in a
faCfes-type'format. Facies is’tthe\aSpectffa%cea;ance.nandv'
characteristics" (Bates and Jackson 1980, p. 220) of the
sedlmentary un1ts field charact istics alone (Middieton
1978, p. 323). Fac1es are utilized 1n this thesis to- 1mpart
simﬁlicity to the great variety of depos1ts observed and to
also aid fpmulating genetic interpretations of these
deposits. | 4

 Each individuat facies consistsiof sediment that hasl
the sane general chabacteristics; This results in-outcrops
which ccnSist‘of only a few faCies.‘Facies in.this study
are therefore large-scale'featuresb .

Facies boundar1es are ma1hly def1ned by drast1cd'

wproperty changes across hor1zonta1 unconform1t1es Some

lateral fac1es changes also have been recogn1sed These are

more subt]e and are usually based onh changes 1r1@%%d 1ens -

' abundance or.gravel-layer abundance

~’!.;

*Seven maJor facies are recognised in the study area InQ

i

th1s chapter each facies is descr1bed 1nterpreted and
discussed. In chapter V the seven facxes w1ll be consxdered

!

together. L L

|
| | | . -



A. FACIES 1

R

FACIES 1 DESCRIPTION

- The outcrops where facies 1 is exposed are'111UStrated
~in Figures 5a and 5b. (Appendix f lists the'[ocations of

the various facies in the study area.)

ﬁacies 1 consists mainly of diamicton (defined on pagell

o
) whkég is at least 10 meters thjcK. The diamicton. is
matrtx supported w1th many irregularily- shaped vofdsT \Vf

throughout the matrix ‘averaging 1-2 nm3 in volume

The distribution: of the less than 10-20 Zm d1ameter,
cobbles 1§rxmngenous throughout the diamicton. Clasts w1th
1arger d1ameters are more abundant in the southeast portlon
of the fac1es exposure’ The maximum prOJectton planes of ”

vthe larger elongated clasts often d1p up to 45°, Small

(<6 cm diameter) undeformed clasts of very soft brown shale

(/3450 occur. : | ' S

{?;

59
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Description of lenses within diamicton

.~ %  Sediment-filled lenses, all enclosed within the
' - diémicton' have a variable distribution. More lenses are
"a

*"‘. “ . X .
~’j§' ugpresent in the nOrthwegEgﬁatf of the facies exposure. In

R this, ea about one lens 1s present per 3 m?

v, e

‘ A southeast portion of the fac1es outcropp1ng conta1ns one *

Lo

area' The

lens per 100 m2 of area. The contact between the
enclosing‘diamiCton and lenses,is'sharp and distinct.
Most lenses are mainly sand-filled and have
equidimensional or elongated-tabular shapes. Sand-filled
lenses are generally laréer than cley- and silt-filled

.‘lenses.fMany sandrfilledzlenses'céver about 75 cm%;

some
larger fenses have a range of dimensAons of 50 .cm X .100 cm
to 5 cm X 400 cm. Sand;filled lenses are usually |

}'horizontally oriented‘uith some lenses.dipping»up to 30°.
Many of the sand-filled lenses contain medium sand and have  °
matr}x supported{pebbles qurédically throughout.‘ﬁebble;\
;diameters range from 0. 5°cm to 5 cm. A minority of

sand- f111ed lens conta1n 1am1nat10ns of rippled claﬂr these
same lenses also have 1 to 4 cm dxameter pebb]es randomly

. throughout 3 oo | _ \

Lenses $1lled w1th clay and s1lt are less abundant. v

These lenses have a var1ety of two- d1mens1onal outcrop
shapes, but most are. rounq;or elongated tabular 'The ‘ .

s dv%So on averaqe -

,major1ty of the elongated lense
(range 0°- 50°) Dtmenstons of,{he dlay- andvf




/
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silt- fllled lenses’ tw&»)dimensional expos‘s vary from
about 1 Sem X 1, 5 cm to 20 cm X 100 cm (height X length).
These lenses have compos1tnons varying from massive clay,
to clay with silt laminations, to silty clay with |

' gfanule-sizeo clasts randomly spaced throughout SOme

lenses have 1-3 mm,thnck rippled sand laminae set in a
‘ e \ .

silty clay matrix. SE : ;m

O A few larger lenses have d1mens1oHE up to 4 m X 3 m.
Gra1p size within the 1arger lenses varies from clay to
gravel. The largest lens (4 X 3 m) has a bed of open-work
gravel near its base. The upper half 1s composed of, (i)
massive sand with métr1x supported pebbles (average pebble
diameter is 4 cm) in onetarea and, (ii) bedded sand and
fine‘gravet in another»area; Within the upper part of this
same lens rectanoular~shaped blocks composed oftsiltg‘clay
are randomly throughout the bedded sand These chunks have

fa1nt parallel laminations and nearly right-angled

E corqprs- Bedding in the lens is defined by slight grain

size changes in regions composed of sand and grayéﬁ.
Ovérall.'bedding in the two largest lens?S‘dips'at about

25° away from the valley center.,
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FACIES 1 INTERPRETATION

‘Ipis section explains how facies 1 formed. The general
interpretation of facies 1 is the same as the general
interpretation for facie§ 2, 3, and 4.

The folléwing general interpretation of, facies 1
contains three parts. Firstly it will be demonstrated that
the sediment composing'facies 1 originated from glacial
debris;: secondly, that the glacia) debris was depo;iteda

directlygfrom ice without undergoing resedimentation; and

" thirdly, that the deposition occurred basally (below ice}.

These three steps lead to the general interpretation that

facies: 1 is.basal't44].

PART 1: INTERPRETATION THAT FACIES 1 ORIGINATéb FROM )
GLACIAL DEBRIS - | | |

Four characteristics of the sediments composing facies
1 lead to the intebpretat{on that the sediment was
transported as glacial debris into the study area by -
glaciers flowing down the Bow River valley. The four

characteristics are: (i) Facies 1 is cOmposed dominantly of

~diamicton (Figure 6). This suggests glacial derivation

since Mills (1977) found that modern glaciers upvalley of
the Banff region also transport and‘dgpdsit diamicton. (ii)

Carbonate clasts within the diamicton are usUally'striated%

s
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Facies 1,2.3,and4 ~
109 diamicton samples

cumulative percent

T T
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" grainsize, phi © -
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Figure 6, Facies 1, 2, 3, and 4 diamicton matrix (less than
2 mm) cumulative curves. Shaded area represents 109 curves.



in a consistent direction Striated diamicton clasts are a
direct product of g*acnal transport (Boulton 1978 -Kruger
1979). (iii) The 1-2 mm grains in the diamictons are more

angular than other sediments in the study area, for example

66

the sorted sedlments of facies 6 (ngure 7). Angular grains

in a diamicton are usually a direct result of abrasion and
crUShingvdufing glaéial transport (Drake 1972). (iv)
‘Quartzite grains are present in the diamicton (Figuné 8)
even though quartzitic bedrock is not present in the study
aré;; quartztte does outcrop 22 km upvalley of the study
-areat(?igure 3). Glacial ice is intebpreted to have.
incorporated the dUértzite grains upvélley of the study
area:a@d tHen transported the‘quartzite into thé‘study

area.

L)

L3

o PART 2: INTERPRETATION THAT FACIES 1 WAS DEPOSITED DIRECTLY

FROM GLACIAL ICE WITHOUT RESEDIMENTATION

Four character1st1cs lead to the 1nterpretat10n that
fac1es’1 was dep051ted d1rectly from glacial ice w1thout
subsequent resedimentation, thus forming t1l}. The four
characteristics are: (i) The diamicton pebblé fabric
orientations are generally al1gned parallel, and less often
perpend1cular. to the reconstructed glacier ice flow- 11nes
in the Bow Valley (Figure 9; Figure 10 shows facies 2, 3,
and 4). This alignment implies the clasts were directly

deposited from ice and not deposited by resedimentation

3
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Figure 7. Roundness of the 1-2 mm carbonate grains_ in the
diamicton matrix of facies 1, 2, 3, and 4 versus facies 6. -
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Facies 1,2,3,and 4
(dlamicton sampies)
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Figure 8. Ternary plot of facies 1, 2, 3, and 4 (diamicton
sadees) A=carbonates, cherty limestone B= quartz1te.
C=chert, sandstohe siltstone. shale.fand coal.
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~ Facies 1 and tabrics

. Figurev'g. D.iami‘c’(ton.pebble fabrics of facies 4 relative tp
‘reconstructed glacier flow lines. -t oA



'g Hblative to gﬁbonstructed ggac1er f1ow

.

Figure 10. Dﬁamlcton pebble fabr1c$ of'fac1e£ 2, 3, and 4
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processes sugﬁias debris flows (LaWson 198f8). (ii) Facies

1 has 'a tabular geometry (F1gures 5a and 5b), th1s 15

ébns1stent with ‘the geometry of glac1ally depos1ted

"d1am1ctons (Lawson 1978). Alluvial fans constructed of

. diamicton debr1s flows would have con1ca1 geometr1es (Bull

1972) related to side- val]ey streams Debrws flows from
side vatleys woulg also have a petrolog1cal comp051tton of

ent1rely carbonate clasts (the 1oca1 l1thology in the study

7

e

area) w1thout the observed upvalley der1ved quartz1te

.clasts betng present (111) The fac;es compr1sed ch1ef1y of

.

: /;)s released from ‘the glac1er w1thout under901ng

diamictons are not 1nterbedded w1th sand and-. gravpl beds

whloh 1nd1catesuthat no ma jor resed1mentat1on occurred

after the glac1al debr1s was released from’ ice (Hartshorn
58 Boulton 1968) Ln add1t1on. the 1nternally stratlf\ed

©

sand and gravel ’enses w1th1n the d1am1cton would not have
J
survtved debr1s flow transport {iv) F1na)4y the\generally

masswe nature of the M1am1c£gmfupp®tgﬁ'7kct depos1t1&n
from ice. Resed1mentat1on would result\:h grad1ng (F1sher :
1971{ Nardin et al. 1979) sort1ng pftthe flows (P1erson
1980) or th@odevelopment of gravel 1ag hor1zons (Lowe
1979 Pierson 198%) Such features are not observed

The abovg';aragraphs.haJe shown that after the sed1ment
was transported 1ﬁto'&he study area as glac1al gebrts it

L)

J‘
resedlmentatlon ThIS transport and depos1t1onal process -

forms till.”

s

-
45 .

v v
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'PART 3: 1 TERPRETATION THAT FACIES 1 WAS DEPOSITED BELOW |
GLACIAL‘“IE “ o L

v,,

,1 Fac1es 1 is interprefedmtqéhave been' deposited below

glac1er hﬁf ‘because the ground surface is smooth ahove the

»
facies outcropp1ngs Smooth topography overtdp of glac1a11y

- "derived diamicton sugdkéts debris depos1t1on was below

. f
glac1a1 ice. If the glac1al debr1s~was released

- ‘supraglaC1atly hummqcky topography would form. as was

obServed by Boulton (1967) - - ‘v C e

N »

Several properties of the diamicton matr1x in additidn» .

' »
to the geomorph1c ev1dence, also suggest ttll formatlon

ocCurred below glacier 1ceq(1n a basal pos1tton) The

d1am1cton matrix is general]y massive and has homd@eneous,\

(i) mean gra1n size (F1gure 11), (11) sort1ng (F1gure 11),

and (iii) roundne_ gure_tZ). Such observed homogane1ty
ES'not preservedlin a supragTacia1 env1ronment where the'
effecf§ o€&§50w1ng water 1ncreases the mean gra1n ‘size |
(Bharp 1949

'(Boultoﬁ and Eyles 1979), and where frost shattér1ng

Boulton and Ey]es 1979) 1mproves sort1ng

decreases roundness (Sharp 1949; Dre1man1s&1976)

)
N

FAQIES 1 BISCUSSION

v

Y

It w*ll be argugh that fac1es 1, having propert1es of

72

both lodg%hent till and basal til) ,1s éomposed of | ‘-

sedtments formed by a’ copb1nat1on oFJboth lodgement and

i

3

¥

melttout processes Ihe fac1es is 1nterpreted to be basal J;vf7

e
a

14
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'BASAL MELT-QUT - | '

- formation of facies 1. Ry

) i . . : S ‘ % o
melt-out till emplaced as a series of successive basally

deposited (lodged) gIaoiéi-debris layers which melted-out .

beneath a moving valley glacier.

a..EVIDENCE“WHICH CONTRADICTS 'LODGEMENT TILL,  AND SUPPORTS;

The presence, of abundant lenses filled with
unconsol1dated sed1ment 1nd1cate that facies { was not

$ormed exclus1vely by’ ﬂbdgement till fOrmat1on pqlresses

lAccord1ng to Haldorsen and Shaw' (1982, p. 261),

unlwth1f1ed4 ted’and,strat1f1ed sediment”, rw1th1n

i

'd1a@1cton does not occur rn lodbﬁment t1]1 Add1tlona11y.

the presence ‘of nen- smudged, clasts}bf soft brown sha]e
within the d1am1cton e11m1nates formét1on by'lggg‘pEnt
processes In lodgement t111 sof% shale clastsgare-EWther
not preserved intact or \re sheared out (smudged) (Boulton

t -1 1974 Kruger 1979) . If fac1es 1 1s “not lodgemebt

-}till, then basal deposition of melt outtill is the only

ff"'\

basal deposltﬁohal pPOCGSS»Pemalhi\S to- expla1n fHe 7

N ) )
R
k) ‘ o 0.
. .

£ N " Q/o‘ - S e
* Some | attr1butes ‘of- fac1es 1 d1rectly support a basal

.melt out or1g1n Fhe 1nternally strat1f1ed lenses filled

‘_with unconsol1dated sed1ment are 1nterpreted as preserved

b

 -eng1ac1a1 stream channéls indicative. of basal meTf ou{.

B deposit on (Haldorsentand Shad§1982) The numerous  small

3



C-
]
-

- which preelude basal h\it ou? from a stat1onary glac1 , .
Firstly, the' facies is ‘

'~1s too gre.at to have formed from the [

. . | 75
voids in .the d1am1cton also erly formed dur‘ing bas&l

melt-out when 1nterst1tial ice melted within the ice-rich

basal debms (Lawson 1979) and the debrls d1d not then

: completely 1nf1_1 } -the cav*ty crea‘ted by the me]ted ice.

.1b. EVIDENCE WHICH CONTRADICTS A B§SA* MELT -0uT TILL

DRIGIN AND- SUPPORTS A LODGEMENT TIU‘L ORIGIN ' : ' e

In addition to the charactemsths listed: above

1

supporting basal melt-out, .facies 1 has two character‘

W
4

t 1east. 10' m A

debris rich ice; basal debms layer‘j ters are w

> x f . '
usutally lg*than 1 meter th1ck (Boul oﬁ “ 1‘97’2b) The \/g
thickness fac§1es 1 suggests the t1l] was deposited by

lodgement processes Sécondly, the petrology of %rhcal

q;column of. samples does not show an upsechon ~1q#§o m A ,'

quartz1te,. &more dlstantly derwed 11thology (F?ﬁbre 13) R

‘4Basal melt- out tﬂl common 1y shows such aﬁupsechon

mcrease (Hyvarmen et al: 1973; Ha%&brsen 1977) |
The ev1denb$’mrnd“|@tes that fames 1 “has: properhes e

. which both sngpport and reject formatwn by basal melt out

processes ’ S X ' , R
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2. COMEQHENSIVE DISCUSSION . '

-

- The thtckness hon\ogenequs pet:'rology of facies 1 are

W

. mterpreted to result from successwe layers of basal

~ debris-laden ice becommg sheared off the base of an ad‘ﬁVe .

o -

gﬂmer and then becommg stranded below the overridmg

o ﬁamer (F1gure Mb) Such a strandwng mecl\amsm has been“

- suggested by M_t (1983a) The layers of stranded

.' ,{0‘ "o‘ % v p

of basal meltr@?t”“ tﬁ"grx }'é“e thickness of facies 1 mcreases
e uas%a?}ers of shéared off basal debr1s bu1ld up. bene’ath the m
glac1er During. the bu11d up of layers the” petrology ey
remains vertically homqgeneous by - contmu‘ly bemg a @
petro]og1cal suset of the lowermost debris in the glacier.

A bedrock progectton exte*ing into the path of the

jhave acted as an obstacle to ice ‘

g]ac1er 1s hypothes1zed,'
. flow ( Pl_ate 1). The bedrock progectton is thought to have.
| caused basa! shearing to 'oc:Cr‘.above the glacier’s base,

shawn d1agramat1cally in Figure 14b Th1s results m the
* ‘n of “the gbamer sh1ft1ng upwards to plane 2 (thure

.

1;1b) When basa shearing. occurred .at this higher leveT,
w the ice and debr1s stranded below the ew shear pTane W ld
melt ‘out, thus,.prpducmg basal me 1t -oyt t1H - \
: "Geothermal heat Qd fr1ct1onal heat of shearmg l1kely

£

supphed the energy requ1red for basal meltmg This

©

' meltmg 1ogers the plane of. shear i.e. the glac‘le’r‘s base,
as shown in F1QUre l4c. Contmx'wering.of the attive

. N . . . . - . N
¢ } & .. - r'a
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, Plate 1. Airphoto ofjf
Dashed line = Facies

bedwnock protuberante i1

glacier movement. was d
toward the bedrock pro

eyt
/ 8

ies‘,} and. the bedrock protsuberance
1 KRireside outcrop) , splid line =
o the Tormer glacier's path

valley from the Fireside outcrop
berance. Energy. ‘Mines and ‘
Resources photo # A2567 -51, —
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shear plane leads to increasing.amounts of energy becoming. .

expended ascending the bedrock projection. Once too much
- energy is required by the lower shear zoneld‘new plane of
shear develops at.a higher elevatlon_above the lower shear
zone"(Fiéuré“fAdl.,WMen a new plane develops at a higher'
. elevation the lower shear zone is abandoned and basal

melting of all ice below the new active shear (thy new base

of the 91301er) proceeds

below the active sh@ar plane. Melttng produces water which

‘\.

eventually forms the numerous clay. s1lt, sand and gravel
lenses. These lenses are products of sedimentatlon in

tunnels developed wlth1n ice-rich areas‘bf the stranded
. B

basal debris tHaldon§en and Shaw 1982) *' The 1ce-r1ch nature

LRV

of the basal debris is also manifest in the’numerousrsmall

S} voids within the diamicton matrix.

',qﬁgn¥\°f-tbe sand lenseshare incllned or have disturbed
internal bedding. The attitudes of these featurﬂs\are i -
- - "1nterpgkted to bé\\he result of d1fferential meltlng of the |

debrls rlch basal ice once it was stranded beneath mov1ng

l;t'; ice.\Dj ffereni1al‘melt1ng is 1mplied'because many sand and .
L clay lenses are still horizoﬁta . ‘ . s

The maximum orientations of\the dlamlcton\pebble ' l'
) fabflcs'(Append1x GY reflect an ungaCIer plunge This L

. Plunge is int@preted to-be the preserved englacial pebble
‘fabric of the basal debnas. The plunglng clasts reflect the

v : S ‘
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upglacier pIUnge of flow 1ines that ascend the bedrock- *

obstruction situqted just down-glacier of facies 1. )
f outcropping ' ‘

Traces of the shear planes which were active during
formation ﬁf facies 1 ane not preserved. Shearing was
likelx s1tuated along hor1zons of least reSsstance wh1ch
mos t probably would have been ice- r1ch layers Evidence for
this -is not preserved Pebble fabriss and sedlment'TTT’///

. lenses may have bgen in?luenced by differential movément

along a shear plane. : . .

. Differential moyemept may have resulted in localised
cohbressﬁdh~Caused’bxsnoh—perfect slip along the shear™
p1aﬁe fPossible evidedPe is the one fabric with & mean

orientatvon transverse to t!lpice flow’ d1rect1on and the
- @

two obl1que fah§1cs (Figure 9) Compress1on of ice can

-l

align pebble” fdbr1cs norma1 Ro the d?rect1on of f low

H‘ r(,c 3

bl. ,q (Boul'ton 1971) Compressuonrmay also have 1nf1uenced .
sediment filled lenses s1tuated below a shear plane. Jhese
lenses may have been folded as the moving glac1er,de?ormed
the underlying’sediment A rolled and/or folded silt fiMed

lens (P1ate 2) which probably had a surface in contact wwth

. ta\qﬂgi{ plane shOWs evidence of such de?ormat1on

.

Iﬂ has been shown that even though the 1rnﬁ1al genet1c
r | 7arlsing from the chargcténtstics of fac1es e

B RSN N' ‘S"‘ ‘
'tory. an understanchng of ;,how “the. facies '
e - »‘9? Y
RER -3 ssibﬁe when the processes ‘of lodgement and

¥ v . \ ' PR :
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> occupies the middle one third of the plate, diamicton (ared
. ‘withoyt numerous fractures) occupies the upper and ,logor Lo
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‘formed by both processes lodged me\t,out t1ll.

basal me1t out are comb1ned into an 1nterpretat1on where

“both’ processes operated Dre1man1s (1983) calls sediment -

’

R IS
B. FACIES2 ¢ -
\ ' }
FACIES 2 DESCRIPTION

DIAMICTON DESCRIPTION

The d1am1cton is matr1x supported and ‘has an average

'clast d1ameter of 2- 3 cm; the largest clasts vary from 20

to 40 cm. 5- 10% of the dlam1cton s vert1cal surface area is

composed of clasts larger than 1 cm. d1ameter Large

71solated clasts are homogeneous\y dwstr1buted throughout

'Fac1es.2 is about 24 m thick, and is laterally cont1nuous.

‘in7two*ﬂocalities (FigurestSa and 1%6) for 20'm_and about

150 m respectively. Twd typeS\of inc]usions‘occur'within
AN o )

‘the diamicton; (i) thin gravel layers, and (ii) smaij_sand

lenses. Facies 2»overlies a gravel unit (facies 6). Contact

between these two facies is distinct, sharp and hor1zontal

\‘ pebbles along the contact are not strlated or faceted

af

84
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- DeSCPIptlonS of 1nc1us1ons features within the diamtcton : !

Numerous elongated gravel layers are w1th1n the

‘diamlcton-(Plate 3) .They are tens of meters long. 2- 10 cm
thick,. and have an average th1ckness of 5 ‘cm. They d\p to

- the east d1ps vg?y from, 0O to 100 The layers appear

~as pebblevrlch zones w1th llttle f1ne gralned materwal or

"?Nm_

down-,va”ey 'directij. 1ncreas1ng to a max1mum of about

'100,_The Jayers occu

matrix surround1ng the clasts inside a zone Clasts inside ..

~

a layer vary in dlameter from 0. 5 to 2 cm. All the layers

\

‘radyate unidirectionally from the uppermost‘reg1on of the .

facies. In.the'upperrregions of the‘facies'and aISO;ﬁn an

'up-valley locatton.at the Powerhou5e‘seotion‘the‘layers are;

flat lying..The dip and spacing between 1ayersfinEreasesiin

in only the: upper port1ons of the
facies where the layers start to radlate. Down-valley where

haximum dip occurs. the layers are present throughout the .

entire facies thickness. Vert1ca1 spacing between layers

~near the top of the fac1es is a few centlmeters

'Layer spac1ng is 10 to 30 cm in ‘the region where layers

| occupy the entire fac1es th1ckness

Sand- fvlled 1enses are also present They covertless

than 1% of the fac1es ver11cal surface area. The lenses are

| - horlzontal and at least 4 times longer than thick.

