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Abstract, : / G

Recentresearch, has revealed diffecing points of view as'to vhechey

the phystesl characteristics of glacial debris are detemined by thn o

. lithology of eroded bedrack of. are a function of the: enviromunc a: Zéanspo::
and deposition, A gap éxists in the literature! concerning short digfancis
ot ieknaporiapten. where relatively soft sedt.menury rocks p:\adomimka and
the usulm: eroded bedforn morphologies. X

In' thie proglaciul it of b Glaslie Mitesaty Columbin, there ué.

~“seven main sedlmenhry lithologies which have been exposed by recent, pos:—

Neoglacial receasion- The- heds lia across the former direc:iun of ice

%, movement. | Both erosional and’ Heposttibnal suskicen nd exposed and virtually =

Gnmodiied by other and subaerial processes. It'is

bossible to compate the bedrock erosion and v:cmminu:iun processes for varying )

adjlcent sedimanr.lxy bedrock r.ypes under the same general 1:e cond?\tinns ’
In order to gatn an updefstandig of sub-glacial efostonal prosesses

from the exanination of bedrock lithology, contents of relar.ed cms,7 and

surfacz ronshness, certain field and labo:a:o(y procedures were adopted

and d:digned. In an atcmpt to couliine glaciological and glacial-ge

icals

pram:es} certaln procedures canibe vieued as ‘standard. O:hers have Been-.

adopted fgom the englneeting and comﬂnt!! sciem:es disciplines to_ help

5 demonsttlls sgna, physi:nl and chemical characteristics of lithOIOBY, tills

and nurflcli (bedrack) thlc hﬁve in the past been given only plsulng

exmiucion.




’~he;rock' type ‘and their volumetric abundance ip u‘ujn:haugh'bi_mdauc‘y
is Dbserved in ‘the’ grBLn size distribution curves vﬂ:h apparent terminal /
grade modes. it is dcub:ful that thesa characr_ezucics are sulely the regult
of el:her bedxuck type, distm\ce of ttanspctt, or mode of ttanspox': but rather
‘a camhlmtion of these. - The excavation of ldrge boulders and their 5ub.s=au6n:
dsposi:ian dawn-vauey £rom théir source (1.5 km) clearly indicates. that ot

all materials are greatly reduced in bulk. Hmlever, bacause bimndali[y is

bserve&i in all samaes, the bedxock unit.! wete probably cuminuted Cd some

degru du

to a combination of abrasion and plm:king, ia :ranspntt for up
£6°1,5 km fmm their source. 4 .,
b To Lndicate :he raughness of a givan bedro:k unit, the extent of each
physicsl and chemical charactaristic of the bedrock unit must be spuciiied.‘
It is hypothesized chu '{deal plane' or 'meu 8liding surface' cnnuguutions

(surf‘lce roughness) af bedrock unit:a need not necessarily be hﬁrizonrally )

g level t6 enhance gla:ier ﬂow. Based on physical-and chemtcal characzerssucs o=

of bedtock (:ypes, and;of gllciez ice conditions at the ice-zock tm:arflce’

each bedrock unit (:ends toward its own configuratiun which ‘enhances flow

Jand retards erosion. * The. roughiness 65 a bedrock unlt can be viewed as 1ts B

mr\:holﬂgl:&l varia:dun from its jdeal plune or ideal sliding surface’ confi—

A

i

guration vhich  may not: necessnﬁy be a émooth gurface (horizontally level)

" H‘lth to alape 1€ di 1denl pllne onfigurati 5

and d f hori 1 ss cléarly that: gyer a given time
partud, rela:ively wedker bedwck units will erodé -to'a smoother: sutfa:e

than; strunger belboek nits.:
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OBjectives and Introduction
The Symposiun on Glaciér Beds held m\q:*caua in 1978, (Glen’ . et al.

. g i L% :
1979) ‘provided a: forum dn which both glac and glacial geol

Ppresetited and discussed related works and made recomendations concerning

the  of future

The previous state of these

sciences was summed up by Mefér(1979) who stated: "One.of the problems

that we have noticed in the past is a separation of pecple who are inter-
ested in ice from those people tho ‘are interested. in the effects of pasc .
ice novements." Llibou:r}' (1979), cotmented that more data on geolagy
and mictustru::ures of glacial bids uas needed in order to advarice'the
theoratical knowledge of sltdias and bncmm creep. B

Comment’s' made by Hallet (1979), RSthlisberger. (179) and Bautton

(1975) broight 1ite perspective seviral ‘of  the uore, populis conserns

discussed at the symposium.” n-1ie: (19793, statés:’ "Glacial geologists
could study the debris cover ot secencly deglactated glacter beds'to abs
€atn inforndtion on the abundance of debris present. withis of at the base
“of retteating PR I expanse of ‘glaciated bedrock
wlth liktle debris, pectips boedarad By distinet moraine, and 1f one can—
establish that’ much, of the material wes hok removed by proglacial streams,
the Former debrin; Loadciw and HalLhe gla.ciar'uuu have, been very low."
This suggescs perhaps limited su‘bglacial erosion of bedrnck.

Ruthlisherger (1979) cmen:ed on:the 'relm:lve 1m‘por:ance of the

plncking and nbrasiun ptccasses, nd stated. that be;auge more firm




particles than coarse were carried by glaciers, abrasion \Jema ta be the

dominant process. Boulton"TI379) on the other hand
X w0

“certain 'circ,umsnnces,l plucking can be the more dominant procéss. Basic—

", ally, Boulton believes that‘abrasion’is brought about by "...rybbing by

a :no1f‘_«'h1,ch produces fine materials fron breskdown both of the bed and
the“t001. " The plucking frocess. produces the ool -

. “The study of the, process (ahrasim\, plucking, salur_inn) - Tesponsé
(bedform, ti1lconteat) system at an Ln:exdiscxpnnaxy lével (glaciology:

glactal geology) can enhiance our understanding of this prcble\r

The' basic concern of this study 1s'to gain an understanding of sub-

Blactal : £rom the

of bedrock

contm\ts nf r!luted tills, lnd sul:faca reughness characteristics. The, " |

£ield area is receﬂtly deglecisted ‘and considts of at least seven P;lleazoic

‘bedrock units with rela:ﬂaly little suzﬁace till cover. It has .a dis-

| tinct Necglacial later

‘,hy Hallet" (1979)‘111 his recommendations ‘for field study), and show! few

signs of post-glaciel modification. The area also shows sigas of wide- |

/

" spread: plucking as evidnm:ed by, ﬂnhes moutonnée” fums, and of Abrasinn
which 18 manifested by striated sutfacen and :els:ed ervsionak bedforms.

The objautives of this thesls can be itemlzed as. follows:

L1). - .To detamine (through the ise of thres-dinensional ‘sfaphics and
celated statistical parameters) if differcit Middle Cambrian tack
units exhibit different glactally eroded bedforss (raughuess) at’
a microicgls. ety M 7 :

41)'  fo demonstrate how various lithological characteristics (physical

. and chenfcal) can be fsed in'the analysis of erosional processes.