Dimensions vary from 0.1-30 cm thick by 30-300 cm in

"length, Cohtacts,between'the lenses and diamicton are -

. ~.

shatp; lenses pinch out. The sand within the lenses is



Plate 3. Elongated dipping graVeltfayers.in faciés 2 at the
Powerhouse P2 subsection. Facies 2 is above the dashed

\ine, facies 6 is below. Gravel ldyers extend the length of

the photo and dip downwards from the upper right to the
lower left Of the,outcrop, qunvalley is leftwards.. >

3
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f welt- to poorly sorted. and may contain matrix supported

pebbles generally varying from 3 to 30 mm in diameter

-

FACIES 2 INTERPRETAFION

1. BASAL TILL INTERPRETATION
The sediment of facies 2 is . 1nterpreted 'to .have beenlw
transported by a valley glacier and then dtrectly deposited
from the base of the glac1er w1thout any resed1mentat10n
-OCCUPPIHQ after depos1t1on Thus facies* 2 1s basal t1ll
The ev1dence supportlng th1s 1nterpregatlon is the same as‘
was g1ven for fa01es 1 (page 64) Additional 1nformat1on
: supporting a’ basal till 1ntenpretation is the drumljnized
‘topography above the facies (Plate 4). These'drﬁmtins |
indfcate‘the under lying deposits most likely formed beneath

. a glacier (Muller 1974; Boulton 1976a: Menzies 1979). The

e of basal ti1l which makes up facies 2 is disbussed in

‘next section.
2. LODGEMENT TILL INTERPRETATION .

Facies 2 is composed of one of the two varieties of
basal till, either basal melt-out tillior lodgement till.
Basal melt out t1l] is eliminated for the. follow1ng

| '-»reasons (1) Facies 2 is too thlck (24 m) to have been
B R I L



Plate 4. Stereographic airphotos 6f drumlinoid topography
in.the Powerhouse outcrops’. vicinity. Drumlins trend from
- thea lower left to upper right of photo. Dashed line is the

location of the Powerhouse outcrops. Scale bar represents
1 km, Albertg;quernment~photOS‘# AS167 5103 163, 164.

{



- deposited by the process of basat-melt-out because melt-out
| ti11 is usually only a few meters.thickv(Boulton'1976b:»
Lawson 1979) The possibility exists that facfes 2'15
composed of a number of separate tills which collectively
add up to 24 meters of till This is unlikely because only

.. one depos1tional un1t is" observed There are no

unconformable 1nternal contacts and the facves possesses
homogeneous gra1n51ze (F1gures 17a and 17b), petrology
(Figure 18), and roundness (Figure 18). (11) The petrology\.e

along a vertical column (Figure 18) is homogeneous, a

property which basal melt -out tills do nof‘ﬁave Basal - .

melt-out till shows an up- section 1ncrease in more ‘ *
d1stantly derived 11tholog1es_(Hyvar1nen et al. 1973
Haldorsen 1977).° (iii) Although not totally diagnostic,
facies 2 has too few lenses filled with sorted»segiment'to
be basa] melt-out till; basal melt-out till usually has.an
abundance of such lenses (Lawson 1979; Boulton and~Deynoux
1981). (iv) Again, not totally diaanositic. plano-convex
lenses (Shaw 1982) are not present along the basal contact
of facies 2. Plano-convex lenses are usually present along
the lower contact of basal melt-eut ti+i (Shaw 1982). -
Therefore basal melt-out till is eliminated as the type of
til composing facies 2. Since lodgement tiTl is th‘e"on‘lyv‘.
other poss1b1]1ty it follows, by e]$m1nat1o}\\that facies 2
1s likely composed of lodgement till.
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Figure 18. Petrology of 1-2 mm diameter grains along a
vertical column through facies 2. A=carbonates, cherty
limestone; B=quartzite; C=chert, sandstone, siltstone,
shale, and coal. T ,
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Figure‘19.”Roundness of "1-2 mm diameter carbonate grains
along a vertical column through facies 2.
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3‘The fo!]owing characterisﬁics direcfly support a
lodgameni till interpretatioh. (1) fhe gravel-rich layers~~
(Plate 3) are interpreted to be horizons of lodged clasts,
2 common property of lodgement tills (Boulton 1976b; Kruger
1979) These layers could be interpreted as englacial
debris stratification preservid by basal melt-out. This is
unlikely because englacial debris stratification is usually
horizontal (Boulton and Eyles 1979) or dips.up-glacier
tBoulton 1968). In this case the gravel horizons radiate
from one horizon and dip dowo:glacier.lThie orientation\is
interpreted to result from down;glaCier accretfon of basel
debris, a process to be discussed later. |
(11) .The gravel‘layers are contained‘by a thickness of

24 m of till, this is within the observed thickynees range
of lodgement tills (Boulton 1976b). '

‘ (ii1) The petrological composition of a series of
| samples collected along a vertical column shows homogeoiety
| (Figure 18). This is expected in a lodgement tj11 and is

interpreted to be tﬁe result of the plastering process
during oasal debﬁie deooeftion not preserving petro1ogical
. stratification fﬁﬁﬁ w1th1n the-glacial ice but 1nstead ¥
smearing it out and’therefore homogeniZIng it.
| (iv) “The shearing process of lodgement deposition witl
commgnly result in soft cTasts becoﬁing sheared-out or
smudged (Boulton et al. 1974; Kruger }979). Distorted

clasts are not not seen in facies 2. The brown colored
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shale clasts, observed intact in figies 1, are also not -
observed. The lack of soft clasts suggests that during
lodgement t711 formation all soft clasts were totally .

destroyed. Another possibility is t%at no (or very few)

“Boft clasts were transported into the region. : =

¢ Otheg characteristics-of facies 2 which are indicative

‘voidless natbﬁe’bf

refence of only a few lens + Y

‘of lodgement till are, (v) the dense
the diamicton matrix, (vi) .
?il]ed with sorted sediment, and\Mvii) a lower contact

which is planar without any convex lenses.

Therefore facies 2 is interfireted to be !odgg%}nf“ﬁ(ll.

FACﬂE§'2 DISCUSSION =~ ) ’

t . - o - )
Hallet (1981) suggests the debris .content of the basal

rglac{al icevpartiafiy controls the sliding velocity of the .

glacier and this velocity in turn partially controls the °.
lodgement process He suggests glacial debris fragments of

all sizes are. lodged when the sliding velocity of the

glacier equals the rate at which basal-ice melts due to
geothermaF heating. In facies 2 the diamicton layers

located between the gravei-ricﬁ horizdnstAre interpreted to
have formed by this process (Figure 20a) that is, when the ,<i::
sliding velocity of the gjacier equaled the rate of basal

ice melting. ’ o

o

Since glacier sliding velocity varies continually (Kamb
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and LaChapelle 1964) the process of lodgement which Hallet
(1981) presents becomes 1noperat1ve when' the sliding
“velocity of the glacwer exceeds the rate at which all gra1n
Ssize- ranges of .debris can become d1slodged from &he ice. 1t
is hypothes1zed by this author that when this happens ' E ‘lfv
— (glacwer velobjty\ﬁncreases) on]y gravel- s1zed clasts are
1odged agawnst the substrate and that the finer- gra1ned
debris is hetd in the glacier and is carried past,the Site
of'lodgementitthure 20b); this is’simi]ar to a lodgement. .
process presented by Mu]]er (198§b).’This is how the gravel
“layers formed o L |
The alternatton ofigraveIJrich and gravel-poor horizons o
is'interpreted\to be a product‘of'jerky_glacierhmotion.'a.
' type of mOtionifrequent]y observed on modern glaciers
| (Enge1hardt et'ai 1978) " The‘velocity osciljations may- be

»

caused by~ 1nterstrat1f1cat1on w1th1n the glacter of basal

debrls that has d1ffer1ng debris to ice rat1os as opserved /
by Lawson (1979). Cont1nual ]odgement of alternat1ng _
gravel-rich horizoni and more normal d1am1cton gradually‘
built up the thwck sequence of diamicton which compr1ses
facies 2. | 53;; e | ‘.q .
| 'The lacktofhobservable shear-plane traces, which are

usually present in lodgement tl]]S (Dre1man1s 1976) is

'h; 1nterpreted to indicate that the glac1al debris lodged

w1thout shear continually occurrlng in the zones of more

massive d1am1cton, shear occurred only at the depositional .
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interface between the glacier’s base and the substrate.
This ihterface'w0uld'have been located a]ongteach‘j‘
gravel- rich plane during thecprocess of lodging each-‘
hor1zon of gravel clasts. Clast orientation, as-displayed
in tild fabrtc.d1agrams.‘adds 1nformatlon about the
lodgemeht process. Three of the five’ pebble'fabrtcs are | f

'ortented obltquely to the former ice flow- ltnes (F1gure

99

21). The oblique fabr1cs are interpreted to be a product: oﬁg,‘%l'

N B 5?,,v;

clast realtgnment which ocurred durtng lodgement of an

eng]actal debr1s clast fabr1c that was or1g1na11y paralte

to the former ice- flow dtrectton Johansson - (1955) tht’

particles become oriented normal to the ice- flow dtrect10n ———ﬁ“:

'when the glaC1ally transported particles make contact w1th
-the_subs}r;te This is what ltkely also happened in fac1es
2. Not all the fabric'sites are reoriented. The parallel
fabricslof’facieSVZ are interpreted to be oreserved;‘
non-reoriented englacial fabcics. They were preserved
during ]oogement oecaUse the-debeés depositioh rates were.
1htgh enough to isolate theclgﬁtg Fhom theoover}ying;
}moving gtacier#béfore realignment of the clasts could take

place.

NS
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C. FACIES 3

FACIES 3 DESCRIPTION,
‘DIAMICTON DESCRIPTIDN
‘ " The d1am1cton has two d\fferent th1cknesses depend1ng

on the 1ocat1on of the fac1es w1th1n the study area. The

thicker portion of fac1es 3 is. 26 28 meters th1ck (F1gures l’”

\

15, 16, 22,_and 23) the thinner port1on of faC1es 3 is 4: 8f§*¢;='

meters thick (Figures 24 ™25, 26, and 21[\\ : T
The d1am1cton is matrix supported The matr1x is .

massive and dense. The only structures w1th1n the dmam1cton

}10.1 ‘

- are here lenses filled with either sand, gravellwor cl;§?>\'

R

Average'clast diameter of the‘diamtctdn is 2-é*cm' larger
' clasts have - an a@érage dlameter of 10 15 cm and a-‘max imum
' clast dlameter of about® 40 cm Approx1mately 5- 10% of the
facies vert1cal surface exposure is comprised of clasts
greater than 1 cm in diameter. - | |

Fac1es 3 overl1es a gravel and sand unit (facies 6) and

is also overla1n in some laces by facies 6. The upper

~.

~

)

congqct of facnes 3 is horizontal, sharp, and distinct. The

‘lower contact (or lower surface) of facies 3 is sharp,

Cf'-
distinct, nearly planar, and essent1ally hor1zonta1
undulating by 1-2 cm. The lower surface of facies 3 has a
“dimpled appeahance with no flutes, no‘f1Ute casts, nor any

»

N

L]
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other types of directional features. Pebbles straddle this

contact; that is, some pebbles are situated ln bothfthe
overlylng diamletOh and in the underlying gravel. These
pebbles areAnot striated or faceted. |

~ In one locatlon. the lower surface‘llower contact) of
facies 3 dlffers from the preceeding descrlption in. tha&
lllﬁ}he lower surface’ undulates by one meter over a e-3
meter'distance, and (ii) pebbles do not crose nor straddle
the lower contact; instead the lower (basal) eurface.of the_;
‘diamictoh‘conforms to the upper surface of pebbles within

the underlying facies.’

Descrwptlon of lenses - features w1thin the d1amicton

[4

Features within the d1am1cton tonsist of clay laminae,
sand bands, sand- filled lenses, and gravel filled lenses

These 1nclu51ons cover 1€ss than 1% of the vert1cal surface
N & »

‘area of facies 3. N

One horizontal clay layer was observed w1thin facies 3.
The layer occurs about 1 m above the base of the facies. it
yis 3 mm thick and at least 3 m long. This layer makes sharp
Upper and lower contact with the enclosing diamieton and‘
pinches 6::\at one end, tHe other end is talus covered. )
Two isolated sand bands occur above each other about 6
m above the base of facies 3. Botr features are.4-5 cm
thick and each extends for:1.5 m and 3 m, respectively,

before becoming talus covered at both ends. The bands are
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horizontal and have very sharp bases, The upper portion of

the bands makes a gradational transitlon into diamicton

‘over ‘8 vertical distance of 1-2 cm. No sedimentary

structures occur within these bands aside ﬁrom the -/
distribution of pebbles No pebbles occur Jithln 1- 2 cm of
the bands’ loWQr contact; above this. level pebbles witb
5-20 mm diameters arelrandomly distr1buted.

§and- and gravel-filled lenses occur rarely in facies
3. Lens dimensions range from 0.5-l5 cm thick by 0.2-3 m

long. Contact between the lenses and the enclosing

diamicton is sharp and distinct. The"oontacts' shapes~range5
from smeoth contacts to wavy contacts with amplitudes up to
3 cm. The lens fill ranges from sand-sized to 1 cm diameter

'pebbles The fill of the lenses is horizontally laminateQ

1n some lenses and unbedded in other lenses /Most lenses

have a horizontally elongated rectangular outcrop shape.

‘A very small percentage of the lenses have an 1rregular

round shape whlch covers about 200 cm? of vertical
surface area. Two sand:filled lenses have'a L-shape or a
contorted spiral shape. Within these, bedding conforms to

the lenses’ external outline.

_FACIES 3 INTERPRETATION

Facies 3 is interpreted as basal till; in.greater

-

109
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dgtail. as the lodgement variety of basal till, This more
specific interpretation is reached by the process of

elimination and using the direct attributes of facies 2.

1 Aasar TILL INTERPRETATLON B \
. « The sediment of faqies 3 is interpreted to have been,
\transborted by a valley glacier a%p fhen‘directly dépdﬁite&
from the base of a glacier with no'résedimentation
occurring after deposition.hEvidence.to support this
interpretation is the_samé.as'the information presented for
facies 1| (page 64 ). Additional evidence is the drumlinized
topography above facies 3 .(Plate 4). The drumlins indicate ..
the underlying deposits most liké[y formed beneath a |
glaCjer (Muller 1974; Boulton 1976a; Menzies 13973). The
following section (part 2) determines the type of basa;.—
.till‘whiqh makes up facies 3. “ 4 :
2. LODGEMENT TILL INTERPRETATION /

Facies 3 is intérpreted‘tb be m§$tly Wodgeméns tily o
formeébby fhé plastering bf/glaciai dgbris particles anto ;
‘subglacial substrate, similar to the process'descniped by
Boul ton (i972a,\1975) and Shaw'f1" ). Thi;\ihterprétation
is based on the brbqess of elimfna-fén ;nd by diagnoStic

characteristics.
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Facies 3. cons1sts of basal ttll. etther basal melt_out

t1ll or lodgement t111 Basal mett out t1ll 1s el1m1nated
because of the follow1ng reasons. (1) Both the thick member
(26 .28 m. thmck) and the th1n memBen of facwes 3 (4-8 m

thwck) are too th19k to have been depos1ted by basal

melt out because basal melt- out till can only be a few

meters th1ck_(Boulton,1976bt hgwson,1979). (ii) Drumlins

(arefsituated on portions of the upper“surface of facies 3

P

(Plate 4) Drumlins.of this size do not form from‘the,basaT

.a

melt out process (Muller 1974)‘ althoughv20 cm high fluted

<
features can (Lawson 1976) (di1) Theopetrology along a

vert1ca1 column is homogeneous (Flgure 283 which is not a:

property of basal melt- out tills. Basal melt out till shows
/

an up sect1on\1ncrease in more dtstantly dertved

Q v
ltthologtes (Hyvartnen et 1 1973 Haldorsen 1977) tiv)

§
'The general lacK of sorted sed1ment-f1lled 1enses suggest

fac1es 3 is not basat melt out till because that type of
tl]] usually has many ‘lenses (Lawson 1979; Bou\ton and ¥
Deynoux 1981). (v)The lacﬁvof p]ano convex lenses along the
lower contact of the till suggests it is not basal ‘melt- out
till. Such lenses are usually present in basal melt-out
ti11 (Shaw 1982f. . - L | |
ﬁl(mwnatlng basal melt out t111 1mp11es factes 3 is

probably 1odgement till, o : ' e &

111
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The drumlinized uppér surface of facies 3 indicates it

was deposited as lodgement til1l because thds is‘the only
type of till depos1ted beneath an active, non- erod1ng
glac1er (Boulton 1972a; Kruger 1979; Shaw 1983). -~
Add1t10na1 propert1es, character1st1c of lodgement |
till, is fac1es 3 dense,_vo1d1ess nature; the presence of
Qery few sediment filled lenses; and the homogeneous
. _petrolog)’ or ]'ack of distantly’ derwed 11tholog1es (Figure
\28)' The‘sharp. nearﬁy planar lower contact of facies 3
‘:wh1ch in places truncates under1y1ng fluv1al channels also
“1ndacates debr.is- depos1t1on by lodgement processes (Eyves
and Sladen—+981) |

Therefore fac1es 3 is lodgement ti11.
 FACIES 3 DISCUSSION | |

‘Deposition of facies 3 was preceded by glacial action

which removed any preglacial. topographic highs. This

resulted in the facies having a planar base.'As the glacier

. advanced basal ice conditions resulted in deposition of.

lodgement till. -

N

Lodgement processes formed the massive nature of facies
3 by simultaneously lodging glac1al debr1s fragments of all

'51zes from the base of the ice. Hallet (1981) suggests this

v process takes place when the sl1d1ng veloc1ty of the

gla01er equa]s the rate at which basal-ice melts due to

113,
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geothermal heat. Basal ice has been.recgrded to melt at a

rate‘thch‘forms 3.2 centimeters of till per year

{Mickelson 1973).- This thickness is:]jkety equivalent to

per year) of the valley‘glacier which deposited facies 3.°
On]y a minimum .velocity ¢an be expressed because basal
glac1al debris has 1nterst1t1a1 ice which must be accounted
for. t , ‘ gs'

As the glacier moved over the substrate at a minimum'
velocity of 0.5-3.2 cm per year the mechanisms controlllng

lodgement t1ll depos1t1on were relat1ve1y constant as

facies 3 increased in thickness.’ Ev1dence for this is the

massive nature of factes 3 and also the homogeniety of the
grainsize‘(Figures’29a and 29b),‘petro]ogy (?igure_28);'and
roundness (Figure 30) Althouoh lodgement till deposition
was reﬁit1ve1y constant the sediment-filled 1enses
1nd1cate that the lodgement process was occasionally
1nterrupted { v

The relat1vely few sediment- f1lled 1enses are .;E-
interpreted to have formed by the fo]low1ng process. The
lowest, thwn.layer of debr1s-r1ch basal ice would

occasionally lodge against the substrate and thus be -

| sheared-off from the overlying, moving glacier (F1gure 31a

and b). This stranded layer would then melt-out beneath the

act1ve glacier and form a pod of basal melt-out till

114

% the minimum apprOXimate basal sliding velocity (0.5-3.2 &m .

e

(Figure 31c). Sortedised1ment would be concentrated in the B

N~

)
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'Figure 29b. SDI and Mz of diamicton matrix along a vertical
column throuah facies 3. ‘
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‘void, space which formed as layers rich in~interstitial ice

o

melted. The sharp contacts observed between sqme,of the

" lenses and the enclosing djamicton may”be.a result of

shearing during emplacement of basal debris layers.

'Interactlon between a recently formed lens. of sorted

sediment and the overr1d1ng 91301er may deform the lens;
]

this is believed to have happened to at least one lens

(Plate 5). Lodgement would qowt1nue above the sheared- off

layer of basal debris- r1ch ice (Figure 31c).

My .
The diamicton pebble fabr1cs reflect the lodgement

procéss\descr1bed above. Most of the diamicton pebble
fabri%s are-aligned parallel; with some aligned transverse

to the reconstructed former ice flowelines (Figure 32).

Parallel and transverse fabric alignment are observed in’

lodgement tills. The two chaotic fabrics in facies 3 are
1ocated 1mmed1ate1y above facies 6 (F1gures 15a and 15b)
The - lack o#qany preferred fabric- a11gnment in these two
part1cular loca11t1es 1s 1nterpreted to result from the
interaction between the glacier and the preglacial

topography combrieing facies 6. ,;

119
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Plate 5. Deformed sand-filled lens in the diamicton of
facies 3. Lens occupies right-most portion of plate.
(Photgraph at Cascade River C2 section).
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Facies 3 and tabrics

i

Figure 32. Diamicton pebble fabrics of facies 3 relative to
reconstructed glacier flow lines. :
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"D. FACIES 4 ™

. massive, structureless, and dense. The remaining 1%

mw‘: : . .
‘ . 122

e,
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FACIES 4 DESCRIPTION o
LPacies 4 has two different thicknesses The thicker

portion is 30 meters thick and the thinner portion is 3 to

4 meters thick. The outcrops whereathe facies is_ exposed

are illustrated in F1gures 15a .{above the gravel lenses

nedr 1ocat1on 2-10), 16, 33, and 34 to 41

DIAMICTON DESCRIPTIDN

The d1am1cton is matr1x supported, 99% of the matr1x is

~
.,\A

contains 1 mm? void spaces. Voids only occur in one part

\ of facies 4. In this locatieon the voids occur in

closely-spaced clusters which collectively form a zone of
voids. The zones appear as-1 cm? irrégUlsrily shaped
areas or'as 0.5 cm wide by 2 cm long eye*shapéd areas. The
dens1ty of the zones is one zone per 100 cm?. \

Another feature of: the diamicton matrix 1JAaﬁlarea of
hear horizontal, curved Jomnts with striated surfaces:
(Plate 6). These JO1nts were observed in only one part of =
taé facies. ThlS area covers 2 m2 1mmed1ate1y above a

sand lens. : .
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Plate 6. Curved joints with striated surfaces in the
diam:ct?n of facies 4. (Photograph at the Anthracite
section).. .
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The diamicton matrix supports clasts. Average &last '
diameter is'1.5-2.5 cm. The diameter of the largest 'clasts
is about 30 cm; the average diameter of the iarger clasts
is 6-8 cm;‘§-20% of facies 4 vertical surface area ‘is
comprised of clasts more than 1 cm in diameter.

The diamicton also contajﬁs numerous lenses. The
lens-fill widely raﬁgeg.in bota‘grgﬁnsizé and sortfng.
Grainsizes are in the clay- to gravel;size range. Thesé
lenses are the predominant structures anq have a variable
distribution both Vertica}ly and horizoqtally throughout ..

The sorted-sediment lenses’ distnfbution varies 1' .
throughout. The Ihinner portion of facies 4 has abund;nt
lenses near ‘its base. Here, the ratio of lenses to
diamicton is 1:1. Moving upwérds,.the number of lenses
decrease§ markedly. Lens distribution in the thicker
portion of facies 4 is more homogeneous; although lens
abundance dogs decrease slightly from lower to uppef
regions. If the lens-rich area of the thinner member of
facies 4 is excluded, 1-2% of the facies is composed of
sediment-filled lenses. '

Facies 4 forms either the uppermost unit of Ehe
A sédihentary succession or is overlain by gravels (facies
6). Under]yinngécies 4 is either a Well sorted grével
(facies 6) or an interbedded seﬁuenqe of poorly-sorted

gravels and diamictons (facies 5). Both upper and lower

contacts of facies 4 are sharp. The upper contact undulates



-

by't-2 cm. The lower contact has a trace which generally
passes éust be low clas%g centained 1n‘facies 4 and Jjust
above Masts contained in underlying units. In addition,
some clasts bisect the lowér contact. Pebbles sithated
along both the upper and lower éontacts are not faceted or
striated. No directional features were observed on the
under surface of facies 4. - |

The upper contact of facies 4 is horizontal along its

entire length whereas the lower contact is not. Part:of‘the

Jower contact (20% of its length)\dips 10-20° west or
undulates by 1-2 m. |

Horizontal, elongated, tabular edimenf-filled lenses

compr ise abdut 95% of lenses ;observeb ithin facies 4.
They form sharp contacts with the enclosﬁng diamicton and
generally pinch out. Average lens dimension is 23 cm thick
and 240 cm long (range: 0.5-150 cm thick, 20-1000 cm long).

The horizontal, elongated, tabular lenses.form two
broad groups. The first group consists of larger lenses
which often commonly occur closely spaced in cer?‘&ﬁ areas
and vary in size from 10-60 cm thick by 5- 8 m long.

Vertical separation between the larger lenses is 1-3 m;

- horizontal separation 1s 10 m. Thei scond group is
compr ised of smaller Ienses d1str1buted fairly

homogeneous 1y throughout the facies. These average 10 cm

137
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thick by 1.5 m‘long._The lenses of both groups are filled
with either clay, silt, sand, or gravel; qnly rarely do all
grainsizes flll a single lens. Most lenses are filled with
sand and some pebbles. Sand- or gravel-filled lenses
contaln very little clay or silt. |

About half of the lenses have a structureless Fin with" .
i

‘the other lenses having very faint, w1dely spaced, clay and

silt, horizontal laminations within sand fill. Only

rarely is this internal bedding de  or are planar
cross beds or climbing ripples obs: |
About 5% of the lenses in facies 4 do not have the more .
common elongated- tabular shape. These less commen lenses ‘
are categorized 1nto 7 types based upon their shape. Eagh
of the 7 types occurs with about equal frequency. Type 1
inclusions are tabular lenses: whlch are sllghtly contorted
or 1rregular1ly shaped with dimeu51ons w1th1n the ranges
‘previously given. Type 2 inclusions are 1.5 m2 |
irregularly shaped sand pabthes within diamicton. Type 3
inclusions are tabular. sand-filled lenses which
interfinger~@ith diamicton. Type’4 inclusions occur‘as
numerous thin sand-strihgers or sandy wlsps“within the
diamicton; they appear as up to 1 cm thiék by 3 ‘cm long
sand-filled lenses eoverin one half of a fé& 1 m? areas |
of facies 4. A type 5 inc{ision is a mottled zone appearind
as 1nterf1nger1ng sandier, and less sandy horizontal areas
* -of diamicton ?over1ng 3 m2 Type 6 1ncluslons are

[
!
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vertical lenses, 4 cm wide and 3-4 h%gh.ftlledfwith‘f}net39
to eoarse'we1l-56rted,sahd They also cdntainva few
hor1zontal clay beds (0.8-1- cm th1ck) or1ented
perpend1cular1ly to the helght of the lenses Type 7 lenses
are 1oeated near, or. at the base of, the thzck port1on of

fac1es 4. These 1enses are filled with structureless f1ne;.'

‘gravel granules, and coarse sand "The base of'the lenses o

w

are covered by talus but the pro 1m1ty of the lehses to the

;base of-the/iac1es(w1th1q 1 m) ‘makes it very,probab]e'that

" the lenses’ bases are situated albng the Facies'tbwep

~

contaé& Because of th1s the lens base 1s likely also

_hor1zontal. Type 7 lenses are about 1 m th1cknand 2 3 m in

“length. | .“f"v v , ‘ | o ' ‘bﬁ

2 ! ' . . :
. . . oo

@

" FACIES 4 INTERPRETATION RS TER R o

BASAL TILL INTERPRETATION : R ' ‘L ‘n,_‘ @
| o The sed1ment compr1s1ng fac1es 4 is 1nterpreted to- have

been transported‘by a vailley: g]acier and,then d}rectly

'»depesited,frqm the base of akgiacier with no

“resedimentation occurring after deposition. The evidence;s?. gl

sUpporting this interpmetatidn is the same as the

P 1nformatton presentea for fagwes 1 (page64 . Add1t10na]

.{.

ev1dence is the druml1n12ed topography above facies %
(P}ate 4). The drum11ns 1nd1cate the under1y1ng depos1ts
< .v : "*\é’l'u‘-‘ . o~
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. most 11kely formed beneath a glac1erm(Muller 1974 Boulton

”19763. Menzxes 1979) .

DETAILED INTERPRETATION OF FACIES 4 ST
| Facwes 4 has character1st1cs of both basa] melt- out
till and 1odgement t111 it will .be shown that facies 4 did
not form exclus1ve]y from elther a basal melt- out process,:
Ior a lodgement process, but rather formed from a
cOmbinationiof both}processes.“ |
: Reasons.%or QEjecting the procéssﬁof basal melt-out for

; .
facies’ 4 are.»(i) the‘homogeneous pefrology of facies 4.

.hhﬂﬁs 42~and 43(fac1es 4 thin)) suggest the facies is

I ﬁ]J because basal melt-out t111 usually

» 11973; Haldorsen 1977) FaCies»
4 does not show sﬁchﬂan 1ncrggse In the study area the

quartz1te percentage would be expected to increase in

abundance up a sect1on 5f basgl melt-out till. (ii) The

. . ka

ic ‘glon of facxes 4 has™a thlckness of 30 meters;
‘th1s éxceeds the observed th1ckness range of basal melt-out.

't1lls which tend to be only a few meters thick (Bou]ton

1976b; Lawson 1879) . (iii) Thea thinner ‘portion fof facies 4

s Pl
- has a drumlln:zed surface: topography (Plate 4) 1nd1cat1ng ‘\\\\\J“s

L éﬁghe g1a01er was. mov1ng while the facies wa%‘be1ng

i

.

depos1ted A mov1ng glac1er dur1ng till depos1t1on

“.precludes basal melt-out t1ll depos1t1on since in the
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strict sense the basal mélt-out.process'only happens under
’stationary jce. (Shaw 1983) | | ‘k |
If fac1es‘2\1s not basal melt out tI]] it then'follows
the facies is 1odgement twll the other type of basal tvll
iHowever three character1stvcs of facies 4 suggest ‘the
facies is not lodgement till. F1rstly. the fao1es has‘more |
lenses filled w1th strat1f1ed, sorted sediment than is
observed or can possibly form in lodgement t111 (Marcussen
1975+ Kruger 1979). Secondly. p]ano-convex lenses-(?ype 7
lenses) are observed along the. basé‘ar the facies; these
| lenses are. products of subgla01alfstreams which do not form
Ftwhere 1odgement till is form1ng (ﬁhaw 1882) . Th1ro]y, the ~'\
undulatory nature of the lower cofitact of facies 4 (at - \
Carrot Creek‘amtbure 33) is unlike the planar lowe?§ |
‘contacts observed in 1odgement till (Eyles and Sladen | .
‘1981) | |
It,. seems, ‘based on the observat1ons listed above, that

fa01es 4 is ne1ther exclus1vely lodgement till nor basal -
melt out t111 Instead the facies has characteristics
com;on ‘to -both types of t1]1 this teads to the conoﬂusion
that facies 4 was formed in a manner where both lodgement
and melt-out processesvwere operatang. The follow;ng
discussion elaborates on how factesﬁ4~formed Fromoa ’

combination qf both processes. ’ <
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FAGIES 4 DISCUSSION o

Facies 4 is 1nterpreted to have formed'from successive
layers or pods of debris-rich basal ice which were lodged
beneath a sl1d1ng glac1er. After a layer of debrls-rlch»ice
was*lodged‘against the substrate the interstitial ice
melted-out. As the glaciation progressed, layer upon layer
of debr1s r1ch ice was plastered against ‘the substrate
.Cont1nual lodgement of basal debris layers over time
increased the thickness of facves 4 upﬁto 30 meters. This
'depositionat‘process maintained the upsection homogeneous
nature of the d1am1cton s grainsize (F1gure 44), petnelogy
(thure 42), and roundness (Figure 45).

Lenses or layers of debris-rich basal ice probablyv
bbecame plastered dr’lpdged onto the substrate when-the
resistance between the base of the glac1er and the .;‘.
substrate became greater than the resistance offereu above
~ the base of the glac1er by an ice-rich layer. This
‘situatiop could occur when the basalldebris-rich ice made
contact with a debris-rich substrate, and friction’along
this contact (the base of the glacier) (Figure 46a) was
greater than the resistance of an overly1ng layer of
ice- r1ch debrls The plane of mevement at the base of the
glac1er would,then jump upwards‘from the base of the
glaejer to a level of lesser shear resistance {(Figure 46b).
- Once the shear plane jumps upwards a new plane of sliding

forms, the new base of the glacier. This effectively

-

=
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debris-rich ice. (d.) The entire process is repeated.



‘““‘J
o
e ' -
3— - — - = = f
\ V4
Glacial debris
(-] o / *
PP P - 4 ’
[ _J AR . ‘ v “’l.z
r o o |
R - - —_ o~ Tl -
e e
o o ° o
\
1
\ P-) 7
Glacial debris
o — :
’ .
° - .
. o Melt-out till forming
2 -— — —_— -— — —
: ' :".;—a\'.-.';" o“: '
1= - _— - - T —
o e o , ©
©
. R
;

148



149
strands a layer or lens of debris-rich ice below the new,
plane of sliding. This mode of lodgement is similar to éﬁe
envisioned by Muller (1983a) where entire layers of debris,
instead of individual debris pafticles.;are-lodged. |

Once a layer of debris-rich ice was lodged it would
melt-out (Figure 46b) and the ice-rich zones of the layer
would become conduits for meltwater derived from the
over lying wet-based glacier'and'also from melting ice
within the layer of lodged debris. These meltwater conduits
would become fijlled with sorted sediment (Boulfon 1972a)
and become the'sedimeﬁt-filled lenses in facies 4 (Figures
46¢c and d). | |

As mentioned, the sediment-filled lenses are
interpreted to have developed in lodged basal debris-rich
ice and;not in the basal debris being actively transported: .
by theiglacier. The lenses’ geﬁerally tabular shape and
undisturbed internal stratigraphy indicate that no major
deformat1on of the lenses occurred once they were formed
This preservation could only happen 1flthe lenses formed in
stationary ice; in this case developing inside already
lodged debris layers. The lenses which have contorted
ehapes or have no internal strafigraphy‘may have formed
prier.}o being 1odged. The conto;ted shapes and/or lack of
stratigraphy may be a prqduct of active basal transport.

The abundance of non-contorted sand lenses also h

indicates that ice withinithe lodged basal debris layers

[
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did not melt differentially since this would have contorted
the lenses. Most likely, after’a basal debris layer became
lodged the'glecier centinued to slide ever this layer
witheut %ndUcing siénificant deformation within the layer.
Some evidence\bf ldcalised deformation is preserved as
fractures. ) ) |

The curved, sand-lined horizontal fractures with striae
on the fractUre surfaces (Plate 6) likely delineate a
former zone of movement between a lodged basal debris layer
and the overriding glacier. Two vertical sed1ment filled .
lenses offer additional evidénCe of deformation. These
lenses may have opened when the tiil‘comprising the
substrate uhaer a moving glaciér was-fractured or pulled
open and later filled with sed1ment ’

As the glaciation progressed success1ve layers of
basal debris would become 1odged and thenhmelt out. Th1s
action would gradually increase the facies thickness. The
rate of increase is partly a function of the thickness and
density of the basal debris-rich ice. Thickness of the

lodged layers is controlled by the thickness between the

glacier’'s base and the first ice-rich zone. 1f the basal

2]

/
‘debris zone lacked ice-rich layers then the entire basal

‘debris zone would probably lodge; in this case, a massive

. . ‘.-4,;,‘,»“ ‘ y
basal zone would have a thickness up to about one meter

(Boulton 1872b). If the basal-ice is stratified, as

observed by Lawson (1979), .the lowermost layer of basal

- .
N
L
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debris only a few centimeters thick may lodge. Pebble )

fabric orientations retain alrecord of the clast

" orientation in this basal debris. | 0 oy
The diamicton pebble fabrics of facids 4 are likely
englacial fﬁprics retained dur1ng melt-out of the lodged
~basal ice Iayers The Yack of areally 51gnif1cant
deformation suggests the fabrics have not been reoriented.
Evidence of deformation would be the presénce of many
\contorted sand lenses or more numerous shear planes in the
till. Such evidence js not observed.
The preferred orientation of pebble fabrics'inithe

thick portion of facies 4 is both parallel and'neafly SE
. .

perpendicular to recontructed ice-flow 1inés (Figures 475
and b). The thick portions of facies 4 arevlocéted in a
bend of the Bowvalley where compre551ve ice- flow may havea“y
developed in some local1t1es as the glac1er rounded the ;
bend. ‘ferpend1cular fabr1cs represent areas of forme ﬁakr_
compressive ice- flow (Boulton 1971a) All of the pebbleiﬁ
fabrics whose prlnc1ple or1entat1on is parallel to the ic f
flow-lines are interpreted as rephgs$nt1ng aneaskof formet
extending glacial ice flow.
Facies 4, composed of a d1am1cton with numerous lensé§kg}lf‘£§
'ffilled with sorted sediment, hgs been shown to ‘have for_ajﬁ
frod a combination of lodgement‘and basal melt-out>

procesées. The facies was depq51ted from a series of

succe551vely deposited, basal debr1s layers which melt

——— 4
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out beneath a moving‘valiey’glacierA, -
. o . . - . » . @
E. FACIES 5 - 3 o <
~ FACIES 5 DESCRIPTION *  °
g
/ R . o : . °
Facies 5 consiSts mainly ‘'of an interfingered, ‘
‘v.1nterbedded sequence of poor ly forted_gravels, diamicton
lenses, and d1am1cton blocks 7150 ihcluded are poor ly
sorted grave]s whrch lack d1am cton un1ts The average fl '
'th1ckness of facies 5 is 9m (range 2.5-13 m).

’
proporﬁ1on'of'the facies comp sed of sand and gravel:units
to d$amicfdn units.rangGS‘fr v910°90 to 100:0 (average
50.50) Q¢9m1cton 1enses gen/ra]]y have taq81ar shapes. :
with thicknesses. rang1ng from 5 cm to 2 m and lengths
-vary1ng from 20 cm to 25 m‘ average lens thickness is about
g75 cms and average 1ength 1s 6.5 m. D1am1cton blocks have
:d1ameters rang1ng from 10-120 cm averag1ng 30 cm. JThe
"outcrops where fac1es 5 is exposed are 111ustrated in
F1gu es 23, 26 27 33, 34 35, 36 ‘and 37.
| Two major subfac1es make up fa01es 5. These are. (i)
d1am1cton lenses and blocKs and (ii) ﬁn1ts cOmposed of

sorted sed1ments.'~ » e _ wf"‘_,«

X
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) Dlammcton lenses are genera]ty horlzontal ‘some have
d1ps up to 15°. Dlam1cton lenses generally&tenmtnate by
pinching out although a few [/pges have square-shaped,
‘jagged or serrated epds Only rarely do the lenses _6
1nterconnect with one another Gravel and sand border the
d1am1cton lenses; 99% of all contacts between d1amfeton nd’
-sand- grave1 untts are sharp and distinct. The contact
sur faces between the diamicton unvts (both d1amwcton btockg E
‘and lenses) and the grave] units are generally smooth; no
pebb}es straddle the»contacﬁueurface. About 4% of diamicton
lenses’ upper_and 1ouer cqntacts have irregu]ar.Shapeeff
‘whioh undulate by-10;15eVentical centimeters; abou} 1% of
the diamicton- 4enses contaCts are jagged and have long, }-4
.thtn finger- shaped d1am1cton prOJect1ons extend1ng tnto the |
surround1ng sand and gravel Yprogect1ons averag 5 mm th1ch; <
by 20- 30'mm long). * @ﬂ’w ) )
;. _# 3; ,
L
The otamrcton (F1gure 48) is matrix supported Average
clast dtameter o# the d1am1cton is 3 cm average d1ameter
. ~ of the 1arger clasts is 8 cm, the maximum clast dlameter 1s B
‘ about 30 cm. 5- éo% of the d1am1cton S verttcal surface area .
’\\qs compr1sed of clasts greater than 1 cm dtameter 90% of |
the d1am1cton c mprls1ng !he d1am1cton lenses and all of
- &he d1am1cton compr151ng the d1am1cton blocKs is masswve, ¢

W

-j?f' ~ dense, and strbctureless About 9% of the d1am1cton lenseSf
Ao '.)’ik\ o : . »

ke N

§ : ) S - . L ‘
9 - o B I : . : .
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Facies 5
15 diamicton samples

[0}
o
- A

cumulative percent
3

s . - 'Y

U . . - P - \
Figure 48. Facies 5, cumulavt‘ive-curves of the’;'driamic‘.ton
lenses’ matrix. Shaded area represents 15 curves.
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W ontaln w&ll deflned sand and- granule f1lled lenses. Fewer
than 1% contain small (1-5 mm2) subangular to subrounded

. shaped volds or small (3- 5 5 cm?) 1rregularly shaped,

.;poorly deflned pockets ftlled w1th flne, structureless :

. \ 4 4 .
0 v .
Y : . - , . -
h‘ . o ‘:

¥

: sorted sand

" . _
Sand and granuleé$«lled l:nses are totally enclosed by

diamlcton Theytarg'generally hor1zontal w1th ‘average
-thlcknesses of - 4 cm and average lengths of 50 cm (range

| 1- 21 cm. thick by,O 03-6 m in length) Three lenses are : -

j_vert1cal these are sand filled and have a width var1at1on

 of 0.5-20 cm and%a he1ght var1at1on of 1:2.5 m.

| Ind1v1dual lenses are usually f1lled w1th one gra1n51ze

from w1th1n the 51ze range of f1ne sand to open work -

Agranules gme lenses are filled with matr1x supported

granules and small pebbles Sort1ng of the fill ranges from

poor to good. Numerous lenses w1ll commonly occur within. an

'1nd1v1dual d1am1cton lens . Each lens within the d1am1cton

will usually have a dtfferent gra1n51ze and sortlng than

other adJacent lenses w1th1n the same d1am1cton lens.

‘ . About 60-70% of all hor1zontal sand- and granule- filled

’lenses lack sedlmentary structures The only structures

yw1th1n horizontal lenses are thin (0. 5 3 mm thick) lam1nae
composed of clay and silt. These lam1nae are e1ther}
portzontal or dip, sl1ghtly,<only a couple laminae are

. . o . .
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..present‘in“ahy ong lens. Two of the three vertical lenses |
have horizontal ofcelightly concave-down 1-2 mm thick clay
dand silt laminae which extend'ecyossdthe lens, and are
’pefpendicular to the outcrop trace‘of the lens; the other ~
vertical 1ens:is stfucfureless.

-

The contacts between sand- and granule-filled lenses

s

and the su?rounding diamicton are sharp and distinct. Most
‘of these contacts are smooth althougﬁ a.small number are
(1)'oodtorted or undulate with an ampl1tude of 5 cm over a
30 cm d1stance or (ii) are Jagged w1th the surround1ng

diamicton and the enclosed sand lens interfingering.

r'd

Gravel beds; and to a lesser extent some sand, silt,
land-olayrbeds. enclose the diamicton lenees; the contact.
between the diamicton and better sorted units is sharp and
r'distihoﬁ About §0% of tHe sorted sediment beds are
“'Compr1sed of horizontal to near hor1zontal ioterbedded'
1nterf1ngered,(tabular, open-' and closed work gravel beds

‘(Figure,49).‘0nl”

parely are any of the gravel beds cut

into or truncated./ | 5
Internally, t ese beds have horizontal, parallel

bedding Individual graQel'beds are differentiated from

adjacent gravel beds by d1fferences in ba’ﬁ ihe%sorﬁ;

*‘-\. . R

L

i
A
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.
X Facies 5, 14 samples .-
33;_3: (sorted sediments)
99
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Figure 49 Facies 5 cumulat;ve curves'bf the. sorted'
sediment's coarser” fraction (less than 5 ph1 fhactlon)
Shaded area represents 14 curves.“ R o '--,;—\
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sorting ang grainsize of the gravel and of the

"graVel -matrix varies widely between beds. A small number of

large clasts W1tﬁ\_9 100 cm d1ameter§ are randomly

-

dmstr1buted throughout . : *‘»i;‘
a‘d"

About 25% of the sorted sed1ment subfacxes cons1st of

" structureless gravel, wh1ch is character1zed by a mixture

of gravel and sand. The grainsize and sorting of both the
framework- ‘clasts and matrix var; randomly Some of the
matrlx is laminated and 1s descr1bed in the follow1ng
section. Within these gravels are a few groups of 40-100 cm
diameter boulders which together‘covar-an area of 4-8 m2,
The boulders are 'in contact with one another and have“
random orientations. |

Table.S g%ves the dimensions of gravel and\sand

subfacies and'EJast sizes within the gravel and sand.

=}

Table 6 |
Range of clast sizes: rgguian clasts = sand-50 cm
~random clasts = 10 - 100 cm
Ebéfage clast size : regular clasts = 8 cm |
: . random clasts = 30 cm
‘Range of unit : gravel units = 0.05-1m ‘ayg = 25 cm
’ th1cknesses sand. units = 3490‘cm . avg = 20 cm
L Range of. un1t c gravel ¥n1t§ 30cm - 15 m avg = 2.0 m
. lengths v sand un :

5 cm- - 30 m avg = 12 cm
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Pebbles within the gravel beds are usually either

flat-lying or lack a preferred orientation: only rarely are

the pebbles imbricated. About 80-70% of the gravels are

poor ly to very poorly,sorted} These gravels have a clay? to

gravel-sized matrix inclusively.Other beds have a better

sorted matrix consisting of only one grainsize which is

usually sand. About 60% of the gravel beds’ matrix is

fa1r1y poor]y sorted . \ L -
About 5% of the sorted sed1ments are sand lenses

(Figure 50). These are elongated, hor izontal, ‘and pinch

out. About 50% ofhlhe'éénd units are structufeless; 40%

have horizontal, parallel ﬁaminations, and-LP% have tabular

cross-bedding. |

A 2 m long, steeply dipping reverse fault and a 2 m

’Iong steeply dipping normal fault, both w1th d1splacements

of about 20 cm are present in one portion of the gravel and

sands.

x
2 @5

laminated silt and.clay or laminated very fine sandy silt &
and clay..Rarely is a coarser-grained laminée composed of b

A

Fifteen to twenty percent of the gravel's matrix is i

' haterial as large as granules. The laminated matﬁiX‘occuws
. ‘ ’ ,"v"{
~in contiguous areas of clast supported .gravel. This matéix '
" consists of alternating finer- and coarser-grained laminae

4which conform in shape to the IOWer-surfacé of the clast

L4
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Figure 50. Facies 5 cumulative curves of the 'sor'ted

sediment’s ‘sand lenses
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‘immediately overlying an_interst1ce between gravél cTasts.
Laminae terminate against the clasts which form the lateral
walls of an intersti¢e (Figure 51‘. Laminae are from-0.25
to 2 mm thick, and increase in thickness away from their
maégins. reaching maximum thickneés at the lowest pointvof‘
their curvature. In some cases the lamina is 2-3 times %>
thicker towards the middle than it is near its margins}u
AbOUf‘5-10% of the\intersticeé in a zone of g
lamjnafed-matrix are filled with fine-" to medium-grainéd
sand, instead of laminated sediment. Forty to seventy
percent of the clasts which have a laminated matrix are

fractured along 2 or 3 planes. ¢

The natyre of the contact that facies 5 makes with
other facies varies throughout the study area. The lower
contact is distinct and flat. The upper.contactiis distinet
and. flat along about '50% of its length; elsewhére it . )
undulates or is uneven. The cohtact has an amplitude of 50
Vertical cm along a 56 cm horizontal distance in aréaé
where .the upper contact is.undulatoby. The uneven'porfions
of the upper contact slope from 6-11°. This unevenness is
expressed as a series of ramps.\éfg:, the contact may be

flat, ascend or descend at a 6-11° ahgle and then become

flét once more (Figure 33).