5 il e

suggests that given °

~ternindl morainé complex' (similar to chax: dascxi‘béd

3




i TR

ii1) * :To examine. the con:enzs of 1115 :and relatﬂ r.‘hese to the exoslqnal

i s

5 . R ; %
1v) To attempt a general assessment of the rates of erosion on different

substrata. « g L

1.1 7 The FA¢1d Area e ) s

Gl o Yoho Glacier (Sl 35! N 116%32" W) 15 10|:ated in the northern ex-

\ tremity of Yuha chlanal Park in !he Haputik Mountains (Conr.inental Ranges,

3 \vkacky Hnuncains, B izish Columbia) approximately 18 kms morth of Field,

Bricish Columbis. yhe glacier is part of the Wap:a Icefield which
straddles the xm:ish Colunbia/Alberta Border and thé Yoho and BangE.
National. Parks boundary (Figire 1. The elwatiﬂn ofYoho Glacier ranges
from 2130 m ans] (above mean sea 16(\&1) at the :eminus o’ over 2430 m

g amsl at u:s snurce 1n"the Hapta lcefield. T, W ’ .

The ‘area of detailed study lies betyeer +5km and 2.0 km from the

terminus' of. Yoho Glacier. 'The avea is part of a.bedtock valley £loor

which vas covered by glacier ice less than 50-years ago. This freshly

glaciated surface; dakip icha fhrm of & concive ipuards rock heach which s

obscured in a few areas hy small pods of d‘:ift. The Yoho River l:o th:—

east, lies in-a gorge moreé than 20 m below, the bench. Proglacial fluvial

‘_ .modification of the glaciated surface is therefore-slight jand confined

“to small tributary streams wlidch generally flow along the bedding planés

of the bedrock.

A coi Neoglacial latero-t 1 moraine, marking the

‘ueogrami nuximuln (c-"1844: . Bray and Struik '1963) extends along the

estern cdge 6 thi glactated valley for ‘dbout 500 metres. , The mtalne




of Study

Yoho Glacier: Location

k‘ 7

Mt Collie®

“Yoho Peak

L3

STUDY AREA




| Sullivan Formation dominate. Three Neoglacial recessional moraines

approximntely 3 to 5 metres in he:

ght sre located 2 km down-valley fron
m present glacier teminus. . They are spaced spproxinately 50 metres
apatt and can be traced actoss the Yoho River. - Wheeler (1931), and -

Bray and Struik (1953& date, thess moratnes at. about 1901 1904 and 1910 *

o
T pec:ivzly on the ha?ls of dendtnchtpnulagic te:hnlques. -

Climate

The essential characteristics of climate in the Rocky Hmm:ains

reduit: From ‘a’ continentak dcation;. high Felief and a’morth-gouth
oriented topography, nomal to prévailing westerly winds. Several shert |
it et g o Ehe oltate PhIEKe RAOKY AR R ippsived

ok e s it part thash. pabliverions ave bses sxtrenely general or

have dealt with specific- areas'or topics outside the Yoho Valley. The
lack of data and the complexities of A b ciinates have, discouraged
coniprehensive description of climatic conditions (Janz and Stérr, 1977).

Generally, ‘statiors ‘are scattered over large greas, almost all located in

valleys and at best represent only the,cqnditiony at that elevation and

sité. Clinatic elements are controlled tf 2 largdextent by such terratn

churd&_eﬂst'cs as elevation and ;s’pec:. This obviously resultA in ex-

) treme spatial variability of climm:e within muntainous areas f/or any one

i _yeriod of time. '8, 4 i 5, vl

2 /' Hecause l:here u no méteorological star.ion located i the, immediate *
vicinity of the field area, ;ms_ducusaun phedasitarestne nselof data
and sumisries fro the Banff townsite; Field, Brieis Colunbia; and Peyto
Glaciet statdons (Table )., The ‘apblication of thesé data td the fleld
wibh Shutherators higneativnsand. tutinded o give"a realistié impression

 rathby then describe precise climatic parametors,

.5. 3 v




\Gensral Features of the Field (British Columbia) and Banff (Alberta) Townsxles,

- Field | * Bantt Peyto Glacier
Tl Field, 8.C. % Banff, Alta. Banff National Park,
- Lat 51° 24'N 3t TN [T A
PCATORIS Lon 116°20'W | Lon 115° 34W Lat 516 40°N
: Lon 116° 35'W
; i
Glacier area . P il 4 ¥ o 134upTS L
- R .
Max. elevation i 3 3185 mas!
? . : ,
"o Min. elevation 4 ] 2125 mas
X L
Mean elevation 1246'masl ! 1368 mas! " 2635 mas!
Mean sirface siope 12,99
Mean azimith | ek .
of surface/valley_ 1 05080P 51605 : 083
" Instrumentation % “ | 2220 masi (100m
“alevation 4 Lo sesmest Y rom glacier marin]
. Source: Young and Stanley {1976)
. v A
J Table 1

and Peyto Glacner Meleomlogncal Station -
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1.3 Suishine sz % o L
Janz and Sthr (1977') define the.duration of brlght sunshine as D‘E
sufﬂcienz intensity to burn or to scorch:standard sunshine cards innet:ud

in a Campbell—sr.okes Sunshine Kecetder (Environment l‘.unad.n, Atmospheric

Eavironmeat Ser\rice) 'l'he closest snhion continuuusly rezoldl

© ' .data is locaterl at the Banff :mmsite (Glabal radiation meuurelun!! dre

cgrried out sporadically ‘a: the Paytb Glaciel' Gnudisnn (1972); \‘Immg,

). ‘The avexa;g nunbér of lmurs with bright sunshine'at Banff

per. comm..

©is givzn in Table 2.‘
Although the lctuﬂl hours of sunshine at_the field area are

thuugh( to differ £xum those rzcorded at Banff, relative changes frmn

~'month €0 month will. probably, doe vary dras:ically. Surrounding moumtains

ety bl b urs of potential Cimeiica at various sites on many days,
b .

especially durh\g the winter months when, the-sun is. low in the sky. Be-
 cause the field, area s po:gjiloned in a narrow north—snu:h oriented valley, L

the valley sldes graatiy Teduce the number of sunshine hours. I 15 :
‘p

estinated that during the £1eld months of July and August only 1su to %
210 huurs of sunshine pez month wére experieticed in Lhe centre of the | // .
'*‘Vallt?y’(based on observation, no ins[rumgn:ar.’ion)

1.4 . ump_m:uza 4 L o '

Tempera:ure regim;/ in the“siowntain :;egzans ure coqr.rolled mainly ‘ ’t

cycle; the ‘succession of and ; 3

Start 19773 Ave‘mse m:my temperatures during

the iiel area (‘{oho Gludlet ‘and vicintty) 't & Tange of approxinately

6% to 0 C. In-the immedfate glacier environment (and down valley from
: v o e
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S
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‘Average Number of Hours \szi Bright Sunshine at Banff, 1941-1970

i
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Tanges are! ¢ $ c. of: 1 munmn citmates;

atu, 78 Cat’ Field Bl‘itish Cnlumbia (Janz and

83°C in the Peyto Gl.nci

. -Storr 1977). 'l'he proxifity: ‘of “the Wapta Iuaﬂeld vould affect the tpe‘(a—

‘ture range-at :ha field-area with wtn\:at extrenes beiag more pronounced .7

regimes, i higher’ iceﬂeld areas bnich are less extreme than those in the

‘1.5 Precipitation . | ; St

i 5
fluences ‘probably cause mchn‘empmxvumzona of rainfall and snowfall

+(A. ‘Stenning 1980.'lmpuhli:sh=d). e

\
!md E\Imer ex[r;mes less pronounced thin. at Fleld British“columbia. This

r:pndition ‘1s partly.a fum:tion of "elevation, reaultiﬂg 1n temperature

valleya.

The' continental natufe of the climate is demonstrated in the year to

year variations of precipitation (Janz and Storr 1977). Topographic “in~

‘over ahaz‘: distances.  The eumced average Pprecipitation at the field area
1s over mno m, l:nmplred £0500 gm at the Banff townsite and 750 mi at T

Field, B.|C: (Janz-and Storr 1977) The prlnciple that pzecipi:ar_ion Fr i

1
creases wu:h increasing’elevation 16 5mera11y lcceptad.

, LR . s\ yEe, . U .
1.6 iad } ¥ : ¥ AN

Jez] ana Stot (1977) ‘Streds two. very 1mpor:an! conditions when” dealing

with wi.nd dal:a from mun!ainous raglons' '1) Winds vlry grea:ly (1n both

And st tH) ‘and they ate m!aauted my Dnly be

revtesentatlvs of the plal:e of measurement. LL) While htond s:nle pressure

differences concrol :he 5=neu1 wind e\mduiom,, :upognphy exerts a- mad- : \

1Eying 1n£1uem:e ot both direction aud' spee does’ the presence of glaciers’




Stace the prevalling wind-aloft over 'the field ares is ettty
e follows Zh‘& valleys with an east-west nriantal’.ion are the ‘high wind
areas. Howevex:, this J.s‘not. to say that the I\otth—fﬂuth oriented ‘Ioho

Valley does not experience strong winds. CGlicier winds have been ‘shown

“tohave considerable influenge on cireulation patterns in glacial valieys

Darfag wlatér wonths; easterly - Kicking Horse Pass combine with
wiuds of £ :Bs.w.ap:a Icefield which are funnelled dowm the Yoho Valley

andereate’ thaFamous "Yoho Blvws"~ events of ‘high storm cunaxuona at

Fleld B. C." (R. A..Dokerty, -person

communication).

1.7 Vegetation -

The field area liel in a transitioml subslpine forest-alpine

‘tundra vegetation zone ‘or timberline aréa. . Characteristic of this area
. v v, o
are the spire-like trees of heavy show country and stunted or dwarfed.

trees kn'nwn as Krumholtz.. ‘This dvarfing is largely a result of wind

actiun and inadequate 5011 dzvelnpmem: (Blund 1976) .
Bzay -and Struik (1963) have carried aut botanical syudie! h the
Yoho Valley and described’the major vege:-:icnnl species. They report

that Picea i is :he dominant tree species with Ables-lasiocarpa

-occasionally lppearing in.the fures: stands. ' Inporfant understoreyplants

are Jabella d 1 alpiflorum

aespitosum, Phyllodoge A,

Cassicge mertensiana, Valerilns sitchensis, chogndium annotinum and-
§Eha52 um.

Forest stands occur 6n a variety of slﬂpe conditions at elevations

1 . ranging from 1_750 o 2100 m'amsl. All sites are reported to be mesic to

naing, 1980, unpublished). "Janz and Starr. (1977) and Sr.enninz(wso,‘

unpub) sukgest these iafluences are genemuy of relatively short duration.

i
{
i
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" 1ast 400

..ndqchers) o * 1 Fa i w9 g .

are present mk!{:
‘Mountains. They. taclude 1cef121ds valley glaciers. of the obtlet type,

shelfor nlche glaciers (Grnmn 19593 Gatrlnet 1972; Ommanney 1976). l'hese

mestezdry ‘(bray end Strull 1963). v Ry
; The imuu.:a ‘Feld area 1s largely unvegetdted due’ to its recent

date of ‘deglactation.

d" oot skelezal soil cover.’ ‘It dogs, however .lie

bélow the imediate tree' line by 120 m. :
; 2 S K

1.8, History of the Yoho Glacier . . B

Glaciers of various sizes and :ypE’ Rocky

vélley glaciers of the llpine type, cirque glaciers. and cufs mountain -

glaciers’ are nzg=1y remnants of the Negglaciation, & period caverlng :he
E

0 years B.P., although the lutger and’ higher !cefields

hay. ﬂava sybvived .since the late Wisconsin and therefnte be at leas:

, 30, 000 “yea s eld (Heusser 1956; Porter amf Denton. 1967; Gardner; 1972 ) "]

“Yoho 61 cier. previonsly known as.Wapta Glacier (Hhseler 1931),

1; the iaxges: soul outflow :mm the Wapta Icefield.  The area.of |
the Lcef{sld s approviparely 50 tm” and oclupies & 'basin enclosed by Lk "
moynts’ Gordon, olive, msoi); s'aker, Collie, Des 9511ou, Hx:Ar:hur, T, N

1
B

Although €

valuable




“(Cardner 1972).

S
Tex nal teadvance is ‘not: :utreﬂtly evident at. Yoho Glacie:;.

compausm{ with present day glacier extent (Figures'2'a, b, c,'and ui).

_Much of the glacial data from'the Canadian Rocky Hnunnins concerns.
5

ira‘ggﬁ or’ temil:jl Tecession. The candir.ion of recessi&m 'haa prev-ued L

'for the ‘last seventy. years and 1ikeély since the Reoglaciel maximm
It has occurred at'a variabxé n:e. probably: reaching a

‘miximun in the 1'940'5 and 1950's.* Sherzer (1905), lleusser usss), and

“Recession data: for ‘{nho Glacier are given in Tahle 3. < e

a
o The flur:tuating raté of glacial recessinn has been explained 1n

terms of - cllma:ln change (Eeusser 19563 Brunger, Nelson and Ashirell 1967;:
Henoch 1971; Gardner 1972; ‘and Slaymaker dnd McPherson 1972). Recession
from ¢.1910 to ¢.1950 ‘is explained with Fespect to a ‘general increase in
mean annual témperatures and a decrease in precipitation up to the eaﬂy
1940's. Coller’ (1857) postulates fhat 2 decline tn tperature and an

increase in. precipitatiun in the 1950'3 resulted in & glactal resdvuncn in.’
thaigoratiiara, - Althinet Eite readvance did not éccur in many par:s of
the Canagi‘an’ Rock}gs, a decline in_ xhe rate of recession is noted

(Hubley1956;. West .lm:l Haki 196 and Gsrdnat 1972)- Clima:t: cundlticns

-durisg the last du:ada may ‘be responsible Eur bresent day readvance evident -

at’ he termini of Emerald and President g;aciers in- the Ynhn Vsll=y (H

Bat ersnn 1990, unpubllshed R. 0 R personal

1.9 Canadias’. Rocky Moustain Plétstocene Chrenblogx
Intensive seudy in the valleys and passes east of the mila fange

of the fanadian Rocky Mountalns has produced some descriptive

: glaciar.mn for ‘the mountain region (Beach- 1943; Bostock 19483 nelyea 1960;

o




UOE AjjR100dsa ‘SLGap (e1oe|B-eidns jo xoe| 10N

ey ez aanbiy

~13-



Figure 2b  Terminus of Yoho Glacier, 1913.