3
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Figure 51. Facies 5; laminated grav:ell matrix.
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FACIES 5 INTERPRETATION .
Facies 5 is interp;eted to be a group of related
sedimentary deposits formed in°‘a proglacial environment.
These deposits represent glacial mudf 1ow complexes, .
dissected till plains, and gtacial outwash channel-fill

deposits (Figure 52).

"GLACIAL MUDFLOW COMPLEX

The interbedded diamictonvlensES and sorted sediments,
the small diamicton blocks within a sorted sediment matrix,
and the sorted silt- to gravel-sized sediment lenses are
inteppreted to collectively represent,a‘glacial mudf low
complex. The lehs-shaped diamicton units (and other
diamictons in facies 5) aFé interpreted to be derived from
glacial debris on the basis of fhe similarity between the
diamicton of facies 5 and the glacially derived diamicton
of facies 1 to & (Table 7). In addition, the grain size /

distribution (Table 7). roundness values (Table 7)

petrological dlstr1but1on (F1gure 53), and clast str1at1ons

 of  the d1am1cton comprjs1ng fac1es 1, 2, 3, 4, and 5 are

. ) - \
all similar. This similarity also suggests that the

diamictbn of facies 5 was also derivedefrom glacial debris.
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”5T\ble 7 Compar190n of properties. between fgjspsi1-4 T

) ~and. facies 5 diamncton ) L
- Property  Facies 1-4 . - Facikes 5 (diamicton)

> i

G D SR

Mz (phi) . 5%23 + 057 n=110" 5.26

Ry

- 0.85 'n:16f - "

i1+
1+

SDI (bhi)  3.49 £ 0.39 n=10  3.30 + 0.357.n=16 .

’

“

| - Roundne s -+ 0.369 + 0.019_n=85 0.367 + 0.015 n=14 =+

Y ’rvl
~Petro]ogy

B.l,' 9.8 +£3.8 . .9.54%3.2

L ™323.9.+ 9.5 n=80 . 69.0 + 6.4 ‘n=15/
S C 0 16.372 8.0 'v;;"215+44"\

fherty 11mestone. B = QUartz1te.

TE arbonates
= tone, s1}tstone, shale, and coal.

A
‘fC{‘ hert sah.




1gu ‘53 Ternary hloi show1ng'?that mos t d1am1cton sanples
: *an the gravel portion of facies 5-all have the same - =
" petrol ogical .composition. A=carbenates, cherty'lipestone.

" B= quartz1te C-chert sandstone siltstone, shale, - and

'coalJ

B T .a"'p"-' . R B - s . o : LI .

. . St L .
A [ 4 . ‘
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» Thgﬁd1amicton lenses of facies 5 are 1nterpreted >

further to be mudflow dep051ts whvch flowed down the

term1nus of a glacier and then became 1nterbedded w1th ,

.f‘ ‘"t small proglac1al outwash streams This 1nterpretat1on is.

fv-'f based on the s1m11aK1ty between fac1es 5 and glacwal /-

S

e

mudflow complexes as observed and descr1bed by others
e V,; {Har tgmorn- 1958; Boulton 1967, 1968; Marcussen 1975 Déﬁong
and Rappol 1983). The homogeneous clast d1str1but1on wath1n >
" the d1am1cton un1ts (Plate 7) 1nd1cates that the mudflows
had a yleld strength large enough to support thé@enclosed

» clasts. A lack of " sorted upper horizons within the

e o Qe.

diam1cton lenaes d1cates the mudf1ows had either "ﬁ;

decreasbd water contents (P1erson 1980) or were: not over]y v

‘ o, .
fluid. *@b? R P o s

}pe mudflows flowed down the glac1er [ te:m1nus and

2

onto a proglac1al outwash p1a1n of 'shallow bra1ded streams

'-1The hor1zonta1 1nterbedded 1nterf1nge#ed tabular, open-

: ?and closed- work nature of the gravqjs of facies 5 (Plate 8)
, ’;“‘. »%re character1§typ of falrly shallow bra1ded streams . (He1n'
i ';T.;vand Wak?er 19773 Steel and Thompson 1883; Smith 1985). .‘:‘
‘,' 5 Streams active dur1ng the depos1t1on of facxes 5 flowed‘
#N;)“ﬁ‘:v\over ‘the. proglacgally depos1ted glac1ally der1ved mudflow '

; fm\wx”dep051ts and 1n many cases covered the mudflgws thh sorted g

;

- stream sed1ments Later,.add1tlonal mudflows (d1am1ctons)

»

would cover those same: . stream sed1ments .ih1s is how the

. K 1nterbedded nature of }Re mudflow complex (fac1es 5)
B . . , S T i
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Plate 7. Fac1es 5.

°

Interbedded diamxcton 1ayew@/lenses and

"sorted sediments. ‘The scale bar divisions are in cnu
(Photograph at Carrot Creek 598 m marK)
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‘Plate 8. Facies 5. Interbedded diamicton lenses, blocks,

‘and: sorted sediments. Blocks are present ‘in the upper right .
corner of the plate. (Photograph at Carrot Creek 480 m :
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developed (Plates 7 and 8. ., -~ . !

Braided streams would also erod 'semi'consolidated

g1a01a1 mudf]ow depos1ts and therf”y incorporate chunks of

8) In add1tlon. shal]ow outwas

sed1ments Th1s d1saggregat1on resﬁ;b

brawded stream sands -and gravels R he same

N AR JRI
; mudflow 1c§on5 (F1gure 53) g ‘f‘i'--

a

Mudflow and stream flbw transport of the dtam1cton also

affectedvthe roundness of the diamicton gra1ns‘;ihe 1-2 mm

»
diameter carbonate gralns 1n mudflow d1am1ctdn ‘are more

- x."\.f.‘ -

mangular (6\367 Table 7) than the 1-2 mm\diametenncarbonate

-
e

>
gralns from the braided stream deposits of- faCIES 5 (0 389
F1gure 54) The prog1ac1a1 bratded stream gralns of facwes L
dp . " o . 1
‘5 are, 1n turn more gﬁ%51ar than the t 2|nn d1ameter ‘m-“".

carbonate grains in What are 1nterpneted to be' bra1gzo '

stream dep051ts (fac1es 6) . (F1gure 549 . Therefone the «

o

= .
mudflow CUmpJexystream gralns havegi roundness intermediatet"
between the- d1am1ctons (# facies "I-5) and ‘the major, .

1

j bra1ded sﬁream deposxts (fac1es 6). The 1ntermed1ate . g

roundness 1nd1qates that sltght roundlng of the mudflow
. b AN
a complex stream gra1ns occurred follow1ng der1Vatlon of the

,gra1ns from d]saggregated,mudtlows As ment1oned the oo

BT
Q- P
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grains were washed out. of tne mudflovhs by small sha"\i

4..,‘

bra1ded streams The ensuing progIac1al stream transport

‘fi"‘":*-;‘ « was not extenswe enough to abrade t&e grains to the ¢

“%‘ ‘ K . . K ‘
UI§SECTED TiLL BLaiN | -
The portions of facaes 5 contammg vlar‘ge b‘rbcks
‘.4(1-10 m2) of d1am1cton surrounded by s‘ted sed1ments are
2]

. 1nterpreted o be a t1ll plain whichwas dissected by

-meltwater streams shor ’ly ‘ter the till was. deposited

L's the - larger blocks’

(F1gure 52) In many ¥§

o fabrlcs are ahgned paraHel to the reconstruct d ce- f low
-'.d1rect1on (Figure 55) The Wamlcton s pebble alignment and
. ssive character are charactemshc of basal till (Lawson
‘yﬁg) The9d1am1cton blocks are. therefore mterpreted to.
o 'a have been basally depos1ted by a glac1er Fol]owmg thws,.
Aw - the glac1er retreated a short d1sta ce and exposed t N
‘\ ' _recently deposate%1ll in front o the ice as has ha ngd
©7 A front of the~ Bre1damerkurJoKulT glaciér. Iceland
.(Boulton\1978) Durmg depos1t1on of fames 5 bra1ded

outwash streams 1ssued from th retrea.ted glacier, crossed

the tﬂl pla1rx, and began t le the gxposed till Some

.of the tﬂl remamed mtac't as large blocké tbese were

-eventua]ly bur1ed by outwash and thus preserved._»

R
7 .



Figure 55 Dlamxcton pebble fabrics measured in fac1es 5
diamict®n units. o , —
., . o ' . / . .. . . ’ . E . ’“ SR an"»
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In some areas the tlll 1s preserved intact as large
blocks. in o er areﬁs it 1e.part1ally d1saggregated into
smaller blocks df diamicton, or even totally disaggregatedu p

s Y
_'Accumulat1ons of largg boulders (up to 1 m 1n diameterl

_.'~l« wh1ch are much larger ngn the gravels they are supported

v»wﬁyvby,u1nd1pate reg1ons\wh re the till was totally

!ﬁﬁuﬁwediseggregated and,a:very‘coarse lagileft behind.

MAJOR OUTWASH CHANNEL _ | 0

( | . : -

The cobble- and pebble-sized gravel with a prevalent"

. matrix of laminated silt and clay s interpreted to be a
o o L :

ma jor, filled glacial'?pfﬁash ohanneT;.The unstratified,

& .

P c]ast supported gravel \%ll%d the channel during a ttme of
peak water dlscharge. After the flow suosided; clay and
silt gradually infii]ed the‘intééSIices of the gravel
. deposit and produced,tpe 1aminated matrix..In addition te
_the laminated nature of the matrix,"th)eg:‘os_s mismatch .
.betweép_the gratinsize,of the framework Tup to 20 om
diameter cobbles) and théigrainsize of the matrix (up Yo 2
. diameter) 1nd1cate§ the matrix was introduced after the
ﬂﬂpamework clasts were depos1ted (Harms et al. 1982, figure~
- 6- 3) The cobble-" and pebble- sized gravel un1t was likely
epasod1ca1]y dep081ted during a Jokulhlaup (large flood of
glac1allymponded water) and the fine-grained matrix then
infilled the clast interstices once:more normal outwash

conditions returned. -



\\\/\\glactal debrls from lncltned shear planes

FACIES 5 oxscd§§10N W
v

‘braided streams. Contlhual glac1a1 mudf low deposition

-

© Normal faults preseﬁgfﬁhfone region ofkthe gravels
indicate where glacial ice Wgs buried by the outwash
gravels. Melting of this ice caused settling of the
overlying gravels and this resulted ih normal fadlt1ng

(éhaw 1972; McDonald and Shilts 1975).

-

Facies 5 'was depostted'proglac1a11y Glac1a1 mudf low
el ¥
aepos1tlon was 1n1t1ated by compress1ve ice flow at the

glacier’'s toe. Th1s caused the supraglac1a1

”

plain and was likely bur1ed or d1saggregated by shallow

N 4
resulted in the interbeddeding of the mudflows with shallow
bra%ded stream deposits, similar to models presented by \

Eyles (1979) and Boaﬂton and Deynoux™ (1981)\ ‘

In another part of the study area, perhaps at a
slightly different ttme basal ti )l was efﬂosed in front of
»T

the glacier s marg1n exposed basal till was then

buried by braided ou wasE streams in some areas and eroded ,

by outwash streams’ i other areas. The erosion process

-
o~ L

‘ ehv1sioned is presen ly observable in front of the

~ice to become detached from the main glacier and become

in the study area, wﬁ@ch exposed some tili, caused glacial

elease,
Auprag?ac1 '

expoSed dlamwcton then flowed onto a proglac1al outwash

177
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oytwgsh plamn dur1ns a jokulhlaup.
» As observed by Bou]t
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subeequently buriédaby braided outwash stream deposits

coﬁsisf*ﬁg of sand an&'gravel As the ice melted, faults

were produced in the fluvial depos1té »

‘‘‘‘‘

In order for the deposits of: fac1es 5 to be preserved

,_/

the major outwash channels emerging from the glacier had to

£

be incised below the level of the mudflow act1vity and till

plain formatlon (Boulton 1972a; Eyles 1979). One maJdr

youtwash channel presqrved in fac1es 5 is filled WItQ‘.

s' o

fcobbles and pebbheéﬁuh1ch were likely transported onto the

4

‘"}:1967) .the glacial! tgrminus and

proglac1al aqge has 3 conplex pattern of sedlmentatlon
Because of th1s proglacral depbsvts consvst1ng of gqu1al
mudflows. till p1a1ns. gbd outwash channels are all present

in the small area represented by facies 5. .
, . . . . K
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F. FACIES 6 - R

r'd

sange. ﬁ 24 m) The outqrops Where facxes 6 1s_
\

eprsgd are 11]ustrated in Figurés 15 16, 22 25, 35. 34,

38, and 39. | | - ,
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+- The components of facies 6 will be described in order

vof‘decreaslng abundanoe"F0ur types'of units nake.up facles
6, they are (1) stratified gravel units, (ii) unstratified
_grave) un1ts (111) sand and granule lenses. and (iv) silt

‘and clay lénses

-

1. GRAVEL UNIT I o -,;‘ |
Fac1es 6 is comprlsed mostly of open-'and closed worK r

horlzontal interbedded, 1nterf1nger1ng lex\}dhaped gravel’

and granule hOruzons Wthh laterally term1nate by plnching

Sut . (Piate lO F\gure 56°) . Truncated or channelazed lenses, ~,,

are rare. Individual lenses are characterized b§ | f 

differences between adJacent Jenses in gra1n51ze. sort1n7 i

and the presehce or absence'of matrix. These

J

'character15t1cs change vertlcally and *horizontally ' z“' /_

l40 cm thick by 2.7 :m 1n lengthk

throughodt the facies, although the gen;ral characterlgtlcs,
of the gravels are homogenedUs throughout the fa01es//
Contacts between the maJority of the leﬁse; is shar?/and
d\stlnot Gravel units range in thlckness from 0. Qé m to 1, ‘_f
m and range in length from 0.3 m to 6 m (average of ranges /
Thelaverag% dla dlameter of faoiee 6 is 8. cm (range {.,

- 20 cm) . ’Isolated larger than average swzed clasts occur

throughout the gravels and in a few areas. large boulders

. are present 1n lens~shaped’accumulatlons of-5-10‘rocks,l

Clast diameters range from 10:40 cm; most clasts are in the’

. . ’ . “ . o gt ’ ; B N

. ‘ i :
) vl .
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‘Plate 10. Facies 6, quartzite-rich sediments. Dowi?va]’]éy-i’s
“to the left. (Photograph at Cascade River section C1).

e
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| within 30°. of horizontal (average range: 54150).‘

At one %ocality‘(dt-1fsectton,,Figurev39)~the‘gravel
clasts are:much larger than average' here, 440% of the
(fac1es sunface area is compﬁhseduof 40- 120 cm d1ameter

clasts (Plate 11). Many of. these largegplasts d1p¥at

- ~5-15°,towards the” valley side. Some of the s?al\er clasts
are'imbrioated they also d1p towards the vd]ley S marg1n

. In this area of very large c]asts. and in one other .area of

e N L

average s1zed_gravel -most of the clasts have 1-3 mmz'

white powderv‘areasfon their surfaces, ‘here, termed

"peck-marks" . ' N v .
o ' / » i : o ~

- 1 ) ‘\ . s - ‘!v )
ta. Internal characteristics and structure of gravel
.' ~ . . .
units.
: i . e e o _. L 0
. Most grave] lenses”are comprised of - one grainsize and”

are not 1nternally bedded - Some lenﬁga\ggnta1n a stacked

\sequence of ‘poorly developed \+mw120ntal Qery thin: 1ayers

\

‘ :of openrwork f1ne gravel interbedded with 1- 3 cm thtck
layers of coarse sand Many of these lenses are poorly’
sorted For example\ open -work units may be fllled with

' ’”partlcle SIZes rang1ng from 0 1-cm to 15 cm dmametq'

| clasts Non open work é:;vel un1ts have clast-1ntersttcesf
paﬁi1ally to total]y f11]ed w1th sedlment Untts composed_

- of larger clasts (6-29 cm diameter) are always cfas&

supported and have therr clast interstices at least
. _ﬁ
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range of 20-30 cm. The major axis of the largef clasts lies

e



Plate .11. Large di‘ ter clasts in facies 6, quartzite poor
sediments View is \towards the center of the Bow valley .
~ from the base of the Fairholme Rénge. *Lar-ge clasts are '
imbricated towards the Fairholme Range. (Photograph at

- Johnson Lake section JL-1) ,

Y

g



part1ally to totally filled w1th sand- to gravel s1zed
‘sedlment SRR L -—fJ _
"The gravel s matr1x is usually structureless medTum to ‘
o coarse sand The matrlx 1s more poorly sorted in areas
| where . larger clas%s (Qp cm dlameter and greater) are
present In. thvs caSe the matrix may cOnsist of a -
comb1nat10n of gralns1zds from sand to 5- 10 cm d1ameter
clasts. L e ot '. - ‘3 .
Although poor 1y developed 1mbr1cat1on is obserVed in
some un1ts,.clasts in-an open- work unit usually lack a
preferred or1entat1on The proport1on of ©Open- WOrk to
closed ‘work beds varles Lhroughout fac1es 6. On‘;Qeraq9’35%
of the beds are open- work‘lrange 10-50%, depending on

L}

locality).

.2. DISORDERED GRAVEL. AND SAND"UN'IhT.l)ESCRIP"TLON‘
. These units are exposed in 5-15 m? arees.'lheymlack
~ the interbedded,sintérfihgered,'thin.~tabular beds Qf opeo;d
,;ahd'elosed-WOrk gravels.so}preValentLin facles G.IIhstead.
the uoitsvoonSist of structureless to MOderately'well
rbedded poorly sorted sedlment For example. a typical one
square meter area,, conta1ns a wide range of clast sizes
"Ifrom-clay sized to 40 cm diameter). Within this area, thef
)unll is elther:r(il a s#ructureless; unsor ted combination
- of'sqnd to mediuh cobbles, or: (1i) composed of “poorly to

» A B
moderately, defined horizontal to slightly dipping gravel. =



* and sand beds.

':3 SAND AND GRANULE LENS DESCRIPTION

e

oy

Sand and granule lenses make up to 1% of fac1es 6 Sand

and granule. lenses have an average thlckness of 7 cm

:1(range: 1-20 cml andlan,ayerage‘length of 62 cm_lrange:

®

23-100 cm) . Lenses are'filled!ﬁfth well sorted Sediment

from one d1st1nct portlon of th% f1ne sand to granule graln‘

SlZe range. One-third of the lenses also contaln

'_sporadlcally d1str1buted 1-10 cm diameter pebbles The

lenses have '3 main shapes (i) tabular (10% of the lenses)

(11) flat topped with concave base (15% of the lenses). and

(1ii)- lenticular. (75ﬂ.of the lenses) - 99% of the sand

s‘lenses pinch out; the remalnder grade into the gravel' Al

‘-

upper contacts of the sand lenses are sharp and fairly

in the sand. The lower contact of -the sand lenses is also

sharp:eXCept for one gradational contactﬂ

3a. Descr1pt1on of the sand and granule fllled lenses

sedlmentary structures

186

"flat. In one place the overly1ng gravel fills a decl1v1ty ‘

V1ewed collectively. the sand and granule f1lled lenses '

con&ain a variety of sedtmentary structures. Approx1mately

~ 35% of the lenses are structureless. The most common

sedimentary structures are horizontal or slightly inclined

laminat ions, tabular'cross-bedding.,and'trough



AN | SR |
% - ' ‘ 187
cross-bedding‘ In most cases, the trough cross beds have a
layer of pebb!es and sometames fragments composed of
' clay sized sediment lying along bedding surfaoes The flat
topped 1enses w1th concave bases are f1lled with trough

‘ .
cross-bedding. ‘ s

4.‘DE§CR1PTION OF THE SILT- AND CLAY-FILLED LENSES

One clay-filled and three silt-filled, lenticular
shaped lenses are present in facies 6. The clay hor i zon is
stuctureless, 2 mm thicK and 5 cm long. Averége dimensions
of a silt horizon are 7 cm thick and 62 cm long Silt

. lenses are filled w1tH’poor1y defxned gently undulat1ng.'

horizontal laminations.

L 4

*

FACIES 6 INTERPRETATION AND DISCUSSION -
Fac1es 6 is 1nterpreted to represent bra1ded stream
deposits. The majority of facies 6 are braided

giécial-o twash degosits, a.minor part of facies 6 are

uintérogefedvas béing'alluv{alvfan deposits.'EQidence is

presented be}ow.

1. .THE SEPARATION OF FACIES 6 INTO TWO PETROLOGICAL GROUPS
A ternary plot (Figure 57)‘of the'petrological'
- 'distribution of all. samples from facies 6 1llustrates that

two petrolog1cal populations exist. These two petrological
: %

[

/v .- N . l. ) ‘. v' ' . - [ ]
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\
Figure 57. Ternary plot showing the separation between the
quartzite-rich and quartzite-poor portions of facies 6.
Azcarbonates, cherty limestone; B=quartzite; C=chert,
sandstone, siltstone, shale, and coal.
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groups cdniist-of samplee‘whichwwere collected from two -

" groups of outcrdps which occur in two different
geographical localities of the study area (Figure 58) The
quartz1te rich. samples are from outcrops situated near to ;
~ the center of the Bow Valley (PowerhOpse. Anthracite c2,
.Carrot Creek “and Canmore outcrops) and the quartzite poor
_samples are located near to the valley marg1n along the

~ base of the Fairholme range (ULt, JL3, and Cougar Creek
outcrops). The geogrephical,separatiOn between ‘the two ¢
pethological.groupings leads to the division‘of facies 6

into two’ groups, one quartzite-rich and the other

unartz1te poor

'_2. INTERPRETATION OF THE‘QUARTZITE-POOR.S§DIMENTS
(ALLUVIAL FAN SEDIMENTS) . u

The quartzitegpoor sediments (at dL1' JL3, and .Cougar
Creek outcrops) are 1nterpreted to be alluvial fan
deposits. The alluvial fans formed when s1de valley braided
streams drained the ‘Fairholme: Range and dep051ted their.
stream load albng.the valley margin between the Bow River
valley and the Fairholme Range.

The alluvial fan 1nterpretat1on ¥s based on the
follow1qg_ev1dence. The 1-2 mm gra1n size fraction from the.
‘dL1;,dL3.-and Cougar Creek sections are almost entirely
composed of carbonates (Figure 57). The‘hearest-sediment

. source for this carbonate clast population is the adjacent

%
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Figure 58 Geographicai distribution of fac1es 6. Facies 6
is. present at outcrop locations o ‘
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‘Fairﬁ%lme Range (Figure 3). Since quartzité‘]; present in
the tills at the JL1, JL3, and Cougar Creek outcrops
~ (Figure 59).it séems that the Snly natural -‘transit path
between the local carbonate source, i.e.. the Fairholme
_ Range.'and thé outcrops is throbgh_two deeqay.incised

' bédrock valleys léédsng out of fhe Raqge.- ‘

Additional information which suggeéts the sédiménts
were derived from'the Fairholme Range is coétained‘in the
JL-1 outcrop (facies 6). Here, the clasts arecimbfica{ed
towards the Range (Plate 11). .Such imbrication”impiiés tﬁe4“
clésts were transported out of theiRénge'and towards the
centéf~of the Bow valley.AThe_side valléy sedimgnt”sburcé

of facies 6, combined with the facies location along -
| ancient bedrock-déainage?channels leading out of the
Fairholme Range suggests\the'qﬁartzité-poor sedifents
‘belgngfng to facies 6 are alluvia) féh'déposfts. | '

| AAdditfondﬁ pfoperties thatléuggesf an alluvial fan,
Origin'abé,.(i) the facies becomes finer-grained away from
the mountains. Bull (1977) and Rust and Kostef.§1984) found
.this to be a property of aliﬁ;ial fans. (ii) The. _.v.
horizontal, interbedded, interfingering lens- shaped Open-‘.
and closed-work gravel horizonsAare-also characteristic of’
braided stream sediments deposite& in an alluvial fan
environment (Bull 1963; Ore 1964; Smith 1970; Steel and
Thompson 1983; Kochel and dJohnson 1984 Rust and Koster
1984; Smith 1985). (iii),lheoébraded} peck-marked clasts at



Figure 59:‘Ternary plot of facies 1 to 6 petrological

distribution. A=carbonates, cherty limestone; B=quartzite; ,

Czchert, sandstone, siltstone, shale, and coal.
SV é:@ -
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the JL1 and at the Cougar Creek outcrops is s feature
+ ] . -
observed in alluvial fans by Hooke (1967L. o ¢ *

’

)
'2a. DISCUSSION OF THE ALLUVIAL FAN SEDIMENTS

The alluvia\ fans were deposited entiﬁily from flowing

- water’ ‘Without the addition of debris flow sediments which
. are usuaMy obstrved in aHuvia-l fan deposits (Bull 1960).

The sorted coarse nature of faC1es 6 is infjerpreted to \

represent sediment deposition fr streams that had .

a _high discharge energy.

3. INTERPRETATION OF THE QUARTZITE-RICH SEDIMENTS ' ‘L«—\\\
(BRAIDED STREAM SEDIMENTS) Tj

-—

The qdagtzite rich sediments of facies 6 (PowerhouseIJ\
Anthracite, C2, Carrot Cneek, and Canmore outcrops) are
interpreted fe be shallow‘braided stream deposits. This
‘interpretation is based on the similarity between the open-
and closed-work, horizontal interbedded. interfingered.
lens shaped gravel and granule beds of facies 6 and the

beds produCed in shallow braided streams as described by

smith (1985). S R

Many characteristics of the quartzite rich sediments '
prov1de information whlch allows more detailed
linterpretations to be made regarding the exact type of
braided stream which deposited E%e facies. A lack of ’ h
cross -bedded gravel beds, and.the presence of bedding
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formed b& long1tud1nal bars, 1nd1cates the st\Eam channels,
were shallow {McDonald and BanerJee 1971; Smith 1974 ‘/) o
1985) S e | '

Quantzlég is present in fac1es 6 quartzite- r1ch beds in

the same abundance as in the glac1a11y depos1ted t1lls

‘(F1gure 60) Th1s pet;olog1c equal1ty is 1nterpreted to_

' ‘ result from derxvat1on from a glac1a1 source. . The s1m1lar

Taw

Twenhofel 1945 Sneed and Fo]k 1958)

, average roundness of tRe braaded stream sed1ments t- 2 mm

'.u shorter, rather than a longer d1stance

: petrologles of the. glac1al t1lls and the stream sed1ments'

a]so ind1c s that the stream sed1ments'were not
transported to the poﬁnt where attr1t1on of the less :
neswstant 11tholog1es becomes apparent (Krumbe1h 1941b

The,approx1mate ‘1stance of stream transport can bek

-

est1mated by exam1n1n the roundness of the sed1ments The

carbonate fract1on 1s 406; th1s is rounder than the ;

i

glactal source (fac1es 1\ 2, 3, and 4 dlam1cton samples)

roundness of 0 368 AccordIng to Sneed and Folk (1958

roundwng of angular pedbles is achteved after 8 16 km of

tream transport4 Although the roundness values of very.

coarSe sand can not be reasonab]y compared- do the roundn;ss'

of pebblesafthe suﬁangular nature of the san fractioh”

suggests the transport d1stance of the sand g a1ns was of a
N i B |
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Facies 1, 2, 3, 4, and 5 (damicton samples)

10

o

A 9080 70 60 50 40 30 20

'Figurevéd Ternaryvp]ot showihg that the quartzite=rich
portion of facies 6 has the same general pgtrglo%icald‘s
an

composition as the diamicton of facies 1
A=carbonates, cherty limestone; Bz quartzute C= chert

sandstone 51ltstone shale, 'and coal.

’
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3a. DISCUSSION OF BRAIDED STREAM SEDIMENT DEPOSITION o
The quartz1te rlch bralded stream sediments o* fac1es
t 6 are 1nterpreted to.have formed in a. proglac1al sandur
~setting. ‘The presence of longttud1nal bars which likely
,formed in shal]ow htgh dlscharge energy braided- channels
support.a sandur 1nterpretatlon, Thecbars formed\from ,
‘-glacial1y‘derived sediments which were transported a )
relatively short d1stance The hor1zontally bedded gravels ;ﬂﬂﬁgi?

‘and 1ack of sxgn1f1cant numbers of sand beds 1nd1cate these

4sed1ments were depos1ted by a prox1mal bra1ied stream (RusL

'and Koster 1984). The’ sedlmentary haractertst1cs Qf facte

6 (quartzlte r1ch\§amples) p1ace 1t n\the/ii
~sandur zone as def1ned by Sm1th (1985 P. 97)

termed1ate o
CtThe

i-1ntermed1ate [sandur] zone 1s charaaner1zed by‘complex.~f ‘
'-networks of wtde“//\\llow ’d1st1nct1y bra?ded c annels that,

\

abandoned chahnéﬂsaare promlnent dur g normal di charges

shift. pos1ﬁlons frequent1y-Large maj:j/?f recent]y ;h‘ { o

Condit1onsﬂwhtch perm1t a sandurvto cover a vatley .

]

cond1ttons Th1s term was 1ntroduced by Church and Ryder
(1972) to charactertze cond1t1ons where an abundance o
: unconsoltdated sedrment 1s avatlable for stream transpo t
}follow1ng a glac1atxon Here, “the sed1ment source was |
'1glacrally der1ved d1am1cton exposed by a va]ley g]ac1e

retreattng up the Bow R1ver va]ley

A



The distance between the'sediment‘souroe (the-glaoie[l_ o
and the depositionatrsite (the Banff~Canmore,area) can be
roughly determined using aﬂgraph oomptled by SoothrOyd and
Nummeda l Hi§78) | Figure 61) The maX\mum clast dtameter of

the proglacial braided stream sediments in the study area

is approx1mateﬂy 40 cm. Us1ng th1s gra1ns1ze d1amete d'
_Boothroyd and Nummeda] s (1978) graph (Figure 61) it is &
‘est1mated that the g]ac1er s toe was sjtuated about’ 0.5-3'

Km upstream:of the studu area during deposjtion of the
proglacialibraided stream sediments.

A .

4. FACIES 6 SUMMARY |
The interbedded graVe1s and sands of facie§%6 were

found to rephesent two petrologioalvpopulations. one

‘ quartzite-rich and the other quartzite-poor. The two

.petrolog1ca1 groups aﬂe from two geograph1cally separate

sets of outcrops The geograph1c sett1ng of the outcrops: .///

and the G@posits' sedimentary characteristics lead to the )r

/

1nterpretat1on that outcroppings of facies 6 along—the base 1/
/

of the Fairholme Range are alluvial fan deposits. Outcrops
oF the facies located in the main portion of the‘Bow valley
are 1nterpreted to have been depos1ted by a sandur a short

d1stance from the termwnus of a glaCIer

e
Rl -
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Figure 61. Graph used to fndicate the distance between a
sediment source (the glacier) and the depositional site
(the Banff-Canmore area) along & sandur (after Boothroyd

and Nummedal 1978
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G. FACIES 7

FACIES 7 DESCRIPTION
.‘;:'-(a‘ . -
INTRODUCTION 70 FACIES 7.
Fac1es 7. is exposed at Anthraclte subsect1on A\ tFigure

62). Fac1es 7 covers over 600 m2

of vertical exposure énd"
is subdivided into 6 ;ubfac1es based on differences A
grainsiZe. sorting,'and sedimentahy strdctures between the
ma jor sed1mentary units. The six subfacies are:
Subfacies 7a¢ Interbedded gravel and sand
" 7b Interbedded gravel, silt, and sénd layers
T Gravel with'blocks domposed of silt"

! . 1d Interbedded gravel and sand with a layer

199

of banded silty clay and blocks of silty “

clay _

“ . 7e Silt and sqﬁd bed with.gravel lenses

" d‘7f. Béndég<3ﬁégg silt, and diamicton beds
Figure 62 is a map'of fac%eé 7, this figure also shows the
spatialurelatgonships»betwéen the‘subfacies. Ihterbedded |
gravel and sand. (subfacies 7a) and silt and sapdvbeds
" (subfacies 7e) makévdp thevldwér half of thé section.
Layered clay'and”Silt {subfacies 7f) gnd'intefbedded_
gmévél. silt and sapd Tayers,(subfacies 7b) form theAdpper

part of the facies exposure (Plate 12)..

S

o7
P
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Figure 62. Anthracite subsection At.
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‘Plate 12..Géneral view of fécies 7, downvalley ts to the

right. (Photogqaph at Anthracite subsection A1).

201



‘3
- an average clast diameter of 3 cm (range sand- 51zed to 20

2. SUBFACIES DESCRIPTIONS i

Each subfacies is described in order pf'decreasing area

of outcrop exposure.

Subfacies 7a Interbedded gravel and sand
The interbedded gravel and sand subfacies is about 10 m
thick, 60 m in length and comprlses 71% of facies 7. Thls
subfacies is composed of 4 types of units (types 1-4). |
Type 1. 65% of subfac1es 7a is compr1sed of parallel
1nterbedded d1pp1ng beds of sand to f1ne gravels LQaf have
B v
cm)’ These "beds have foreset type crossbedding w1th true
dips of 27° and 48° in the lower and upper portions of
the subfacies, respectively. The pebb]es’ ma jor-axes are

aligned pahallel-tp or within 20dlof the bedding planes.

_ Individuat sand and’gravel beds are 5-20 cm'thick and .

extend for 5 to 20 m before ‘terminating along the upper
contact of the subfacxes Beds within the gravels are
dist1ngu1shed from one apother by sl1ght d1fferences 1n
grainsize, sorting, and the type of matrix between the
beds. The gravel-bed matrix is mainly gpanulZX\and sand,
although 5% of the beds have a cley.and silt matrix. 20% of
the beds are. open worked. o

Type 2. 25% of subfacies 7a is compr1sed of horlzontal
beds and lenses f1lled with very poorly sorted. sand- to .

-

L T
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cobble sized sediment These horizontal beds and ienses ot

'occur near the base of the type 1 beds. Bed thickness

ranges from 30 cm to 100 cmp&%verage: 65 cm). Typical units
‘consist of% (1) A"30°cm X 2 m lens filled with 1-7 cm in "
length, crast supported, eldhgated pebbles in a clayey.send /pﬂ'
matrix. This lens is overlain by a lens of,open-wprk
pebbles. (ii) A bed showing faint horizontal bedding of p
clast supported 10- 25 cm diameter cpbbles withja sand
matrix. (iii) An 80 cm th1ck by 5 m long gravel bed The
lower portion of this bed is filled with only structureless
sand. Meving upwards in tHe-bed, matrix supported, B-10 cm
diameter clasts dccyb‘ re frequently; and at the top of B
the bed‘the clasts are closely spaced.

Type 3. 8% of)subfacies 7a is composed of structureless
. clast supported gr?vel which.occurs as 1-4 m2 zones
within- the lower portion of subfacies 7a. .

VLype 4. 2% of subfacies 7a is made up of sand lenses.
The sand lenses mainly occur as long, thin horizons within
the dipping gravel'dnite. These sand lenses are 3-5 cm
thick, and53-5 m long. Only one lens is not concordant with
the dipping’gravei units. This lene is horizontal, has
dimenigons of O.QQ m X 3.5 m, and is filled with
‘structureless sand‘and some 6-10 cm diameter clasts.

Contacts between\;ie\fout types of units (1-4) N

are all fairly sharp and distinct.

=

~.

composing subfacies 7



*/ subfacies 7b: Interbedded gravel, silt, and sand layers

~ Subfacies 7b is 2-3 m thick, 20 m long, and is-situated
;\ong most of the top of facies 7. The subfacies represents
15% of facies 7 area and consists,of‘gravel béas
interbedded with both silt and sand beds. A1)l beds are

ma1n1y horizontal and have an average th1ckness of 10 cm

. (range 5-30 cm). The beds are 5-10 m long and pinch out

The ratio of grave) to silt and sand layers varies from.

1 40:60 to 90:10. Overall, 65% of subfacies 7b is composed of
}gravei beds and 35% is composed of silt and sand beds.
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Average clast diameter within the gravél laﬁgrs is 3 cm

{range 0.5-8 cm). The gravels are clast supported and have
a_s{lt- to granule-sized matr1x.‘Internal1y, some of the
gravel beds have very faint ho%izgntal layering consisting
of indistinct layers of finer é*ained material._THe average
grain size of an individual gravel layer Var;es along its |
length and is different than adjacent gravel layers.

| The'sf]t and fine gand layers are very poorly to
moderatelyISOrfEd. No sédimentéryastructures are obsenvéd

within these layers and a small number of 1-5 cm diameter

LA

pebbles sporadically'occUr throughout. The cohtacts betwegn

the graveJ layers and silt-sand layers are sharp and fairly

horizontal.

N

' Subfacies'fé' Silt and sand bed w1th a gravel 1%ns

One of the silt and sand lﬂv=rs located in the lower
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portion of subfacies 7b extends downwards and laterally
across the outcrop face into subfacies 7a (Figure 62). .
Where this layer is totally enclosed by subfacies 7a it is

categorized as subfacies 7e.

Subfacies‘7e is represented by,a 2 mﬁthick and 15 m
long lens. Subfacies Te covers 7% of facies i;frhe -
subfacies is composfd of'igterbeddadk modérateiy well N

sorted, fine sand beds and thinner, very poorly sorted shit

- beds which pinch and swell (10 cm vertical displacement

over a 200 cm length). A few scattered, 3-5 cm diameter (
pebbles are in the silt beds. Average thickness of the sand,

‘beds is 15 cm (range 8-50 cm). average thickness of the

.silt beds is 10 cm (range 7-15 cm).  70% of subfacwes 7e is

composed of sand beds, 20% of silt beds, and 10% of“one °
grave'l’ lens. | ‘ u
The gravel lens is poorly sorted and occurs within the
main silt and sand lens. The gravel leh's diménsidns are 33
cm X 110 cm. The lens is composed of sediment ranging from
sapd-sized’sediment to large peSbles.
| About 50% of the sand beds are structureless.
S;ﬁactures con51st of 0.5 mm th1ck parallel laminations of

coarse’ sand vert1cally spaced 0.5-3 cm apart. Some

lamlnatIOnS'E:E horizontal, others have apparent dips of

\ The silt beds consist of 0.5-3 cm th1ck layers. Within

_ e
each layer are slightly wavy“ paral]el, near horizontal (// N

\,\v . ) N T . \: )
A ) .
M




o Y . . R . B
o N ‘\ ‘1“ i ' . X
AT »..s.mmm #. SR DO .. s A Ly ST SRS LR TN S sy RS ERELAeY S
ae o .
' B
s .

¢

interbeds. The jnierbeds‘are differpnitiated based on

| grainsize. Coarser beds are compr {sed of silt, finer beds

of silty clay. Interbeds make sharp contatt wiih one

another. Within interbeds, contacts between coarser anq

v

finer layers age gradational. These 1nterbedsican be'traced
for at least 1 meter Some interbeds curve upLards and are
truncated by an overlying sand layer A1) contacts between:®

the sand, s1lt. and gravel units are sharp—aad dvstlnct

Subfacies 7c: Gravel with blocks comprised of silt-sized:
sediment
Subfacies 7c occurs within an area of gravel

representing subfacies 7a. Subfac1es Tc cons1sts of two K
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blocks compdsed of siit- and clay-SIZed material within the -

‘gravel. The two blocks’ dimensions are 20 cm X 28 cm and 20

fine sand beds of subfacies 7e. |

cm X 20 cm: The blocks have the same characteristics as the

/

e

Subfacies.7f: B%nded clay, silt,”and diamicton beds

Subfacies 7f is mainly composed of banded silty clay;vt‘

sand, ‘and diamlcton. all occurring as. a wedge shaped unit
with a maximum thickness of 2 mand a length of 15 m. Th1s
subfacies compr ises 6% of facies 7 total aréa

Subfacies 7f's sed1mentary character1st1cs chaﬁge

vertically. The lower 35 cm of the subfacies'éonsists of

_very distinct, .long, thin interbedded layers and .lenses of
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sand, silty clay. and diamicton (Plate 13) The sand, silty

clay, and diamicton comprise 40%, 30%. and 30% of this
lower zone respectively. The sand and silty clay layers Fnd
lenses have an average thickness of 0.7 cm (range 0.3-4.5
cm) ; averagefthickness of diamicton layers end lenses is 2

cm (rang® 0.5-6 cm). The average clast diameter within the

.diamigton is 3 cm (range 2-4'cm): Most of the silty elay

and sand,layers extend for _the entinevlengfh’of the
subfacies except for some_10-30 cm long‘sand lenses and the
diamicton lenses which pinch out. ) |

The upper two*th1rds of subfac1es 7f differs from the
lower portion in the following respects. Moving upwards,
the sil}y clay layers gradually decrease in abundance, the
sand layers become thicker and contain more pebbles, and
the d)amlcton Tayers become &h1cker and contain more sand
and iesy clay. The diamicton layers are massive and lack
sed1mentary structures. Jdnternal sedimentary structures of
the other layers will be described below.
. Each silty clay layer is subdivided into 1 to 4 zones
based on slight changes in grainsize within a layer. The
zoneS/do not change in thickness lengthwyse 1-3% of the
thinne?‘interna] zones within silty ciay'beds are contoried |
along one portion of the,zone. Contortions are manifegt by
0.5-1 chz upward poiﬁting bulbous-shaped features. |

About 95% of the sand beds are structureless. 4% of the

sand beds have fine parallel, horizontal laminations. 1% of
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upward.,lhe.crossbeds are emphas1zedcby ver

‘ lthln T
“clay-rich laminae. o |
About 20 2-6 cm dlameter pebbles occur sporadgcally ‘
throughout the lower 35 cm of subfacies 7f. Most 'of the 2¢3
g_cm diameter pebbles are contained within a layery and do\not
‘cross any contacts. A few'4 cm diameter peL 'les cross- cut
numerous,thin layers'which e;:¥nd, undeformed to the pebble
| margln.’ln a few cases, the pébBles which lnterupt layers
\)re draped by silty clay'horiaons L if“
90% of all contacts between the s1lty clay and sand

i
layers and lenses and thé diamicton layers and lenses are

‘sharp. hortzontal and parallel. 10% of the upper. and lower

©

contacts of the d1am4cton layers and lenses are wavy and in -

, some'cases truncate under lying beds.

Subfacies 7d: Interbedded graQél and sand with aflayer'of‘
‘ ‘banded silty clay and blocks of silty clay

'<:::;\‘ Subfacies 7d is a wedge-shanediunit 70 cm thick, 7 m

long that consists 5?\5'§ravel with the same general

‘characteristics as subfacies 7a. Subfacies 7d covers 2% of

facies 7. Within the gravels is a concordant hbed composed .

of silty clay with characteristics similar to theysllty_

' clay layers of subfac1es 7f. The s1lty clay bed in

o

subfacies 7d is 5 cm thick, 2m long, and pinches- out ‘up o

dip. It has shdrp upper and lower contacts. Within 5 ‘cm of

o et . ! -

| 209
the sand beds have near tabular crossbeds wh1ch are concave



P
Tt

RS o , 210
the, top of th1s gravél unit are numerous. e |
‘rectangu1ar shaped 1 cm Xv3 cm fragments cons1st1ng of
s11ty clay orwented w1th the1r long axes parallel to

bedd1ng.

| 3. ORIENTATION Of THE BEDS IN FACIES 7

r Dlp d1rect1ons d1p of the trace of-the beds,band the
strike and &ip of the outcrop face weretmeasured. From this
_Qaﬁa trueﬂdﬁp and true dip direction of the beds were
oa1oulatedvhsihg’a stereonet (Table»B)u'- ﬂ
A

Table 8. Orientation of the beds in facies 7

Subfacies  Tfue dip dirn  Irue Dip
o (w.r.t. tfue N)

76 200 88 .

794 2040 - - 68°

7a upper 244 48° -

'7a lower 3020 . 279

—_ . . ?
. : 2

4. DESCRIPTION OF THE CONTACTS BETWEEN FACIES 7 SUBFACIES
The contacts‘oetweeh all subfacies are sharp and
'd1st1nct The upper and lower contacts are all smooth ‘and
planar except for subfac1es 7c Contact. between subfacies
7¢c and 7a. are smooth and curved. Lateral contacts between
_subfac1es 7a and 7b 1nterf1nger (1n the central portion of

‘the»Anthra¢1te'A1-subsect1on).
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5. DESCRIPTION. OF CON;

~and history of- fac1es 7 deposition is shown 1né§@gure 63.

1S BETWEEN FACIES 7 AND ABJACENT
t  FACIES | |
Facies 7 is overlain and-bpund on both,sides by facies .
5 (Figpfe 62f§ The lewe; portions and'eOntact pf facies 7 .
is covered. The contact where facies 3 overlies.facies 7 is
gradational. Subfacies 7fhgrades up into the overly{ng
diamieton of facies 3’ Th1s gradat1onal con&act 1s marked
by the amount of d1am1cton 1ncreas1ng upwards while the
abundance of sand”and silty clay ]ayers decreasesk The
lateral contact betweenefacies 7 and facies 3 (at the
southeasf pohtien of the'A1'subsection) is sharp and

stra1ght and has an apparent down - valley dip of 38o

i?ACIES 7 INTERPRETATiON

Fac1es 7 is 1nterpreted to be ice prox1ma1 proglacial
outwash sed1ments depos1ted in a'channel cut 1nto

prev1ously deposited(till. A compos1te geolog1cal column

e

CHANNEL SETTING -

. Facies 7 is interpreted to have been deposited in a-

» channel whieh was cut into a previously deposited glacial

I

~till (facies 3). This interpretation is based on the

arealfy restricted eXpbsure.of_facies 7, its channel-shaped

nature, and steeply dipéﬁné lateral boundary (Figure 62).
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‘rather than on glac1a1 ice or glac1al debrts 1f the t111

' had consolidated by compactidn'or if buried ice meJted

. P T
. . KB g TR
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The steep contact \ooks 1ike an undercut channel margﬁL

formed by stream\1nc1s1on into an older deposit. The same

| type of undercutt1ng observed 1n the -study area today

,_l1kely occurred in the past at the Anthrac1te subsectton

A1, One of the overhanging channel banks is preserved T
adJacent to fac1es 7. A pebble fabrwc Qf the tlll
compr1stng the overhanglng channel marg1n has a we]l 3 e

oriented, para]lel to 1ce -flow altgnment (Flgure 64) which

o is interpreted to 1nd1cate channe1 cutting did not affect :

the t111 which forms the channel margmn.