Figure 2¢ Terminus of Yoho Glacier, 1931

il



Figure 2d
View looking up-valley towards Yoho Glacier which is partly obscured from
view by the bedrock formation on the eastern side of the Yoho River, 1980.



e
Year" - . eRecession {m/yr)
1901-1904 B #oAe .
1904-1906 - it —
19Q6-1907 L1080 ¢
1907-1808 ek 1.4
~1908-1909 1.8
1909-1910 14,
T1910418i2 L 149
1912-1914 094, -
.1914-1916 v 2087
1916-1917 5 L0189
11917:1918 | 145
1918-1919 { L 10 L -
1919-1831 | 138 7, s
1931-1980 L 204 k

" Tnlal/a:-sslan 1501 1980, 1412m

Source: Wheeler (1 93 1
~ 3 fro

m Kedybka (1980 field aeunn)

R K " Table 3’

&, \\Ra:éssion Rates at the Terminus of Yoho Glacier

T'and 2 fiorh Staymaker-arid McPherson (1972)1 7

i




Wagner 1966; Rutter 1966; Shaw 1972; Harris and Boydell 1972 )Iarris and ° <

Howell 1977;-Roed 1975 Lucknar and Osborn 1979). A variety of. inter-
pretations have been made’ including differing numbérs of glacial advances
vithin sinilar time pz?i_od!.‘ This inpliies that either glacial events
cannot be correlated be'twee‘n adjacent valleys or that the zviﬂekce is
‘equivocal (Shaw 1972; Lucknan and Osbora 1979) .. ‘Host attempts 3t eval‘
‘uating chronology are based primarily on stratigraphic evidence: .Although
it is assumed that over lomg perdods of time glacial responses will he

synchronous,’ over short ‘periods advances have. been reported to produce

contrasting respomses in adjacent valleys. Therefore, Shaw (1972). and

Rutter (1972) state that for sayions glaciation, advances may appéar as

oscillatians superimposed on 1“3“ period oscillations related to glacter

stades and interstades.

al evidence ‘suggests that'ice ton was an
feature fn the process of retreat in Nountatn glaciers (Shaw 1972). .
Hagaer (1966) states ‘that glaciex erratics.of Mountain provenance found

1n £5e oot htiie o Tolthuestuzns Albezta'sny be/used i sstablish meatn |

cordilleran ice'thickness during the Wisconsin at about 600 metres. |

Attempts to correlate Mountain glacier episodes,vith Continental

sequences have led r.o chrunulogical d based on

evidence  (Wagner \1966 Richmnd 1965;. Stalker andMcPherson 1969 Shaw 197
; N 7 |
Roed 1975) \

Holocene glacial events have been neglected until fecantly (Luckman
and Osborn '1979; ‘Bray 1964). - Lucknan and Osborn (1979) and Rutter (1976,
1977) statethat Holocene ‘glacier advances in ‘the Banff-hho drea Cofhe |
Canadian Rockies/have-been of limited extent. Limlting 146 dates’ withia T

1 km of contenporary glaciers indicate that l:he late Wisconsin ne Sheet

:nd valley gla:iers disappeared prior fo 9660 yrs. B P,. Luckman

-1

R SRR .




and Osborn, (1979) idem.ify two subsequn: glactal advancest art early Growfoot
e «advanice prior to 6600 yrs.. B. P.'which 15 ldentitied ds-early Holocene

ot perhaps-late Wisconsin in age, and a late Neoglacial Cavell advance

consisting of several glacial advances of approximately equal ’excen;.

Because of the variation in number, age, and extéat of Cavell advance moraines
this ‘advance 1s considered to be a model for the vhole suite of Holocens |
glacial advances in the area. Luckman and Osborn (1979) conclule that
Holocene gldcial évents are much more complex that previously thought,

and that overriding of earlier glacial events by the Cavell advance com-

- plicates the chronological record, ¥ s &

1.10° Structural Geology . . Sl

Rocks ‘of the study area form part of a single thrust plate-over the

s stmpamxnss Thrust. . They are ally ‘and s 1

a8 belonging to the Eastern Main Ranges (Cook 1975). !

The structural svelstio during the Lover Paleozois in the southern

. Rockies:propably resulted -from sevexu,supermpuud periods o%tel:t:vnln -

activity, some of which may have occurred’in the Lower Paleozoic and are i

ponxbi’y 3 ‘with (Hatrison 1969; Cook 1975).

e previously held 1dea (Harrison 1969 and others) r.ha: a series of

separa:e thrust plates containing internal mbtica:tons i falds  had

developed in the Eastern Main Ranges has'since been refuted (Cook ;975).
“Rarrison (1969) and Cook (19?5)‘ state the regional structure of

. i
the study area is vy brunff open folds and s sertes i

&€ north and northwest trending normal. faults down:hmun to' themest.”

These merge with the cmn'p!.ex belt oi\thrusts and folds that occur alomg
- \

tHie ‘zorie of factes transition.

g o :
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Thrust (lulti and fclds occurring in thz mum Main Ranges
have been identified by Ai@k!n (1966, 1971, 1978) Harrison UGD).

Balkwill-(1972), Cook (1975) &nd others: 'l’ht Stephen—Cathedral fault

the upper Yoho Valley and is characterized by extremely steep, high cliffs.
¢ t S

1.11- Regional Gwlo!x
1

North and Henderson (1954) .divide the southern Canldlgl Racky

into four

1s
in close proximity to fhe Study area and dirks the contact between the Pika

_ and Sullivan Formations. It can be traced along the Western margin of

“the Foothills, Front Ranges, Main Ranges and the Western Ranges.

The =ared . of concern in this 'utmly is the el!l:lrn sector of the Main

Ranges’ wnsis\:ing of Lower Palenzoh: (Middle Cambrian) rocks vhich are

predominantly earbonate. .’ D &

The J d by Adtken (1966, 1978) com-

sists of ladimmr.s vhich iom on’ -l stable, llwly subsiding shelf

.ldjl:enl to f_h: landmass of the Ca:udian Shield. Tvo flc(nrs doninates

deposition gn this shelf: -a persisteat supply of clastic sediments

(efystalline rocks) from thé Canadien Shield, and & transgressing contin-

mul shutelhm on :he Shield with temporary unuu. Throughout the

d

Casbrizn, the castern edge of the shalsbesli logtustid.. Iie oxlrtan 13

Backed by the eastern edges of the i1 Lower Paleosof

formations. Palmer (1960) and Robisen (1960) suggest that these factors :

gAva rise to ‘three disclmble facies.

1) . An ‘tnner detrital factes hivastasiagt by shulas and silt stones.
ith - STvoR carbonate Thid grades to.sandstories s

contact, with the crystalline Precambrian basement is approached.

1In Lover Cambrian deposits,. onés are the - domi

19 %




A middle carbonate facies with a variety of carbonate rocke. Shales are !

ii

virtally ahagnt. Carbonates cnntaln some clay and beds ‘uich quarcz, :

C et ana snnd (e I afma saquenedi:

iii) - An outer detritﬂl fn:izs characterized in some locations® by mud-

stonzs and thin-bedded, argiilaceois bnd siley carbonate rocks,

ﬁnd‘ 1in others by carbonate-shale .coupléts (Aitken 1978). . x

Aitken (1966, 1978) describes “in th Lower T

Cambrian, Middle and Uppe( Cambbian and the Lower Ordovician as being

cyclict Grand cycles sparming from one. to fhree trilobite assemblage -zones

: . h@ve been identified with tha ‘appearance of an inner detrital facies (Wer

hale) passing graduslly upvards nco a facies (Upper carb ) g

(Ait'kel\ 1978, Frﬂ:z 1975) (Table 4)+ Cyclicity within outer deti’l:al de= n

v
<4 ;. posits has not. been observeﬂ (Aitken 1973) althﬂugh Palmer (1971) has “

suggested restricted grand cycle sequences in some middle carbomate with
outer detrital deposits. The lithologic' Sequences or sub-cycles found ¥

within the g:.!nd tycla scheme are e as in

water depth and incr:ssed supply of temgenous sediment, followed by a

i
/ gradual ‘decrease m Bott vater depth and se 1gggt supply. These variations

may indicate tidal events or changes 1n tidal range.
Adtken (1966) and or.hers have proposed a cilting craton theory to

.explain the linked- ur of source and 1 areas; recorded -

. by cycles”(grand cycles) involving inner detrital and middle carhonate |-

‘deposits. It is sugges:ed :ha: the Lewer Paleozoic transgxessim‘n ook
Pplace during tilting of the craton, resulcxng in uplift of the source area
and subsidence "of ‘the depositional area. This occurred i combindtion

‘witha l:on:inuaus, aluw subsidence of the ‘axis of tilting‘ 'H.lting cccutred

:htoughmovelmenl:s of 'short period, reflected’in sedi.mentary rhythm uhil:h
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‘,ue supermpésed on notions of & sinilar nature biit extended period,

typified In the sedinentary cycie. . . .
1.12° Bedrock Stratigraphy : 4 s

Bedroékn the £ield area belongé to the Middle Cambrian Eldon and
Plka The Eldon Formation 1s ized by 41

thick-bedded’ dalumlte 4tid utgil.lal::ous “Lmestone (Cook 1975). The
Formation occurs’ thioughout the ares as a nassive’c14ff-formtig ¢arhonata
init 1n'whichlarge, it!egulir, sharply bouded dolomitized zonen aoraet
* follow specific stratigraphic Horizons. The contact between the Eldon
Formation and the -conformably ovérlylng Fika Forastton is marked by a g
s change igm chiz:‘k‘baddad ,Lialymite and limestone to the thin—bedded lime—

stones with’ ululy partings, The Pika Formation is composed of thin-

bedded'to Flagsy 1imestones with argiliaceois partings. Beds of hard, .\
- dense dolomite often form'a resistant rib at the top of this i)nrmationy
Bimemth tils ribi, che formation Eimecdtiy-weurrarsiua. g Vicenatye vt
relative to the ‘undghyj._ng Eldén Fommation, 50 that the lower contact of
these. tvo. formations is often marked by a distiict break in slope: .
. Figure 3 shows bedrock Formations in ahd iround the imheiiate fleld

i area. Y o . S ;

“22-0.




Figure3 BEDROCK FORMATION in the VICINITY of YOHO GLACIER
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Previous Research \' 4 H -

~~2.1 Bedrock Erosion”

Bedrock érosion by glaciers may take thé forn of abrasion, plucking

or solution by subglactal water. Boulton (1979) states-that 5luially o

eroded bedtock surfaces reflect at least two important processes: an
abrading process which smooths wciEacan e pza’duce‘s the characteristic
_streanlined bedforiis; and a plucking process which produces locally

roughened areas of bed (Matthes, 1930).
The fundamentsl requirements for abrasion are a supply of basal debris;

sliding of basal fce; aid the effective migration of debris down towards the

Baaeoer wortiuerdin torhse Taas’st Wirrooding deoe chrush bekel telting.

water pressure, relative hardness of rock particles and bedrock, el

Glacier

Factors affecting the rate and tyfe of abrasion include-ice thickuess, basal

particle charactertstics. and the etficiency of rock flour removal.
abraston has beenhaerved directl in the Field by Boulton ‘(1974),“exper imen-
tally by Houlton and Vivian (1973), Hope, et al. (1972), Brepson @9s), and
Hatheus” (1979), and estinated from sedinent discharge by Thorarinsson (1939),
and from excavated rock volunés by Andrews (1972), and Kaszycki and- Shilts

as; ) g
Var.l.ouu degress and scales of plucking are snld to take pLace under ‘a
varle:y of bssal ice condi:ions (Boulton 1979; lﬂ‘tcxlf 1979 Glen 1979; and.

?thers) «\.. Metcalf (1979), and Glen, (1979)- puinl: out. that at a micro-sf;le,




¥
i

ividual grains may be either pulled off by glacter ice or pilled off
’ 2l B .
by basal debris. Based on previous literature, (Boulton 1972, and others),

four wechanisms of plucking have been proposed. These are Listed by Kemals

s follows: 1) Wlucung during ‘glacier(sliding related to enhanced
- pasal oree where the fee s at the pressurd melting point; - ice enve1nps
boulders,, rocks or palilen Si7ehia gLt as bed and penetrates fissurss.

11) Pl\lckm&}ay regelation shere 1de é14dtag over a fine grained bed
(carbomte) may enable basal mul.: water to caxry in suspension Ind{vidual

clay to-dind size particles.” These may chen be. Frozen dats the glﬂcier

bed' during 'tegelltiaq. 144) "plucking 1s also related fo a sequesce of

thermal regime zones. Basal.telt vater is produced in an up-glacier zone

of ice at the-pressure melting point where it flows outward under a-

hydrostatic head to an outer zone where the ice is below the pressure melt-

Ang potac. ucking’ gecurs a9 availsble basal debris is frozén‘in with

r_he basal malt viter in the cnld outer. zoue, iv) Pluckmg u!\ere a
sequence Yf basal thernal tegme Zzones allews melt vater Flov_in thé glacier
bed mterials hu[ not be:ween the bed a'nd bnsal ice. The melt water flow
weakens l e bed by incteising pore p:essure! in localized bed areas
(Moran el’J al. 1930) & v
ClenJrly, diffe:enl \ﬂ.ur.k‘lng mechl'nisma may depend on the  thernal
Zegine ai the. ,ucier. The recognition that’several plucking “Sechinisig
can occ\;r under a- glaciez smylcanenusly may be 1mpnrtan: 1f the’rala:_iv;
importance of ahrnsion lnd plunk:lng is to be determined.