LA
&

' The lack of faults w1th1n fac1es 7 is another RN

.

indication that fac1es 7 was depos1ted on consel1dated titl -

afer facies 7 was depos1ted the settl1ng of the overly1ng'“

facies 7 wou]d have been manlfest by faults 1n the facies

s

SEDIMENTARY CHANNEL FILL

The channel fill deposit of facies 7 can be subdivided

into 3 packages of sediment. Each package consists of a set

‘ of 1nterna11y conformable beds. distinguished from one

- another by the d1fferences in beddtng orientation.

AN

The lowest group of beds (sediment pulse 1, pulse is
used here to describe a short-lived period of \
sedimentation)'consists_df large scale tabular cross strata

(subfacies 7a) interpreted as planar foresets which °
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Fa&és 7 and adiacent fabric in facies 3 '

© Fi-gdre 64. The location and diamicton pebble fabric of
( ‘facies 3 in the til] bank bounding facies 7.
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advanced into a water-filled channel. When the water’s

flow energy decreased the finer- grained subfac1es Te and 7b

were dep051ted ‘The f1ne grained .sediments cap the ftrst

- depositional pulse (302° 27°) of sediments (Figures 63

- R L4

v-vand 65). ° ‘ _ ' e

A
Sy \g.l

After a perlod of qu1escence a second pulse of tabular

.cross strata (subfac1es 7a) were deposited into the L

channel. The cross strata have a bedding orientation of

2440 48°; The second.pulse of sediment initially eroded

some blocks of subfacies 7e which were deposited during the
first sedimenﬁation?pulse{.and incorporated them as ‘
intraclasts within the .tabular cross-stratified gravels
deposlted“during the secondvpulse of sedimentatlon ]
(subfacies 7c). The‘steeply dipping (48°), ‘planar gravel
beds of the second pulse are also interpreted as foresets.
The steep nature of the gravel beds of pulses 1 and 2
(27° and 489.respect1vely7 implies the beds were
déposited as Gilbert-type delta foresets.(Blatt g;'gl.

. §- : o
1980) or as'large scale tabular cross strata from large

~ _‘two-dimensional ripples (Harms et al 1982) which formed in

a few meters of water. Towards. the top of the second

sed1mentat1on pulse £ low- energy decreased enough to allow |

_preservation of a diamicton layer (subfacies 7d). The thin,

massive, unsorted nature of the layer suggests deposition

)
occurred by mudflow processes

The third pulse of sediments (subfacies 7F, Plate 13)

f(



216

|
!

%, Th 1 (Event 2)

£
2

SR

% i
Nt

S

.

:

g

3

.0

:

: “iz:;

~ 5
' o
G
2| F
<

‘Figure 65. Anthracite subsection A1. Sedimentation

infilling history of the channel cut into Till 1 (Event 2).
Till 1 is a remnant overhanging channel bank. Sedimentation
pulse 3 grades upwards into Till 2 (Event 3c).



is interpreted to be a series of mudflows deposited in
standing water. The presence of numerous, thin, conformable
qiamicton horizons interbedded with some thin, better - "

sorted-horizons are indicative $f mud f lows (Ho?ke 1967;
Johnson 1970; Pierson 1989). Deposition of the flows into
water is suggested in oEder to explainfthe many graded
horizons and the small, sorted, cross-bedded rurizons.w{;e
bedded horizons are most like)y deposited from mudflows.
Larger pebbles which cut the sedfﬁent layers are’
. interpreted to be from ice-rafted glacial debrisﬂ

Facies 7 D1sCUsSION
B Facies 7 was deposited %@ a-glacial'outwash chanhel
o which was cut intovpreviouslyédgbosifed till. ihe three
sets of sédimentary units comprising facies 7’wé?e each
deposited with a different bedding oriehtatidn (Figure 66).
Thié indicates the position of the sediment source'chénged
~during channel in%ifling, In addition.’depositional |
discharge energies decreaéed upwards. within .each of the
first two sediment pulses. These variatibns in both
diScharge-energy and sedimentation directions are‘
characteristic of a proglacial depositionél environment
(Price 1969, .1971; Price and Howarth 1970). Additional
‘evidence for a proglacial settihg is facies 7 upwards
transtion into till. |

The foreset cross bedsiin facies 7 dip obliquely
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Figdre 66. Sediment

sediments of facies 7. Arrows point in the dip direction

the foreset beds.

N
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upvalley, towards the former glacjer's_toé {Figure 66). .
}his prcbaﬁly resu*?%d from alproglacial channel bejné
filled from'the north-east. An\obstruction. fike’an end
moraine, must have been situéted between the glacier, to
the west and the channel to the east. o

The sand ‘and gravel foresets (subfacies 7a- 7d) are
interpreted to be Gilbert-type delta foresets. The delta's
sediment source was proglaciail gutwash:deposited under
conditions of widely fluctuat@ng“discharge and‘sedimen§
(dispersal direction. Foreset deposition was main]y Beyg6d
the transport d1stance of glac1al debris f10ws (subfac1es
7F). Wh1le the first two sediment packages were‘be1ng

deposited (sedimentation pulse 1 and 2) the glacier was

‘wapproaching the channel, and then with the third and final ..

sediment pulse glacial debris flows were introduced 5nto
.tﬁe.channel. These mudf lows éyehtually grade up into till
(faciesvé) depoéifedfhs the glacier crossed and then

covered the channel which by then had totally filled with

 facies 7. : ' E |
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V. GEOLOGICAL-SEDIMENTATION HISTORY AND CONCLUDING
 DISCUSSION | |

.A. GEOLOGICAL -SEDIMENTATION HISTORY

This section presents the glacial history of the
Banff-Canmore‘region. The history is based upon
sedimentation events discussed in the previous chapter

(Figure 67, Tables 9 and 10).

| E_EVENT 1

Braided streaéhzed1mentat1on in a sandur setting was
‘the first major glac1al depos1tlonal event preserved and
exposed in the Banff-Canmore area. This sandur was’ i
deposited-in'frqnt of a glacier which was retreating up. the
Bo;tvalley Vhe-sandur deposits are combrisea of‘faciesis
and are exposed in the localities shown in Figure 68, .The
. sandur deposits (facies 6) were deposited within 0.5 to 3
km of the retreating glacier’s toe. " 4

Diamicton deposited from the glac1er which preceeded
event one is not observed in the~study area. This.diamjctoh
was likely eroded .by the prog1acial.braided streams of

event one. Event one is the same as Rutter’s {1972) pre-Bow

valley advance (Téble_11).

(-]

Coom
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Event 38
Pacies § N\ o
diarmioton and .
4 sorted sechments \ ;o
Event 20
. Foclée 8
v M (quartzite-poor)
Gravel snd sand (shuvial fan) H .
S | Event 3b . .
e Facies 8 ' Y
- = {quartzite-nch)
and facies 7
/ o Gravel and aand
with eome poorty
. . s sorted bands
Event 2 ‘ (progiaciat -tv:nm deposns)
Fecies 2,3, 4 ,
Pamicton (basal ul) ¢
! . s s r
Y ‘ ) ‘ 4 /
a
20 S
. . . N
] ‘ .
Event 1 o . - * o
‘Facies 6 - .
(quartzite-rich) I - .
Gravel and sand (sandur) . o,
L . . ‘\
o - - , .
, I
’ ’ COovered below
Figure 67. Composite Qe,“f-logical section. L

.



and diamicton beds.

deposited till.

Table 'S. Facies]summaries/ ‘ .
B ‘v e o y
CFacies. N pascription ' 4 Interpretation Average
. o0 a - . thickness
o ¥ ( r ange )
B i) - N
. . - f-ﬂ

1 Diamicton with numerous Basal melt out=tilr, at

a " lanses filled with clay, originated from succ- least
si11t. sand, and gravel; " essive basally deposit®d 10
many 1ggses inclined.’ glacial debris layers (-7

~ variabi®wdistribution of which melted-out beneath
_lenses. ' . a moving valley glacier.
\ 2 _ .

2 Diam)cton with numerous, . Lodgement till, formed QJ'
long. thing gravel layers:. ° by plastering glacial (=)
A small number of sand debris particdes onto a

“‘lenses also present. subglactal substrate.

3 Massive diamicton, very few’ Lodgement till, formed 6 e
sand-  and grsel-fi..ned by plastering glacial (4-8) and
lenses . C « debris particles onto a ... 27'

. L , T subglacial substrate. (26 28)

4 Diamicton with numerous : Basal me\t op% t\ll 3.5
lenses filled with clay, oriYyinated from.success- -(3-4)
sand, or-gravel. Vast . "ive basally deposited and
major tty of lenses are glaciaI debri's .layers 30
horizontal. “which melted-out beneath (-)

° a moving valley glacier. :
Al

5 Mainly an interfingered, Proglacially oeposited ;. 9.

: interbedded .sequehce of poporly or situated glacia) mud- (2.5-13)
sorted gravels, diamicton f low complgxes, dwssected
‘lenses, and diamigton blocks. til) plains; and outwash
Also some poorly sorted channel-fill -deposits.
aravels. ' .

6 Mainly horizontal, inter- Braided glacial outwash . 13 -

' ‘bedded, 1nterfingé¢422\}ens- deposits and a lesser (6-24)
shaped gravel horizons™ Some amount of fluv1ally '
tabutlar-. tens-, and trough- deposited alluvialr i
‘shaped sand units are inter- Lfan deposits.

‘bedded with the -gravel units.

y7 Mainly interbedded gravel ‘and Ice proximal, progiacial 7

. % sand ‘layers and lepses. outwash sediments - (=)
Minor banded clay, silt, kdeposited in a channel ™~

b cut into previously
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the‘BanffJCanmcrefarea

.

e 'E'_J"éﬁt ,hi‘st,ory' :

-

;Valley glacier advanced
. over study area- and

. .deposited basal till, :
. {tvent 3c deglaciation by
“melting.of debris-free

V?ng]acier. no deglacial

" deposits produced in study

area)

rGtac1er ‘was 1ocated at
-Banff townsite.

Proglacial

1_§treams cut-into event 2
S 6 A &

glacxer advances to

: ‘beg1n event 3c.

derky advance of a, valley '

to Banff townstte area’.

'Deglac1atwon

~nf event 2
alluvial fans formed.

‘(deglacial dep651ts)

,'Vatley glac1er advanced
over  study area and’

depos1ted basal t1ll

3‘ AR ‘\\h ) rwj
' Table 10. Geological history of
. o L R )
Event 'Facjes:jv; Dep6eit§*‘-.
“3¢ . 1,3, 4 Diamicton
. ' R (tiny)
. — . /7 ’
3b 6 ‘Gravels and
: (quartzite- - sands with
rich) some - poorly‘
R sortéd . '
and 7 bands
" 3a 5 " Interbedded
S diamicton ' -
and sorted_;
o sed1ments '
\ R TR -  Gravel and
LY “1, 4quartzxte~nfsand :
' ' poor) s
~ g a5 C PR
i 2., 2,3, 4 . Diamigton:
. . S ()
re
Lo 1 6 Gravel and
R , (quartz1te-'vsand

Sandurj’depdsited;in front

of a retreating glacier.

T rich)
\\gfw_»i_ Ll

o

;- glacier, prog]ac1al mudflowftyld
‘deposits produced, followed. '~
"by a minor glacial retreat
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Table 11. Co:roarvson of Rutter’s .(1972) chronology
- to Mandryk’'s (this study) chronology of
) the Banff Canmore area
Rutter (1972) " Mandryk (this study)
- . ! . N ‘
_ pre-Bow"Vélley advance E'vent‘ 1. "
Bow Val]ey‘ advance » . Event 2 /
Retreated glacier from Bow ) Event 3b v '
Valley advance situated in «@ux - -
Banff town -area. Readvancing = '
glacier to mark Canmore advance. ‘5‘1
Q.
Canmore advance ’ : " Event 3c




EVENT 2 ’

The first def1n1te ev1dence otﬁe glac1al advance into
the study argg is the till (facies 2, 3, and 4) located in
the reg1on§§%Pd1cated in F1gures 69 and 70 A valley
glacier depos1ted fac1es 2 3, and 4 as basal tmll This
till was depostted as both lodgement till in the strict
~ sense (facies 2 and 3) and as lodged basal debris 1ayers
which- sﬁbsequently melted out (facies 4). Event 2 is
equivalent to the Bow Valley advance of Rutter (1972)
(Table 11). | |

The physicel‘hature of till can be used to determine
' seme of the characteristics of the glacier_which'depOSited.
 the till. .- | |

»

THE BASAL THERMAL CONDITIONS OF THE EVENT 2 GLACIER--

226

The‘basal thermal conditions of -the véTley glacier --

. which deposited the tit1_of event-2-age can be induced from

the type of till depos'ted In the regtons where facies 2,

3, and 4 were deposited;} theé?ase of the glac1er had to be

at a temperature above the pressure melting point of water ,

(wet- or warm-based) in order for lodgement t1Tl (factes 2
‘and 3) to form (Boultdn 1972a;vDreimanis 1982).iandwin~

order for the sheared-off basal debris to melt-out tfacies
4) (Muller 1983a). Up- val]ey of the Banff-Canmore area the.
glacier was ‘mainly cold- based with some local wet-based »

areas wh1ch would later refreeze, 1ncorporat1pg basal
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Figure 69a. Event 2 till distribution. Enlarged region in
figure 6%b. - | | - . o

\

L
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debris by the process of regelation (Boulton 1970a) or the
.process of basal freeze-on of debris (Weertman 1961). This
. . . \

is how the glacier incorporated the basal debris which was

eventually deposited in the study area.

LATERAL ICE CONDITIONS INSIDE THE EVENT 2 GLACIER

- sLateral facies changes Qxiét.withjn the event 2 till,
These changes are-eQident éiong the Powerhouse (Figure 15)
and Anthfacfte‘(Figure 16)LoU}crops. ingprder to attempt an
understandiﬁg‘of.thé 1aterél facies éhanges. the direction
of facies ch?nge relative to thé hotion of the valley
glacier muSt be Known. For example; is the facies change in
a direction parallel or perpendicuTar to the gJacier’é
former flow-direct&dn? ,

To illustrate theArelatioh§hip betWeen the former

valley glacier and the resulting observed facies
distribution, a plot of the observed facié§ distribution is
‘made with respect-to reconstructed glacier flow-lines
(.Figure 71).nhis map show‘s‘ that similar facies occur in
groups that relate to the trend of the reconstructed ‘
glaciér.f]ow lines, and that the Sbundaries'betﬁeen lateral
facies changes observed in the field are jn fact oriented
parallel to reconstructed gla¢1a1 fjow lines (compare
'F{gpies,4 and 71). This suggests th&t the adjacent facies
are related in, some manner ‘to ice-ffow-paralﬁel features in

the glacieb. It is proposed here, that the lateral facies

N
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f a
changes observed along outcrops are most likely a dkgduct
of dépositibh beneath different, adjacent glacier flow
cells, - . |

The presence of, flow cells within a glaciér is a

" mechanism which accounts for how different facies (facies
2, 3, _and 4) are deposited adjacent to.onre another across
‘the basé of ‘a glacier. Each flow cell would have unique
glacial debris characteristics and icg'f1ow
characteristics.  The resulting basally deposited sediment.

| from a flow-cell would 1nh?rit characteristics derived from
that particular flow-cell’s glacial debris and glacial fldw

properties. This is how three different facies (facies 2, i

3, and 4) were simultaneously deposited_naterafly agﬁacent

to one another in .the area of the 50werhouse, Anthracike,_
and Cascade sections.

Moreidetailed ice-flow information is rechsfructed by
considering the adjacent nature of facies 2 and 3. As-was
mghtioned in an earlier section, the glacial ice which
'depositéd facies 2 had an osci]]atihg.velocity whereas’
facies 3 was deposited below ice which had a more cbnst%nt
velocity. Facies 2 and 3 were likely éimultaneously
‘depoSited Sécause of their adiacent setting. Simultaneous,
laterally adjacent deposition of these two facies reqUires

_“that the glacier évertop of facies\2 had an osiillatihg
basal ice Velocify; whereas ten’s of meters away, aéross
_ the base of the glacier where faéiés 3 was being deposifed{

»
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‘fﬁe gl?cief had a more constant basal 1ce‘veioé*f§ This
suggbsts that the flow cells which deposited facies 2 and 3
in particular. and perhaps(plso facies 4, had uncoupled ’
flow-behavior. It follows, therefore, that the event 2 |
glaciér did not have a consistent ve]ocify profile, when
viewed normal to the ice flow direction, as has been
obseéved in the Athabasca Glacier (Figure 72) (Raymohd
1971) . | '
The above idea suggesting that the event 2 glaﬁiér had
uncoupled flow cells is not ungkpected since modern valley

glaciers also seem to have flow cells with differing

velocities. This is based on observaNons of surface

fo1iationkpattérns, seen for example/ on tHe Gulkana
glacier, Alaska (Rutter 1965b) and -0 Greenlandic bfﬁbiers
(Sugd;n and John 1976, p. 76). Recognitioh of.lateral, ‘
across-valley }i1l facies changes in : Banff-Canmore area
strongly suggests that Iarge: ancient valley'glaciers also
had regions of independent ice flow behavior aligned
E'paraIIel to the ice flow direction. These regions of

independent ice flow produced basal till which retained

properties of the various flow cells. i&h

DEGLACIATION bF EVENT 2.

Outwash was channeled alonb the presént Bow or Cascade
Rivers during the deglaciayion.of e@E}t 2. Thjs channeling
prevented the previously deposited glacial till from being
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l

Figure 72. Velocity distribution in Athabasca Glacier,
Alberta. Sectioned transverse to valley ice-flow-direction;
velocity in meters per year (after Raymond 1971). 3
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. eroded’ in the Powerhouse, Cascade, a

~ wvicinities. | »

fwglac1er thenvretreated sl1ghtly, th1s allowed the recent]y

“and retreat‘cou1d_have‘occUrred entirely within the Banff '

“Anthracite -

{

R

EVENT 2b

.

The’ deglac1at1on which fol lowed the gla01af advance of

¢ event 2 was 11Ke1y aocompanwed by warmer a1r temperatures

*

Warmer temperatures would have melted snow wh1ch had

.

',accumulated in the Fa1rho]me Range dur1ng the event 2 |

Y .
-g!ac1atwon This melt1ng wou ld: have produced peak water

236

d1scharges whwch would f]ush 1oose debr1s onto the abﬂuv1al

‘fans extend1ng out of the Fa1rholme Range and - thereby form

the QUartZIte ‘poor a]luvwal fans (fac1es 6., Flgure 73).

_ EVENT 3a 2 | : s

.

Event 3a gignifies the jerky advance of. a valley -

'f’g}acier into the study area after the monglacial periOd°

,fol]ow1ng event 2. The event 3a glac1er depos1ted

;proglac1a1 mudflow complexes (fac1es 5) (F1gure 74) The

)

i

depos1ted thin basal t11L, now part of the g]ac1a1 mudflow

o comp]ex1 to be d1ssected by outwash streams Thts advance

to Canmore area. C e , , ;5’}
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EVENT .3b -

")

Towards the end of event 3a the glac1er had* retreated
up - valley as far as the Banff townslte area. Event 3b began

with proglac1al streams (fac1e% 6 and Z

into the thicker event 2 till deojf: {S%Powerhouse
(Figure 15) and AnthraC1te (F1gure lglﬁ fhe uppermost
location of fac1es 6 at the Powerhouse section (F1gure 15)
was deposited by a proglacial bra1ded streﬁn which had cut

1nto the t1ll of event 2 Fa£1es,7. at the Anthrac1te A1

‘ subsectton (F1gure 62), was dep051ted by an 1ce prox1mal

twash s tream wh1ch flowed 1nto a water- f1lled

w SNy

'glac1er was advan01ng whlle fac1es 7 was being depos1ted 1n

‘the / Anthracite ared. Dur1ng early event 3b time th1s

gla01er was s1tuated up-valley of Banff but as event 3b.

: progressed the glacxer approached ‘the Powerhouse Anthraci te

area, and by the end of event 3bvhad advanced over the

' area;ilhis glacial advance into the’study area signifies

théﬁbeginning of event 3c.

EVENT 3¢ L A

[

The final glac1er wh1ch advanced into the study area
was the same glaoger wh1ch dep051ted the proglacial
depos1ts (facies 6 and 7) of event 3b..The physical

flgure 75) cutting

csat the. Anthrac1te Al- subsectlon This. suggests the
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connection between event 3b and 3¢ is established by facies

7 of event 3b gradtng up into the overlytng tin of event

3¢ at Anthrac1te s At- subsectton

Event 3c was marked by a valley glacier advancing over

_ the -entire study area and dep051t1ng an approx1mately 3

meter thick basal till (Figures 70 and 76). In certain

o

locations in the study'area the base of this glacier was'

 erosive pr18$ to till deposition. Figures 15 and 16 show

the discontinuous gravel horizons of “event 3b (facies 6 at

Powerhouse, Figure°15"facies 7 at Anthracite, Figure 16)

which separate the under1y1ng tl]] of event 2 and the
over]ytng tt]] of event 3c at the Powerhouse and Anthracite
secttons. The dtscont1nuous gravel horizons are interpreted

to be a result of partial ‘erosion of. earlier deposits by

“the final glac1er advance (event 3c)

Event 3c is approxxmately equ1valent to the Canmore
advance of Rutter (1972) (Table 11). The dtfference between
event 3c (this study) and Rutter’s (1972) Canmore advance

is that the till of event 3c is continuous throughout the

- majority of the study area of this thes1s whereas Rutter

(1972) observed that the Canmore advance till had a
d1scont1nuous, patchy distribution throughout hlS larger
s tudy area.

&

‘-Detailed interpretations concerning the behavior of the

‘event 3c glacier can be made based on observations of the.
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"resulting event 3c'till. The final gfacia] advance (event
3c) deposited lodgemenf til (faéjes 3) and also jodged
basal debris layers which then basally melted-out (facies 1
and 4). Facies 2 was not.deposited during this final !
glacial advanée; In order for facies 2 to have been
degosited a regular fluctuation or oscillation in the basal
jce velocity must have existed‘during the pro;éss of"
qlodgemeﬁt (section IV B). The lack of facies 2 ihé}cates
that no part of tHé glacier, or’ﬁo flow cell, had an_
oscillating velocity which would then enaSle‘facies é té
form. It seems that ering the 1asf glacial advance (event

3c) the glacier’'s flow cells all had similar velocities.

~4¢z.‘| » i
R P

The temperature regime of the evett 3c glacier can be
-épproximatedrfrom its deposits. The event 3c glaéier Bad
the same basal témperature regime as the subpolar glacieb
éf_event 2. That js, the event 3c glacier had large areas
upglaci!-rf where ’_the»base was frozen (temperatures below the
pressure melting point of ice) with pressdre.melting only
occurring at ob;tacleSﬁ Dowh—QJacier,"in the study area,
the glacier’sfbaseiwgs meiting (the basal temperature was

- A
"above the pressurd melting point of ice).