Il: has been demnutxated (Gslﬂ:er: 1961 Boulton 1975, 1979; and
/




% i b .
other's) that the process of plucking may be emhanced |by-pre-exisjlnig

foints fn-the meks._ Several processes have been prépesgd whereby en-

tirely jmt-bumied biocks nay be pulled from chi b i dmearpobi il
into “the glacier,,or vhere partially jointéd blo:ks may be Eurther

" frictured and im:orpora:ed (Boulton 1979). Caral (1947)_states :h;:
Tegelation melt vater in lee-side positions may lead to the shattering of
bedrock due to ice grouth. in the interstices. levis awuo) proposed:
that glaétal uhloadivg may cause ‘dilation joints in bedrock thus yeakening
e ok Boulten g c]isn:uvered that. internal stresses induced in a”

. sub-glacial huuwck by, glaciet £lou tay lead to fmctuﬁng in lee-side
posteions.  Boulton (1978) also obsarved that bnulders 10 traction in
pasal tee prodice Eragiuring on lee-side etk hulmucks shere they
are_expelled Fr b ot 2ituced basal pressux’z. 2

The. Felative importance of -abrasion and pluc’klng o erosional

ngen:s is difficult to .asess. Plucklﬂg, though vblumztrically important,

1sa highly localized process concentrated on_ the distal sides of bedrack

3 h\nmucks and’ more pzufaund cn jﬂin:ed rocks (as those - Eaund in'‘the-Yoho

Valley study area) - The strealnll‘ned Eam! of glaciated bedrock, aurfaﬁ:es

|
aré largely a product of. ng uﬂespxaad abrastonal, procsases {Boulton s

1979) . Evident in m study Lrea are ‘the highly menmuned glscially

|
eroded bedforms indicative n!the ahmsicn_process (Pigm;e 4 a) and large

. | ; .
quantities of ‘block boulders down glacier (Figure4b) ‘which by their
g i :

" provenance constitute evidence of substantidl amouits of |plucking (Figure
i o i :

Jhey: : J

227 . ‘Glacier Sliding at - the Ice=Rock’

_ Glacier sliding at th: X:e—-rock interface has beﬁ the topic of

+ ‘much recznc glaclological linrsture (Andreus 1972 !Amb‘ 1970; Nye 1969}
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Figure 4a

Streamlined glacially eroded
bedform indicative of the abras-
ion process. Note striated sur-
face

Figure 4b
Block boulders approximately 1
km down-valley from the bed-
rock units under study. Their
provenance constitutes evi-
dence of large-scale plucking

Figure 4¢c
Plucked surfaces on lee sides of
bedrock obstructions.



"1970; Hallet 1976; Boulton l§78, 19795 Fowler 1979; Robin 1976; Morris
1979; Broster, et et al. 1979' Goldthwait. 1979; Budd, et al.. 1979: -

Hambrey and Muller 1978; Lliboutry 1977 1978; eertman 19763 et:’

Andrews (1972) states that the erosive power of a glacier cm be es{dmted

o 1 . “from & determination of the pnwer expended in- sliding over 1:s bed‘

! s detines the. eotal. paver (W), as equalling:Tgl where U is the average
| glacter speed and Tg is the stiear stress at the' glacier beds n;e effec-

tive erosive power is therefox:e seme,frar.r.lan of. HT’ which depends on’ the { '

relationship betweén glacfer sliding velocity and tnterial flow velocity.

.glacfer ice alone. :Boulton (1974) shows that although plucking

caused by sliding ice alone, it is debris in basal ice that a'c:uauy pro-
duces an ubraded surface. “The sliding/abrasion process 1s typical of many

8 varm=base glaciere. Whare cold-t baee glaclers ate concerned, sheuring in -

the g1ac1ez ice or benel:h the bedrock/ice mcezfue As a major process |
(Moram, et al. 1380) and erosion due to sliding 1s retarded. =,

Host theoretical. concepts concerning glacter sliding vere originated
by Weertnan (1957) and later modified and re—incerpre:ed by Llibouery

(1965, 1968, 1976, 1979) as well as hy Wée!'tman (1962, 1968, _1979 1972,

1974). Further conczibutlcms have been nade by Boulton (1975), Rnhin

(1976), Nye (1969), Kamb (1970), dHorland (1975)

“ Weertman (1957) suggests two mechanisms Hhir:h allow the ice of a

:empeme or. warm-bage glhclar:th movk ovar its bedig The first of these LS

mchnnisms, plasuc £low, enables ice to’ flov overand around uhscacxu.
3} T i 7 The other, p;essu:e mel: 5 results when e m&Its)\mﬂex

presure’ on the ups:rem suctate, of 4b¢ obstacle and refreezes on the'

* dowastrean side vhere pressure 1s less. " Weertman's (1957) treatment 'of _

e D R




T ey

glacier sliding assumes obstacles are all I:he same size and the” renminmg

bed 15 perfectly smooth.  Under;a given shear ‘stress, the plastic Flow .

Techanism results in ice movement increasing with largef obstacle size,
SR ;

i,
- whereas in the pressure melt mechani ice movement ses with fn—

creasing obstacle size. Weertman argues that the pressure melt mechanism

" énables ice 'to.flov around smaller obstacles whi/ie the plastic flow
mechanién enables ‘tee & s around larger obstacles. Hence, sliding.
‘speed-is determined by obstscles of a‘sizd at which the sliding speeds due
"to_the two mechinisms are equal: the controlling obstacle size. .
N Weer{man (1964) :esines his approach by taking account of the re-
 sistance offered by obstacles smaller dnd larger than the controlling
obstacle size. 'This is accomplished by simplifying the distribution of
obstacle .s'xzes. Instead of looking at a contimuous spectrun (Weertman
1957), three discrete sizes are examinéd. Weertman (1964) considers a bed
/Lo be a superimposition of a series — ail having similar roughdess. -
parameters, -but ata v.rie:y/of scales’ Thus e copeludes that an
apprectable pakt of the ‘resistancd dh sliding comes fron ebaﬁacles other
than the controlling obstacle size. : " o o
Lltboutry (1968) models a sliding bed 4n, respect to sine waves.
The amplitude divided by the wavelength/of “a single sine wave is the
Toughiness parameter.  Lliboutry's (1976, 1979) subsequént treatment calls

for the superimposition of several sine waves of the same Eougimiss but *

differing vavelcagths, As a result the REL T Y
geometric progresslon. - _'V Lo e L b

<o Both weer:mn s and Llibcmtry s theories rely on in:uauvely

dppropriste staplification, cvident by their feference .t . discreté

v \
‘obstacie sizes:applied fo-a bed which most likely contains a contifiuous
3 . )

- ’
spectrum of obstacle sizes.

e Ceage S




“Viyian and Bocquet 1973; Boulton, st al. 19793 Yorris 1979). The melting

- X J
, one ariother® Creep rate becomes noticeable when a critical stress is
" reathed (in fees 1Kgf/cm?). Experimentally, creep rate is proportional to

:h: cube of, the stress (Glen's Lau) w0 e

of pcl‘yc'rystalli.ne ice. They concludal that the behaviour oi sliding ice *

; H!.zh the basil planes beiﬂg pref&rencially oriented S.n :he direction of

U, dfrection. At somewhat higher aliding wietee (approximately 10™n.

with sliding velocitles.. At still higher, velocities (approximately 107a."

2.3 . Newtonian Viscous Flow

“ J i
Early’theoretical works on glacier siiding (Weertman' 1357, 1962
& :
Lliboutry 1958, 1965; Nye 1969) comsidered glacier ice as ‘a Newtonian
viscous material. This treatient of ice flow would be appropriate in-the

absence of regelation and presence of basal ice “debris (Nye. 11967, 1969;

and refreezing of ice onto basal ice and the glacler bed; cavitation in-—

duced by bedrock obstructions; and clasts held in ice, all have an effect

on altering the lover boundary conditions at the ice-rock interface, and

thug flow in the ice. T~ & )
Creep in ice is acconplished by slippage along ;rys;al planes '(Nye

1965, 1969, 1970; Glen, ac.al. 1957; Lliboutry 1965 ‘and others): In-

dividual grains have enough freedon, to rotate and line up parallel with

Barmes et al. (1971) studied the frictional and creep properties

on, bedrpck under conditions of strong interfacial aicate £ala i b e i
Tegines.. At very lov sliding velocities (approxinately 10 . sec™ly, ® i

xecrystallizacion is produced 1n a :hin zone of ice’ cluse to the interface—

sliding. | This situation 'was observed to favour aey- exeep in the slid,{.ng

sec™), ‘stiear failure-and brittie fracture limit the.shear stremgth of the

ice and.lead to a coefficiént of friction that does mot vary significantly

A




sgc_l)v, heating at the interface is sufficient o produce some melting

Yo and the friction coefficient drops drastically.

2.4 Ice-Bound Debris

Studies of basal ice sliding have generally dealt with clean ice

A (Weertman. 1957;. Lliboutry 1965, .1968; Nye” 1969, 1970; Kamb 1970; etc.).
L , ‘Morris (I979) maintains that an unde;snnds.ng of the motion of a clast in |
:: X . the basal ice of a glacier lieu at the heart of physically-based models of | ¢

erosion and degosition. A . 15, A 5 5 |

; /Boulton et al. {1979) report that debris found in glacier ice

near’ :ha bed nuy Dccur in :uncenﬁrncions of- up to 30 to aoz by volume. 1 4 3
Besides being -u.-por:m: erosive agent,debris is comiinutedgand satavaaa] 4

relative to the moving glacier, presumably because of drag at the debris-

“ice and 5 k- k friction values being much
higher than thoss f0r Yeeronirock. -Where 'thé frictional drag between
.debris and bed is large, and concentrations high, the puému of basal 1
débris must be an 1.-1:0(:“: deterainant of glacfer s14ding velocity and 3

wbsequmzly of 1ce dynanic:.. Ice must mot only slide over bedrock hut -

lllo ammd \'.h! lobut obltnu:l’.lons found in b.l.ll dice and at the rock-

1. (1977) present analytical lﬂl.n:im/inr the -

1:! contact. Gl-nl

= 4 motion of isolated clasts in ice umbounded by other solid surfaces. ' -

Lewis (1960) tn‘d Boulton (1975) have examined. the motion of clasts in basal

"ice and-have described their effects on erosion and deposition. Lewis &
(1960) ‘deséribes tho: maxinua foreh that could be exerted by a rock }mild
in ice ind Boultdn (1975) adapts Weertman's (1957) s1iding theory) to des-
"ctibe.a couflis‘{cn for the onset of abrasion. Rithlisberger (1968) describes
the processes vhich tend to bring clasts into contact with the Bed - -

¥




Weértman (1957), Llib;ur_ry (1968), Nye (1969, 1970) and Riab
(1970) assune * * vhen considering baggl sTtute theories, with clean'tcs;
& Tubricating layer of water exists betwien ice and bedrock.  Thus shear
stress at the ice-rock interfaceis negligible Morris (1979) suggesta
that When the bed undulates about a given base plane, the ice exerts-a
net fnrce on.the rock which can be interpreted as the result of ‘m average
shear stress ckiagover. tia base plane, R

Boulton (1975) defines! the condxtiuns for the lodgement of a stone
1 basal ice by estinating the orbsontal Eoecs agaread o the stone by
the ice and equating thik to the retarding friction or drag between the
stone and the bed. .If clasts are close’to the bed, the existence of
irregularities on 'the stone would all‘ma normal and fucziénaj: forces to
be. transmitted without disturbing the pattern of £low of dce or altering.

the physical processes at the rock-ice contact. « 5

2.5 'Regelation and Precipitates

Horris (1979) observes. that ‘i the steady state, the classlcal Te
gelation boyidary condition as described by Weertman (1957, 1970, etc.)
and Litboutry (1977, 1978), cannot be obeyed both at the glacier bed and
at the surface of clasts 'fi ‘the overlylng ice.. Temperature sud ‘stiess
distributions cannot ensu';'e that both surfaces are at the — melting
potnt (Nye 1967). Hérets (1976, 1979) has argued that melting and re
freczing within ice vould prodice a faternal temperature distribution to

be added to the uge).auan temperature dt!czibutinn at the bed. This

. method of analysis depends on the assumption that any dnternsl component //

of temperature is negligible compared to the regelation component at’ the

* Morris (1979) shows that this is'mot /al\lu/ys the case

“ice-rock boundary

as.melting and refreezing vithin the ice produces an internal temperature

J
e 3




__distribution such that’the ice'at the two boundaries and at the internal

water inclusion (possibly in a cavity in-the ice of clasts held in sus-

\pension 1o ice), 1s at the pressure melting point.

Vivian and Bncquet (1973) and-Boulten, et al, etal, (1979) observe that

cavities fmquanuy occur in the lee of large clasts.. Some ‘of the cavities
are filled with vater, vhile others develop spieules of ice, Clearly, the
size _a:;d shape of these gavi"cies will depend on the £low p;::ams of the.
dcs andarelobentved oT ety o seasonal Basiy (vxvun' and ‘Bocquet 1973).
Morris (1979) states that 4f clasts nove tovards a part of the bed with a .
difgerent’ Flow pattern, bulk felting or refreszing must take place s the

cavities adjust to the new pressura and stress situations. L

Ha’llet (1976) stateés that m

uperficial chemical precipitates

on bedro:k are’ istic of many. ret ¢ laci

Bauer (1961), Kers (1964), Ford, ¢t al. (1970), and:Hallét (1975, 1976) °
B el e
entify calcite as being the most commén and best developed deposit

J genmerally formed on limestore :and other fch rocks. -The cal-

cite d.epos“:s are characteéristically found in the lee of bedrock protuber—
ances (Figure $a) where' they are oriented .parallel to the direction.of)
the former ice flow or regelation water. migration, (Figure 5 b) ' (Hallet;
‘,1§7/5)' The author has also, identified calcite precipitates on the bottom
surface of'an we/rh‘a?g‘)ng bedrock fopm' (President Glacier, Yoho Nationsl
Park).  This su}ggeans apressure release of ‘the calcite déeposits onto a-
s;rfacg rather than, as the term precipitite may imply, a gradual gravita—
tional fail-out of the deposits. 4
" Rallet (1975,.1976) suggests that the genesis of such forms appears

to-be closely related to ;:he regelation-slip p'rvéess (Weertman 1957;

Lliboltry' 1979), Which Lliboutty (1965) and Hallet (197). identify
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Figure 5a

Calcite deposits in lee of bedrock protuber-
ances.