Examination of the event 3c till also reveals lateral
till facies changes. These lateral facies changes (Figure

77) are interpreted to result from differing depositional

243
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° Event 3c: Lateral till facies changes

Figure 77a. Lateral till facies -changes in event 3c till.
Enlarged region in figure 77b. <
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Event 3C: Lateral til facies chanoos enlarged region

Figure 77b. Lateral till facies changes in event 3c till
within the enlarged portion of figure 77a.
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processes operating below adjacent glacial flow-cells,

Figure 77 shows that facies 3 and 4 were the predominant
facies deposited during event 3c. The deposition of facies
3 and 4 continued to the end of event 3c, the last

glaciation of the Banff-Canmore area.

' DEGLACIATION OF EVENT 3c

It must fifSt be resolved whefher any portion of the
glacial deposits have been postdepositjonajly removed by
erosion, before the mechanisms and history of deglaciation
following the event 3c glgciatioh can be determined. This
is necessary because the deglac{él history can.only be
. properly interpreted if the entire depbsit is pfeserved.‘ln
fhe Banff-Canmore aréa the entire glacial and deglacial
sequence of event 3c is apparently preserved unqltered at
many ]ocations throughout the study area (for example at
the Powerhouse outcrop, Figqre 15; at the Carrét Creek_
outcrop, Figure 33; and at the Fireside outcrop, Figure 5). . .

The following two characteristics squest,that an |
Unhltered sequence of Ejll,is présent at, the surface.
Firstly, the till of eiént 3c (facies 1:‘3, and 4) extends
'uninterupted to its upper contact and ig then overlain by a
silt which is interpreted to be a loess deposit.: This
stratigraphic sequence implies nS postdepositional erosion
of the till occurred. Secbndly, the preservation of

drumlins in the area of the Powerhouse section (plate 4)

a



247 v
indicates thdt no extensive postdepositional erosion took :

place.

Since all of the event 3c till wés only deposited below
active ice.;déposition cgased when dgglaciation began. This
implies that mainly debris-free ice filled the Bow valley
during deglaciation, Melting of the ice would have been in
a downWard'directidn from the upper, debris-free sur face;
'»the toe likely.melted concurrently in én upvalley |
direction.

While tﬂé'toe retreated up-valley, g]acier-flow had
already ceased, at least in the study area. If ice flow .
continued while the toe was retreat1ng, compress1on near
the toe would have emplaced basal debris into a
supragla01al po§1t1on (Boulton 1968). No evidence for’
supraglacially deposited deb;is.exists during the final )
glaciation (event 3c).” Nothing suggests the style of the
earlier event 2 deglaciation was ahy different than event
3c deglaciation. *Deglaciation‘of.the Bow vailey therefore
consisted .of a relativefy debris-ffee glacier with a mainly
debris-free surface melting in situ after é period of

g1aciation.

B. RELATIVE LENGTHS OF GLACIATIONS #

Unfortunatéiy no datable materials wece found in the

“\\» | | ;~g
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Hsediments studied 1n this project An estimate of tgf %ﬁ
comparative lengths of the event 2 and 3c glaciations is
,therefore made in this eectiqn. The estimates are based on
the thicknesses of the two.tills.. | " oy

There is a striking-difference in thicknesses between
the“thicker, awent 2 til1 (24-30 m thick) and the event 3c
till (3-10 m thick) (Figure 70). The reason for this '
difference will be explained below. |

-~

A difference in the geothermal heat’ flux between'the\
- jtwo.glaciations:;ill'affect the relativeé rates of basa\‘J
melting Such a change is possible over e'period of a few :
: hundred ‘thousand years in an area w1th local hot spr1ng
activity. Changes in the geothermal heat fLux with time 1nv
the study area is unknown and will therefore not be ‘

-

considered further.

The till of event 2 and event 3c appear simttar to 6ne'§ 5 .
another and both tills contain generally the same fac1es kgn?*
(facies g and 4). The s1m11ar1ty between these tills -
therefore suggeste that the two glacxers had the same
general characteristics. This simila%tty rules out
differendeS'in till deposition ratee as a cause'fon the
thickness difference between the till of event 2 and 3c. Lfi

a

.. anything, durlng eVent 2 the thacker fac1es 2 ‘should have ;I

accumulated even more slowly than tlll did dur1ng the f1na4

/- glaciation (event 3c) because at times during event 2

t.l

certain flow- cells had elevated veloc1t1es which would h;;
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actually decreased the rate of lodgepent. (lIncreased )
glacier velocity would atiow less time for interstitial ice
to melt-out from around basal aébris as’it was about to
\
lodge and would therefore slow the\lodging process and thus
till accumulation. ) ; “ |
Time, or the duration of a giacial~eveﬂﬁ, is the only

obvious variable remaining to explain why till thicknesses

differ. Based on the ratio of the till 1h1cknesses from the

two events, the duration of glaeiation during event 2 is
\interpreted‘to have been 2 to 1D times lbnger than the

duration of the final (event 3c) glaciation. The longer

5
¥

>
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period of glaciation, during event 2 would have also.alfoﬁéd'

v¢ a thicker mountain snowpack to develop in-the Fairholme
#oy, Fee L .
v . *g ‘

~‘4:Iﬁ th1s section comments will be made on ‘the usefulness
- N —of the various field and laboratory methods employed in
\ ; th1s study )

CFIELD METHODS

Future studies of diamictons or glacial till depostts

shdu]d investigate, where pract1cal, lateral facies changes

 in addition to-vertical changes.
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information is provided by the necognitioh of ah evey

‘afluvial tan sedimentation (event 2b)'and‘évents.of
{} proglac1a1 sedimentation {events 3a and 3b) . o *31;
. 2. Fa01es analys1s a1ded in determ1n1ng the J )
o ;sedlmentologlcal genes1s of .the deposits. Pub lished" . SIY
observat10ns of modern val1ey glac1er sedimentary proeessesfi*'ff

;were found to be usefu] analogues. Unfortunately. modern
glac1a] observatiohs of basal deposvtwon are lack1ng in the;“”'
;red1on up glacier of the terminus reg1on As a result moreff o
conftdence can be placed on the 1Lterpretat1ons of
'prog1ac1al depos1t1ona1 sett1ngs/than on sett1ngs beneath
‘the g]ac1er ‘,! | ‘—/ | |
30 The - recogn1t1on of 1ateral f c1es changes suggest the
" flow cel]s (ice streams) within a va]ley g]ac1er may Q?“}??Eift

.“>~.

- s1mu1taneous1y depos1t d1ffereht types of t111
In add1t1on to these f1pjﬁngs 1t appears that Whe e

valley glacier. wh1ch last oc up1ed the Banff Canmore regwcn??ff3

';transported very 11ttle.,1f any, supraglac1a1 debrls Thls éhf°%

/ implies deposition was malnty from the base of nhe glacxer‘fﬁ X

3
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Appondix 8 Grain size phl va1uos at varlous cumulatlve percentages
Numbers below 5 to 95 are, bhi values .
% to 95 are cumulativa percentiles

sampled 5 _10 _16 25 30 50 70 75 84 90 _ /.95 '
-1 - -.14 .16 1.00 2.55 3.64 5.72 7.73 8.38 10.
42  -.23 .56 1.37 2.69 . 3.40 5239 7.70 8.38 9.
-3 -.10 .56 1.22 42.10 2.59 4.70 7.14. 7.86 9. te
1-4 -.12 .69 1.29 .1:84 2,29 3.68 65.76 6.42 7.
- - -.58 .15 1,09 2%: 3,15 ,4.72 7.16 7.86 9.
. - -6 . -.46. .36 1.22 2°88 320 4.98 7.04.°7.65 9.
. : ' 1-1 .10. 1.12 2.06 3.28 3.76 5.5 7.29 7,91 9.
. 1-8 ‘ 2.46 3.10 5.0¢ 7.32 8.02° 9.
‘ 1-9 #.78 2,20 3.97 6.24 6.91 8.
‘ 1-10 .2.3%5 3:Q% 4,96 7.67 8.16 9.
A Y 1-41 $2.42.3.02 4.78 6,78 7.42° 9.
: 1-12 1.698° 2 08 388 6.15 6.81 8.
1-13 1.897/2.29 4,04 6:28 6.91 §.
b 1-14 1789050 32 Qiﬁ 1§.36°- 6.89 7.
1-15 2.86 3.28 #.88 ©.97 7.53 8. . .
1-16 1.84 2.33 4,10 ‘6483 7.25 8.76 10.97 12.02
1-17 .2.68 . 3.18 4.\'36,.-,5‘,&»7.51 ,9.03 10.97 12.02
1L-18 6.06 6.38 7.69 9.46 9.97 "10.97 12.02 12.92
1L-19 .99 6.30 7.64 '9.4§ 10.29 10.97 12,08.12.02
1L-20 5.88 6.31 7.90, 9148- 9.94 10,9732 ‘;‘ 2.02
’ X 12-1 2.64 3.00 43%/_ 21 7.'oo -9.00410.97 302"
2-2 2.47 2 79 3.98 5.61 6.27 7.8 9.59°1202 ».
2-3 . . 2.644.3.05 4:92 '7.73 8.52 9.97 10.87 12,02 . R
2-4. 1.00 1.76° 2 29 2 3.28 4.78 6.86° 7.83 9.59 10.97 12.02
P ¥ . -
o ~ S S
_— Sample# .5 10 .. _16 - _25 90 95
¥ i K N ] .
2 2-5 1.94 2.62 10,97 12.02.
K 2-% 2.27 2,94. 10.97.12.02
2-7 1 1.89 . 2.49 '10.87 12,02
. 2-8 1.18 1.79 .°2.95 G 12.02 12.02
b g 2-9 . 1.14 1,79 2.47 10.9712.02
3 2-10. 1.06 1.92 2.56 3.21 9.66_12.02
: 3-”' 75 . 1.76 :.2.40 3.18 "9.80712.02
o _2-12 61 1.36 2.18 2793 10.97 12.02° -
.o ' . 2-13 49 1.41 2.05 12,77 . .9.85 8.70
N 3-1 . .74 1.54 '§13 2. -7.83 _8 84 9 83_10.97 12.02
. 3-2 .75 1.63 2.18 . 2.8 8:22 8.97 10.29 10.97 12.02
N 3-3  ..58 '1.47 2.13 . 2. "6.35 . 7.10 9.42 10.97 12.02
) 3-4 43 . 1.38 2.06 2.f 7.67  8.59 10.97 12.02 12.02°
3-5 58 1.35 1.89 2. 6.72 7.97 .10.97,12.02 12.02
3-6 7 .34 .19 172 2. 7.02 8.10 9.97 40.97.12.02 -
3-7 .69. 1.56 .2.32 3. 8.38 8.83 9.63 10.97 12.02
> 3-8 .86.°1.79° 2.54 3, . 8.59 9.08 9.97 10:97 1243 . -
3-9 ..58 1.39 " 2’00 2. 8.33 8.59 9.97 10.97 12.02-
'~ 3-10 .34 1.27° 2.00 2. 6.4 7.06. 8.86 9.12-10.97
3511 .51 1.38 1 1.93 2. 7.08 8.10 9.52 10.97, 12.02
©3=92, .40 1.16 1.66 2. 7.51. 8.38 9.48: 8.97 10.97 .
"3-13.; .32 1.24 1.99 2.79 7.08 7.86 -9.61 :10.97 12,02 . -
3-14 20. -1.36 2140 3.51 ‘8:68 .9:55 10.97- 12.02.12.02 " '
; «3-18 17 1.08 1.74 2. '6.38° 7.39. 9.07 10.97 12,02, =
3-16 -.08" - .98 1.84 2. 8.43 9.04 10,97 12:02.12:02 -
3-17 49 1.42- 2.18 3. 8.20 8.91 997 10.97 12.02 ~
. 3-18 62 °1.81..2.25 3. 7.97 '8.71-10.97 12.02 12.02
. ' Yo.3s19 79 1.64 -2.45 3.4 8.73 9.32 10.97 12.02 12.02
. 3-20. ..32 1.38 "2.20 '3, 7.59 8.27 '9.73 10.97,12,02
hd 3




- T 269
. o Y . |
) Samplexs 5 10° 16 25 30 50
3-21 .23 1.04 1.75 2.54 2.92 4.2 -
3-22 86 1.86 2.65 3.61 4.08 6.01 . 9 .97
. 3-23 39 -1.23 1.89 2.62 2.98 4.04 6.847.69 8.98
3-24 36 1.09 1.58 2.08 2.28 3.08 3.94" 4.49 6.9
3-25 36 1.17 1.74 .2.36 2.68 3.86¢ 6.28 7.14 8.97
3-26 .48 1.32 1.98 2.72 3.08 4.24 §.90 8.38
3-27 .65 1.43 1.99 2.62 2.97 4.38 8.10 9.69
. 3-28 .80 1.80. 2.50 3.21. 3.5t 4.88 “7.81 9.16
3-29 .18 1.32.2.27 3.18 3.47.5.20 ..8.46 9.38
3-30 15 1.32 2.40 3.47 3.84 5.47 . 8.57 9.48
. 3-31 .18 . 1.12 1.83 2.61 2.98 4.06 . 6.47 8.00
: 3-32 .09 .91 1.62 2.52 3.00.4.32 6.66 ,7.33 B.62
3-33 .45 1.30 1.99: 2.85 3,§ "4.80 6,63 ©7.36 B8.62
3-34 277 1.69 2.44 3,22 3.50 -5.11 7;30 7.97 9.29.
. 3-35 .47 1,49 2.26 3IJWO 3.51 4.92 7.33 .,9.38
3-36 25 1.34 2.18 3] 3.4% 4,79 7.3, Yol 25,
3-37 43 1.32 1.99 2.81 3.18:-4.80,8.
& 3-38 .42 1.45 2.24 3.10 3.46. 4.90 3.97)
3-39 * .§0 1.59 2.35 3.18 5.70 4.44, 6.84gN
3-40 /39 1.10 1.84 2.82 '3.18 4.37 6.8
3-41 §7° 1.45 2.12 2.86 3.29 4.58 §.f
3-42 1.40 2.41 3.20 4.27 '4.84 7.08 9%
. - 4-1 . -.2¢ . .B4 1.29 2.13 2.63 4.29 6.
’ 4-2, " - ™97 J'71 2.48 2.87 4.71 6.¢
‘ . 4-3 . -, ‘89‘1;7‘5' 2.64 3.06 #4.36. 6.53 7. .
R « a-4 = .64 71.33° 2.08 2.45 3.92 5.98 6.86 8.97
& T 4-5 '86 .1.94 2.71- 3.44 32 4.88 6.63 7.31 9.59
- a-6 .38 1.17 1.74 2.32 2.% 3.56 5.21 S5.32 '7.60
‘:tzgvgf ' 4-7 .93 1.71 2,36 "3.17 3.49 S.11 7.45 8.27 9.97
.-\: . ‘,! " B | N " .
o /‘ . N o
. N—f \ ° -
- A .
% "\ . i . W ' vl
. . mple# 1 1 ‘2 7 4 , 5
' | ‘ . Sampie __? VO 6 5 .30 /50 o) J.ﬁ.‘\‘. *8  90 ‘ﬁ__
PR 4-8 22 .97 1.33 2.13 2:40 "3.58 5.27 5.8¥P8.16 9.59 12.02
: : - 4-9°° - .67 1.69 2.26 3.18 3.64 S5 21 7.43 8.24 9.90 10.97 12.02 ,
: 4-10 1.30 1.79 .2.18 2.56 2.76 3.59 S5A1 5.79 7.76 9.75 12.02 . 3
Tla-11 .85 1.89 2!74 ;359 3.92 5.11 6.84 7.64 9.48 10.97 12.02. :
4-12 1,07 1.8 2.47 .3.07 3.38 4.72 7.04 7.93 9.38 10.97 12.02: A
. 4-13 .58 . m.z ﬁ%o’g\ 3.41  5.47 8.24% 8.97 40.97 12.Q2 12.02. L
* 4-14 .36 1.22 1.79 "2.37 '2.68" 4.24. 6.64: 7.56 9.12.10.97. 1202 .
4-15. -.1y - .81 1.55 °2.32 2.65.°3.72 5.27 5.82 6.97 7.97 9.30 .
_ 4-16 :§q 1.43. 2:06 2.77° 3.16 4.29 6.51 '7.48 .-8.78 . 9.92 12.02 :
‘ 4a-17 #3849 .94 2.52 .3.25 3.56° . 4.64 6.51 7.04 °8.12 9.46 12.02 .
4-18 .53 1.47 2.15 '2:89 3.27 4.37 .6.51" 730 8.64. 9.78 12.83; .
4-19 -.58 .31 1.09 .2.05.2.56 4.11 6€.47 7.18 ‘8.34 9.68 10.97
4-20 .85 1.79  2.54 '3.32 3.54 §.32 7.66 8.32 9.62 10197.12.02 ¥ ¢
4-21 7 1.21 ¢.86 2-51 2.83 3.9 6.07 6.88 8.29 9.52.12.02, . '
N 4-22 3 1.38 89.,.2.47.v2.76 3.84 573 6.51 '8.17 938 12.02° : - A
423 56 1.83.,.Z.01. 2.72. 3.Q7,.:4.21 6. 7.43° 8.94 10.34 12:062. v
4-24 .71 1,62 2.21 2.80 T 4,32 6. 6.95 - 8.53  9.49 10.29 :
4-25 .80 1+51 2.00 ‘2.5%. - '3.47 4.36 4.82 5.96 7.44 8.80
o 4-26 .77 1.41 1.88 2.40- 2%7 $.71 4.3 5.00 6.67 8.07 9.30. T,
4-27 1.78_.2.74 3.43 3.87 4.06 4.52 5.63 6.14 7.56 B.65 9.58 ..
. 4-28 .85/‘1 69 2.33 '3.05 3.35 4.72 5.97 6€.62 7.90. 9.05 10.97 .
i 4-29 .57. 1.47 2.13 2.85 3.13 4.21 6.51 '7.55 8.95 13,29 10.97 . BT
;o @-30 .14 1710 1.99 3.04 3.41 4.54 6.76 7.38 8.54 " 9.58 10.97 T
- , 4-31 .36  1.317 2.11. 3.06. 3.44 4.94 7.27 7.78 8.87 9.95 10.97
s ' . . 4-32 ».89 1.73 2.26 2.82 3.05 3.88 5.04 5.58 6.97 .8.28 9.88
' " . 4-33 .15 ‘94 1.69 2.64 3.16 4.45 6.36 7.03 .8.38 9.18 8.97
Ta e : 4-34 1.36 2.25 2.73 3.18 -3.35 3.88°“4.9% 5.45 7.60 8.90 9.97
- . " .4-35_ ..03 .94 1.70 2.60 3.04 4.36 €.55 7.27 8.45 9.42 10.97 ' >
‘ . *4~36 .09 .98 {1.74 2.64 3.10 4.43°  6.75 7.41 B.74 9.79°10.87 - " L
-2 //f~ 4-37 - .43 1.43 2.13 2.84 '3.13 4.04 5.97 6.81 8.59 9.83 12.02-
.. ) - . R . B ». : . 7 ~
a . A/ ) ) 3. R . .
. . J ' * a"fﬁ ’,’
x ) . .
) - ‘ N [ - - e 4

e Y
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. vl ‘. E Bt
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Samples 8 _10 16 _2% 30 50 70 75 84 90 485,
4-38 1.69 2.85 2.38 3.81 4.01 4.88 6,28 6.91 8.18 9.39 10.97
sD-1 2.17 2.97 3.46 4.10 4.44 5.88 7. 9.97 10.97 12.02
§D-2 .29 . 1.20 1.04 ~2.82°.3.24 4.57 6. 9.20 10.97 12.02
sD-3 2.40 .3:21  3.72 4.3%9 4.79 6.37™ 8. 10.97 '12.02 12.02
'Sp-4 .2.17 .2.63 93:02 3.47 3.68 4.43 6. 2,51 .9.21 10.97 12.02
5p-5 1.40 ‘2:38 3.06 3.78 4.06 S5.41 -7.88 {54 9. . .02
sp-6 .66 1.32 1.86 2,47 2.75 3,92 6.48 'T. 9. .02
sD-7 -.46 .18 .79 . 1.59 2.03 3.8 5%10 'S, 6. .12
sD-8 -.12 - .69 '1.43 2,36 .2.87 4.01 5. 6. 7. .97
, 50-9 -.14 . .81, 1.67°,2.7¢ 3.21 4.88 7. 7. 9. 12,02
' 80-10; .20 1.06 1.76 2.51 2.88 4.04 S. 6. 7. .87 .
§D-11 -.03 ~+-Q0° 1.87 2.81 3.15 4.06 5. 6. 8. .97
5p-12 -.08 1.08- 2.00 2.98 3:32 4.56 6. 6. 7. .02
sp-13 -.32 > .29 .97 2.18 3.20 5.73,°8. 8.54 «9. .02
SD-14 -.26 .% 1.40 2.63 3.21 4.7%-6. 7. 8: .02
" 5D~ 15 .g; 1.56 2.31 3.04 3.27 4.31 6.20 6. 8. .02
506 2. .56 4.05 4.57 4.85 5,94 7. 7.10 8. .02
.7-2 4.64-.5.11 5.59 6.20 ,6.51 -7.79 9.97 10.97 12. 02 .
753 1.37 1.56 1.71 1.89 1.96 2.28 2.64.2.76 3.0t 3.18 3,47 ~
7-7. .47 1.49 2,20 3.11 3.63 5.51 8.04, 8.93 10.97 12.02 12.02
¥ 5 0% 16 25 . 30. .~50 10 15 8 90 9%
5G-1 -3.72 ¢3.42 -3.13 -2.7 =-2.46 -1.15 1.04 1.39°.71.88 2.21 2.61
SG-2 -4.6 -4.4t -4.2 -3%42,-2.75 0.38 1.58 - 1.78 hota 2,41 272
5G-3 -4.61 ¢4.5 -4.37.-4.46-4.03 -3.65 ~3.11 -2.91 -2.32 -1.63 -0.49
5G-agh:4.58 -4.42 -4.27 -4.0 -3.8 -2.81 -1.61 -1.18"-0.21. 0.6 -1.51
5G-5 W-4.56 ~4.43 -4.31 -4.15 -4.05 -3.42 -2.51.-2.18 -1.47 -0.87 -0.17
' 5G-6 -4.48 -4.31 -4.13 -3.84 -3.6¢ -2.89 ~1.8 -1.45 -0.62 0.09 0 899
5G-7~ -4.64 -4.52 -4.4 -4.2 -4.08 -3.48 -2.75--2.%. -1.88 -0.97 - 1.08
§G-8 -4.62 -4.49 -4.32 -4.08 -3.91 -3.25 -2.43 -2.14 -1.19 -0.12 1.0
5G-9 -3.38 -3.17 -2.9 -2.47 -2.26 -1.36 0.09 0.5 1.51 2.04 55
$G-10- -4.4 -4.21 -4.0. -3.67 -3.51 -2.98 -2.32 1 -o.ib 0.74 *1.a9
5G-11 -4,.68 -4.6 -4.51.-4.36 -4.3 -3"%9 -2.61 -2.15 -0O. 0.12 ~ 097
5G-63 -4.68 -4.58 -4.48 -4.33 -4.24 -3.79 -3.0, -2,65 -0.98 1.28 1.99
.5G-13 -4.32 -4.23 -4.13 +3.97 -3.89 -3.49°-2.72 -2%87 -1.0 0.6 1.89
5G-14 -4.31 -4.08 -3.72.-3.29 -3.08 -2.2 -1.2 -0:84:-0.43 -0.1 0,61
56S-15 -4.4 -4.22 -4.05 -2.55 -0.¥5 1.25 1.73 1.9 2.28 2.63 3.11
5GS-16 '1.30 1.59 ~1.77. 1.97 2.08 2.49 2.97 .3.09 3.32 . 3.46 3.55
5GS-17.-0.61 Q.06 0 0.95 1.12 1.79 2.28 2.42 2.7 2.98 3.30
»5GS-48 - 1.81 '2,06.'2.22 2.42 2.51 2.83 3.19 3.29. 3.48 :3.62-,3.73
5GS-19°.0.84 1.2 1.46 1.73 1.84 2.25.2.61 2.7 -2.88 3.02 . 3.2%
5GS-20 1,59 1.72 1.88 2,06 2.12 2.38 2.62 2.71 2.9  3.1: 3.4
5G-21 -4.18 -4.09. -3.97 -3.8° -3,7 .-3.16 -1.7- -0.95 0.39 1.1° 1177
5G-22 -4.58 -4.45  -4.31 -4.1 -3.96 -3.02 -1.79 -1.35 -0.29 ' 0.7 1386
5G6-23 -4.2. “4.0 -3.8 -3.54 -3%4- -2.75 -1.59 -0.93 0.75 1.39 1.85
5G-24 -0.59 -0.2 0.1 0.45 0.6 1.17 '1.76 1.95 2.32 2.68 3.03
"5G-25 -4,66 -4.55 -4.42 -4.25 4.12 -3.32 -2.29 -1.91 -0.86 0.53" 1.91
B&-27 4. 73 +4.63 -4.54 ;4.39 -4.31 -3.81 -2.72 -2.26 -0.61. 1.27 2.87
6G-1 -4.08 -3.95 -3.82 -3.65 -3.56 -3.1 .-2.32 -3.0 -1.2 -0.439Qq.51
’ ) v .A ;P R
.

A
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“ ‘k R N s
» v N [ N e
o v . 0 ‘7 > %
e 46 . 257 30 50. 10 78 - -84 90 98
-3,@*«-3 47 -2.78 -2.3 -0.91.:0.07 ©0s13 0.56 0.98 t.
< -3.74 -3,6 -3.34 ,2.63 -0.95 =0.47 0.43 1.¥1 2.
| -4.2B -4.09 -376 -3.6 ~2.86 -1.21 -0.16 1.1 "1.72° 2.
. =4.48° W4 92, 23v58 -3.27 -2, os -p.o8 0.55 1.2 -1.63 2.
7,=3.82; " 3 464 -3.31 -2.69 -1.585 -1.13 -0.12 0.85 1.
¥ 40" *g,.og 3788 1288 117 14 -0 0.20- 1.
37 mao¥, el -3‘.38 -1.86 0.5 0.92_ 1.5 1.91 2.
X92%,-3.47"-2.25 -1:39 0.68 .1.68- 1.9 2.32 2.65. 3.
92. -4.52 -4.25 408 -3.15 -2.15 -1.84 -1.15 -0/t 0.
-4.44 -4.22 -4.08 -3.42 -2.59"-2.28 -1.49 -0.16 1.
~0.66 -0.L O~5 1.0 ‘1,71, 4.9 .2.20 2,61 -3¢
-3.91 -3.62 -3.46 -2.56 -0.7 +-0.2 0.97.4.58 42
-4.68 -4.48 -4.38 -3.95 3,29 -3.04 -2.45 -1.63 1.
-4.56 -4.48 -4.43 24.26 “§.93 -3.72 -3.28 -2.28 -2.
-a.3%-4.08 -3.9 -3.14 -2.1 75' -0.96 -0.18 O.
-4.18 ~3.94 -3.78 -2.96 -1.61 W12 -0.3 0.74 1.
-4 0 3.6 -3.4 -2.58 -1, qs l1.06 -0.2 0.6 1.
. . -4 19 -3.97 .29 -1.66 0.21 1.13 1.
'6G-24 -4.19 .-3.81 .14 .61 -1.38 -0.87 -=0.39 0.
6G-25 -4.51 -4.32 74 - .85 -1.7 -1.11.-0.61 O.
¢ 6G=26 -4,2 -4.0 . .81 -1.37 .-0.33 0.5% 1.
6G-27 -4.6 =-4.43 .95 -1.8 -0.22 1.2 2.
6G-28 -4.6 -4.49 .37 - . . ).21*.0.37 1,17 1.62 2.
6G-29 -4.58 -4.43 ‘ -4 96 -2. .32 0.24 0.93 ,1.38 ‘1.
" 2 6G-30 -4.29 -4.1 . -3.92 -3.69 -3:55 -2.72 0.37 0.98 1.52 1.85 2.
6G-31 -4.8. -4.73 -4.68 -4.61 -4.55 -4.34 -3.96 -3.77 -3.21 -0.72" 2.
6G5-33 0.90 1.18 1.34 1.51 158 1.81 2.08 2.18 2.41 2.68 3.
764 -4.9 -4.61 -4.36 -4.02 -3.88-2/90 1,74 -1.28 0.45 1.47 2.5
7G-5 -4.9 ~4,66. -4.46 -4.18 -4.04 -3.41 -2.67 -2.42 -1.8 -1.05 0.2
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SKI SDI

.27 3.2
.18  3.30
.05 = 3.99".
.13 3.7
.34 3.25 .
.27  2.56
.23 2.73
.13 .64
.19 3.94

KG

.31
.30
.80
.04
1.23
.19

.63’
.99
.81,
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Sample# SMI

R
o

5G-1
5G-2
5G-3
5G-4
5G-5

5G-6-

- 5G-7
5G-8
5G-9-
5G-10
5G- 11

W 5G-12
#w 5G-13

' . 5G-14_,
5GS- 15
5GS- 16
5GS-17

. 5GS-18
5GS-19

589820

" 68-21

5G-22 - .44 1:98 .96 -2.54 Ty G
5G-23 - .53  2.05 .95 -1.93 .
~ 5G-24 .+ .03.% 1.10 .99 -1.20
+5G-25 .49 189 1.15 -2.87 .
5G-27 .69 2.13 1.46 -2.99 .
6G-1 . .51 1.
6G-2. .21 1. y S =
6G-3 . .49 1. :
6G-4 .53 2. " -
. 6G-5 .22 - 2. ', ‘
- .. 6G-6 ' .51 1:
. 867 .36 - 1,
v 'BG-8 -.21 -2,
‘“;‘f*5§§‘9 -.40 2. #
£ {.:{\., -10 i, .%g 1_. ‘:,-‘ & R
S\ eBB 1. 3 1 LA o
§w¢gf'€§r,12~ =a14 145,797 g , B
& e®eG-13 .45 2,217 .78 1-1.83 l ‘
e '6G~14 .51 -'1.47 {70 -3.69 -
%ig, ~86-15.. .60 - .71. 1,38 -4.03
B ‘
. .
' ) R I e

v

:20
-.40

.42

.35
-4

.65

R YA
:su?ﬁ
4“%9“

‘0t
-7

~a01.

- 15
.07
.84
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SD1 KG,
(phi)

21 .63
.69 .58
14 . 1,35
.94 ' .89
.38 .93 -3, |
71 T84 -2.85
.50 1.38 -3.25 -
19+ -2.92
.00- .82 ' -.92 |
1.54 -2.43 >
.79 1.05 -3.03
1.63 -3.08 -
1.59 -2.87
.57 .86 -2.12

N
W

.72 .69 =17 -
73 .82 .. 2.53°
‘ 14 1.09 1.65
~ Cro 61 . S 90 : 2 . 85 )
ST 711,00 2.20
* 53 1.4 2.39 -

w189 86 -2.25




" Sample# SKI

' B8G;16 .39
- 8G-17 .45

6G-20 .33
6G-23 .60
6G-24 .14
6G-25 .20

6G-26' .53

6G-27 .48
6G'28 . 48
6G-29 .43
6G-30 - .54

. 6G-31 .70

6GS-33_ .13

- 7G-4 . .45

. . K
KR rllﬁ'“'" e e
N -

RS

76-5 .31

.03
.34
.44
.73
.06
.40
.29
.35
41
.59

.29 .
a4

.97
.90

g8

1.09
1,04

1.02

115
.60
.61

57

'3.36
1.30 -

"1.06

1.19

(phi)

.80
41
.26
42
.24
.68
37"
.51,

06
11

.08

.85{
30,
L 22

+«7
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"Appéhdix D._Rodndness‘va1ues of each sample per faciés.

Facies Sample# Roundness Std. Dev. R ) -
SR : - B
1 1-1 0.373 0.083 . -~ . v :
" 1-3 0.352 ..0.091 : _
1-4 ©0.384-- -0.098 o - ' _ o
- 1-5 0.378 0.068 " e ' L —
1-6 -0.382 0.066 S . - Wy
1-7 - 0.360 * 0.083
SR I
1- ..  .' -1,~.
1-10 0.3% L 0.076
1-11 - 0.390 | 0.076
1-13 0. 372 0.090 ~
1-14. 0.358  ,0.067 . S
1-15 0.362 0.088 | e
1-16 - 0.382 0.082 R
1-17 . 0.360 0.081 ,
2 2-4 . 0.370 - 0.104
o - 2-5 0.358 0..107
2-6 , 0.338 0.0987
2-7 0.358  0.121 _ _
2-8 0.360 0.103 | ' '
2-9 0.368  0.104 : S
2-10- “8.364, . 0.090 ’ v
S 2-11 - 0.384 . 0.096 -
2-12 0.3% ~ 0.086 .
: . 2-13 0.362  0.119
3thin. ~3-5 . 0.324 0.102
S 3-6  0.368  0.117
3-10° ~ 0.384 0.091
3-11 - 0.378 0.104
3-12 0.368 0.110. ~
3-14 0. 416 0.102
3-15 ..0.378 0.095
3-21 v 0.380 . 0.105
3-26. 0.370-  -0.091
. . 3-29 0.402 05 110 C - ’,j
o - 3-30 0.370 0.09t o g ’ S
- 3-32 0.404 0.245 - T SR
3thick 3-7 0.360 - 0.105 .
3-8 0.346 0.093
3-9 0.392 0.112 i
- 278 :
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Factes Sample# Roundness . Std. Dev.. . -
3th1ck 3-20 0,346 0.095 SN
, 3-24 g .382 . 0.096 =
| 3-27  /0.392 - 0,105
\ - 3-28 /0.350 © © 0.102. .
< 3-33 / 0.358  0.086 = «m .
. 3-34./ 0.374 0.063 S
- 3-35/ 0.338. 0.081
A '3-36/ 0.354 0.086
\ > 3-37 0.30  0.09%
. & ™.3-38, 0,358 ' 0.099
Y 3ad® 036 ‘0110 -
3740~ 0.380 0.099
- 3-41 0.396  0.095
-42  0.332 0.084
4-1 0.366 0.092
4-2 0.368 0.100
. 4-3 0.340 0.103
4-4  /0.336 0.110
4-5 0.362 ©0.097 e
4-6 - 0+v342 0,095 /
~ 4-8  0.356% 7 .0.088
4-15 0.384\ 0.082
4-16 °~ 0.366 | 0.092
- 4-17 ~ 0.392 0.094
© 4-30  0.382 . 0.087
'4-33 -~ 0.360 ¥0.101
4-34  0.368 0.102
- 4-35  0.380 0.076 -
4-36  0.376 0.112
4-37 . 0.348 0.095
4-38 - 0.370 0.105
4-12  0.378 0.115 |
4-13 - 0.352 . 0.086
. 4-14  0.360 0.103
. 4-18  0.396 - 0.103
'4-19  0.384 0.082
4-20  0.364 0.085
3 4-21 0.352 0.095
| §-22 70.318 0,116 )
4-23  0.356 0.113
4:24  0.346 «  0.111 -
4+25  0.382 0.088
4126 ° 0.396 . 0.105
f 4-28  0%394 0.074
4-29 0,400 0.111
N
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 Std. Dev.

Facies Sample# Roundness
5 dia. SD-1 * 0,358 0.111
o . 5D-2 0.360 0.097 -
: S5b-3 0.370 - 0.104
50-4 0,352 ©0.089
5D-5  0.358 - 0.095 P
5D-6 0. 360 0.099 - » -
5D-7 0.3%94 0.087 - ¢
5D-8 0.384 ¢ 0.095 g
.. 5D-9 0.390 , 0.083 .
-11 . 0.363 - 0.099
- -3D0-12 0.350 +0.104 -
ED-13° 0.386 0.111
] 14 0.356 0.088
D-15 0:354 0.073
N ’ B /‘.
"5-gvl .5G-1. 0.384 ~ 0.108
| 5G-5  0.398 0.104
5G-6  0.376 0.113 '
‘ 5G-8  0.398 0.130 o v
. 56-9  0.428 0.114 |
7 BG-%1  0.354 0.123
j \ 5G-13. .0.34 0.091
. 5G-14 . 0.40 0.091
5 - 5GS-18 0.364 0.078
san% lenses from within 5.gv1*. _ -
6 6G-10-. 0.396 0.083
LA S
G-1 . 1
T~ 66-17  0.378 0.082
@ 66-23 0,398 0.138
6G-24  0.422 07140
- 6G-26 0.448 ;- 0.105
6G-29 0.402 . 0.127 - ’
6G-30 0.416 - 0.135




Pethologjfbf:éach sample per facies..
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Appendix E.

quartzite; C

&arbonates, cherty limestone; B
sandstone, siltstone, shale, and coal.

A

Samplé  A
Number

N : 0 @<
MONOWT O _-— 5

Facies

....... o™~ O

.267555116617.

AN,
[» o 2T 531
.o~ - : ,
211218091311

L .M

075.

900515222810 .

-------------

4302368&2082
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[TeRTe}
- e O

272 w —
12 - LT o B 932
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97111811798

- t
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23429002 e
11111111 O <
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fSample A
~ Number

‘Facies
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4 thin

o
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D=~ ANNAN T~~~ — — N
O —r— O — 0 -
o - - - e - Me~TOOT - -0
[ T=R ok R o
811111997764119
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201321623578165
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5670345678
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Sample A
Number

v

i

-‘666411297

Facies

----------

TN OO

o w 0 <T

© _-ov “~0 -

- N ==X
~— D — OO ——

854‘23107‘_,0

Ggg 0 <TOOOMr——(OOHo

s -0

994 -0 0486819185.

1119182222132312

*

— O [e 2NV o oull o) < 92

2V
o O~ O - o owm -

2191111456.7151.19,
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Appendix F. Facies locétiohs'throughout study area.

f§§§ ‘ i

“Facies Outcrops where factes is present

1 . Fireside : *

’ . 2N .

2 Anthracite subsection A2, Powerhouse subse®

3 Anthrac%te Cascade outcrops Ct, C2, C3; .

: dohnson Lake outcrops JL3, JL4, JLS; Powerhouse

-4 Anthrac1te Canmore. Carrot Cceek; Cascade outcrops
C2, C6, C7, C8; Cougar Creek; dohnson Lake outcrops
dL1 JL2 dLS Powerhouse

5 Canmore; Carrot Creek; Cascade outcrops c2, C6, C7,
C8; Dead EIK Johnson Lake outcrops JL2, dL4 JL5.

6 Anthracite; Canmore. Carrot Creek; Cascade outcrop
C1; Cougar Creek; Johnson Lake outcrops JL1, JL3;
Powerhouse. ' -

7 Anthracite subsecfion At

7
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App{ndlx G. .
' . Diamicton Pebble fFabirics

.

S0 clasts were sampled at each site., N=50.
4

-Facies Upper, Meters Meters Eigenvectors Eigenvalue Plunge
Middle, above below N directions
Lower lower upper Tcond Plunge column
posi- contact h [
tton
.............................................. e - .-
4 M ? 2 16.7 36.7 0.6507 v
. ‘ 335. 1 32.6 0.2450
oy 83.3 36.5 0.1043
T . ? 6.5 '265.6 27 6 0.5230 U
N 166.0 17.6 0.3028
*47.5 56.4 0.1742 .
t M7 ? 6.5 262.0 12.7 0.5604 U
. : 353:2 5.1 0.2958
NP : ] 104.5 76.3 0.1438
1 oM 2 6.5 "241.5  .204 0.5190 U
C 148. 1 9 0 0.2496
. © 35.5 €7.5 0.2314
1 M ) 6.5 ' 149.5 a.7 0.4815 T to
. 243.3 38.9 0.3074
53.8 50.8 0.2111-
2 u 26 -1 291.9 12.8 0.6818 U
23.8 8.3 0.2457 .
146.2 74.7 0.0725
2 u 22 -1 349.1 . 18.4 0.6297 T away
* 254.9  12.5 0.2492 :
132.6 . ' &7.5 0.1211
2 M 13 =12 Q2.5 2.2 0.7658 0
183.7 29.0 0.1363
358.4 .  60.9 0.0979
2 M g 15 -8 337.6 28.8 0.7164 T away
¢ 75.6 14.2 0.1935
188.8 57.3 0.0901
2 L 1 ~22 158.3 20.4 0.6949 T to
249.8 3.9 0.2208
350.2 69 .2 0.0842
e e e e e S e e Yo memmcmmmme e me——a
N
"\
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3 1 6

[-)]
[
&
»0

. v b 'Q‘:
4.2 - 0.6609
2.1 0.2644
85.3 0.0747
7.3 0.6423
22.2 0.2014
66.5 - 0.1863
13.9 0.7836
42.8 0.1423
43.9 0.0747
0.1 0.%851
7.8 0.3185
82.2 -+0.0893
3.8 0.5879
74.0 0.2187
.6 0.1964
9.8 . 0.5290
16.%- ° 0.2894
70.6 - 0.1816
17.4 0.5042
37.3 . 0.318% -
47.3 oz'fﬁz_
1.0 0.5153
2.4 0.3548
87.4 0.1299
3 0.%567
0.4 . 0.3080
86.9 0.1353

5.4 £~Q.5403

12.4 7 0.2386%
70.0 0.0732

287

Chaos {to)

T away

U (chaos)

V.’v

s



3 v 2%
3 v 34
3 u‘ 34
3 v h 23
3 ™ 12
3 Moo
3 M 6
k] L] 24
3 M 26
3 u? 18
3 n 7
\

3 L 1
- —

3 L 3
3 L '
. .

Dl '. . ,31.':{;7 A “ T T L T L T T R :., T i'.':':ﬁ::m’t;u
- 288
¥ L]
THICK ,
1 271.2 5.9 0.763% v
181, 1 11 0.1487
Y 84.0 0.0678
2 279.% 1.8°  0.8842 U &
9.7 s§8 , 0.3102
177.3 030  0.1088
2 338.2 10.3 0 %624 T away
70.9 12.7 0.2777
110.4 3.5 0.1999
6 129.3 ‘09 0.%948 U girdle -
214.2 459 7 0.3203 (
32.4 44.0 0.07%9
THICK
14 281.7 16,3 0.6329, U
346.7 16.6 0.2263 o
v 119.7 66 .4 0.1408 ., b
' 5.5 21.4 0.6%26 T'te
301.2 10.8  0.2812 .
186 .2 65.7 0.0662 -
16 62.0 15.7 0.7109 D .
- 330.7 4.4 "0.2120 )
22%.3 13.7 0.0771
12 284 1 14.5 0 %5806 u B
16.8 10.7 0.2917 , .
142.0 71.9 0.1276 -
0 97 9.1 0.74%2 . U -
3%50\ 708 0.1879
160.7 8.0 0.0668
.12 98.8 1.9 0.4727 0
8.5 8.9  ..0.3162 . . .
200.4 80.9 0.181% ,
3 ) . . .
1.5 2.3 12.5.  Q.58%6 Tto
94.2° 8.8 . 0.31%3
218.5% 74.7 0.0891
22 '59.3 12.1 ' 0.5110 " ' 0 {chaos)
: 327.8 6.9, 0.4008. . . .
208.7 76 1 0.0882 :
23 252.5 1o.é~ 0.5340 , U (chaos)
, 3455 15.3 0.3645% S
128.5 1.4 0.1016 '
5 1609— 1.6 0.4944 0 (¢haos)
70.5, 131 0.3665 '
257.7 16.8 0.1391
......................... A - e e e r e e, r st e m e e, .-~ - »
“ L
S
§ .
f-2 . .
L



M?

M?

M?

M?

: 4 . Vo
o A 1
-~ THIN
0.8 - 1 140.2° 3.9 0.5098 ]
9.7 7.9 0.3803
287.8 8.6 0.1099
, -~ 1.§ 349 .4 0.8 . 0.8847 H
o 269.4 6.9 0.2370 ‘
. 84.2 83.1 0.1082
1 1.3 296 .4 25.6 . 0.4982 v,
9.5 * 6.8 0.3348
132.7 63.4 0.1673
187, 1.8 1367 5.4 0.6236 0
“228.7 21.0 0.2726 ‘
* 9.0 68.3 0.1039 :
2 2 141.0 1.3 0.5619 0
50.% 20.3, 0.309 ]
, 234.6 69.6 0.1289
2 2 " 1816 1.0 0.5816 0
6N 28.9 0.2702 '
\343‘4 61.0 0.1482
RS -3 .9 10.7 0.6113 .U .
' — :ég!“\\ 19.8 0.2602 o
: 202.2 67.3 0.128%
THICK i |
29 3 269.4 5.9 0.7879 u
1.1 16.1 0.1257
159.9 72.8 0.0865
28 2.8 295.0 8.9 0.7056 v !
v 32.% 39.9 0.1880 o
o 194.8 48.7 0.1064
K ? 271.6 7.6 0.73%3 TR
180.7 6.8 0.1969 -
. 49.2 79.8 0.0678
? ? 264.6 11.8 0.5555 Y]
. 3.9 37.7 0.3099
160.2 49:9 0.1347 .
? ? 278.5 25.7 0.7174 v S
. 3.6 42.5 0.1685
167.5 36.6 0.1141
> 329. 1 14.2 0.6192 U oblique
61.4 8.9 0.2701
182.6 73.1 0.1106
? 4 87.8 12.0 0.6049 0
180.3 1.7 0.2915 N
313.3 73.1 0.1036
1 28 173.4 2.3 0.6002 T to '’
264.0 15.0 0.3256
74.8 74.8 0.0742 -
[N PP S e r e dccmeccemccrsamac——e—cm e — e ———————————- »



L

i
i

4
N
¢ .’“ [}
[}
s M s ] 21089
. 199 .9
* : 330,
» B
] ? 2.\ t 308.2
‘ *213.8
83.0
.9 M 7 4 2867 13.3
17.8 4.4 . O.1848
. 125.8 78
5 154 .7 : o
244 .9
48 .8 83 %" 'Qng214
5 78.2 11.6 '0.4678
174 .7 28.6
328 .6 58.7
5 GRAVEL 205 .4 ‘.3
- 307 .4 1!‘.
90.4 51.9
7 u 248.3 4.0
157 .7 8.2
4.2 80.9 0.1211

Explanations tq_plunge directions colunn

P!ungo direction of ma jor alignment.

U = Upvalley ptlunge
0 = Downvalley plunge

gy
*
s
16 .2 0.8019
14.8 0,1763
(3 0 0218
LI 0.%482 .
27.7 0.30%9
60.9 0. 1459,
0.689¢ U .
L1458
0.5364 O
0.9421
T to
0.3651
0.1671 ‘
0.5094
0.2797
&
0.5846 77
0.2943

T = Transverse to valley trend, either toward (to) or

away (away) from valley center
Chaos *=* no predominant trend (low S valuds)

H = No plunge,

»