Figure 5b
Calcite deposits (spicules) oriented in the
direction of former ice flow or regelation water
migration



as being characteristic at. 'tha bed ‘bed of temperate glaciet

The role of adhesion during the slding of the dce oyer bedrock

has' heeu\s:udiad by Roraty and Tabor (1958) ; Barnes, et al. (1971) and

more recently by Robin (1&6). Liiboutry (1968) has drawn A::ent!on to
che lack of adequace théoretical treatment of variu:ians in the 517‘:
properties of ice 1n the presence of melt water. \
The assumpl:i‘wn»tha’t basal ice is separated from bedrock’by a con-
- tinwous thin film of water plays a major role in:theories of gfaciq‘;

.sliding (Weertman 1957, 1964, 1972, fof example). The implication 'of
% %

this assuption 1s that tie pressure at the water film boundary is normal.’

and no’ shearing takes place as’a result of adhesion between ice and rock.
Howéver, it has been shown by Budd (1976) and Robin (1976). that adhesion
* v 1

1s present when glaciers are sliding at relatively low velocities (pre—

sumably due to a decrease in friction). Cold patches may also occur where

adhesion forms between ice and bedrock.

\ Robin (1976) has' ;iraunla::sn:/mﬁ to’ the role of impurities .
basal ice which may be a major cause of cold patches. Souchez, et al.
(1973) have described the complex changing physical and chemical.proper—
ties of basal ice-as it noes throdgh' variations in temperature and pres-
‘vsure conditions around bedrock irregularities. These phenomena may have
smpar{an: effects on the szick-uup mation often reported in temperace

glaciers (Boulton 1976, 1979;
. e v

1llet 1979, und others).

2.6 - Glacior-Streanlined Bédrock Surfaces

The investigation.of glacier-streamlined bedrock surfaces has been
pursued by both geomorphologists and ‘glaciologists. ‘The characteristics

" ‘of roches moutoniées,:riegeln, fock drumlins, flutes, grooves, striatiohs

and p-forms’are well described in" eamn’rphic and glaciological literature
> ) [




AT 19245 1925; Bjulstron 1935;chinsson 1956; Dabl 1965; Chessing LT

Enbieton and King 1968} Boulton 1974 Sugden and Joha 1976} and others). :
. Récent studies by Boulton (1979) and Weertman (1979) have erphasized their _
¥ JoAvRTOTRAHEHED reference to glacier TThine) TN Heerd £0ES planter

liding 1av, Weertoan (1979) and Litboutry (1979) have described the effects -

= - of these humocks under glaciers: _ ’

. Benoist and Llibom:ry (1978) ‘and Benoist (1979) have provided a

spectrsl analysis oi micm-relief from¥oches mm:annéesnnd rlev:laped a

shadowing t:unc:inn to. ddecribe’ the effects of bumps on lua—xide “cavitation S
beneath a glacter... The; tlay il nd oughpans o syathetic llabs T

been raln:ad to expetimntllly-induced ice sllding by Budd, et al (1979) ¢

/. Benoist sml Lliboutry ' (1972) suggest :hutrthe relief ‘spectrum of sub~ " - - &
5 . glacial bedrock humocks is a ‘cespouse to the sliding law- of the dee and
the erodibility of the' substrata. Lliboutry (1979) suggests that detailed
© g-- -maps of these forms on a micro-scale’ (of the Skder o centinetres in
_vertical hedght) could provide valusble informstion on the theory of ice

sliding. g 7y v N
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¥ Strategy’ and Approach 3

The strategy and approsch adopted for this study was basieally

s dictated by field conditions (time and.accessibility) and laboratory

facilities.’

In ordet to gain an understanding of suh-gluial erosional processes

fron the of bedrock strength, surface and the content:

of 'rglated tills, certal f1eld:and laboratory progedures dere designed

and . adopted (these are outlined in the discussion :to follow). Certain
of the glacidlogical and glacial-geological practices, can be vieved as «

standard (in that they are accepted practice). Others have been adopted

: \ i
3 from the engineering and computer sciences disciplines to help demonstrate

some physical and chemical characteristice of lithology, tills, and surfaces

g . ' that have not been subject to detailed examination in the past.

This study does ot claim that the procedures and techniques used

s here are “the only or idesl methods. They have, hu-vev:r, been successful”

\ in providing data b analyses of these dau which are of some value.

3.1 ueu Methods: _Sampling
: Daughex‘l:y (1974) H'rites. "The essence of sampling lies in the fact

that a large mumber of items, individuals or locations may, Gwithin

specified limits of statistical probability, be xepresem:ed by a smaller
group of. items (samples) selected from the Larger sruup. If we carry out
sampling cnrxec:ly, a Linfedd nuaber of samples will be suffictent for

o . s ) wh < \

\ : o o
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e . /
‘accousit time constraints and field conditions. . |

¥ natare implies rathez restrictive u!sumptinns about ' the v&thbill:y of

&

making generalizations... sampiing zéprasents s mare efffctent usa of

our energy while still alloving' us to make relisble statements about the
whole population..: The. key to success in sampling lies in adopting a "

procedure which permits us to draw satisfactory conclusions about a patent
voplacion from a sample of minimal.size." "
Daughérty (1974) identifies three basic considerations before adopting

a-sampling procedure and -before coticlusions can-be drawn from the samples

collected: L . I

s /

1) The exact size and ‘extent of vhat is being sampled must be determined.’

1) The /approprigth sampling procedure must be/adopted, taking into
ity /

111) The minimun size of sabple both in number and volume must be determined

. | %
so that reliable representation of the feature sampled can be attainmed.

; / : »
In to solve most, L fleld problems (Klassen and. et B

Shilts-1977), and geological engi: and i cal problems (Milner

1976; dnd others), ‘gealogists have :nnventianally tended to collect as

,many unples as time and laboratory Elcllitisa permit and ‘to spot localities . =

a5 evenly as possiblé over,the atga of atudy.\’ A saupling design of this ;

elénent composition of ‘the rock md/nr sedLmem: unit. First of all, it~ o
assumes ‘hnl:b that the matertal smpled is fairly uaiforn om a local scale;

as zxmpified by the taking .of only ome sample per locality; .snd that a more

in 1s exh on a regional séale as speci-

mens £rom many parts of the pareit unif sre needed.  Any rational decision as to the

!
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ausber of spectmens ot the distriburion of sampling localities can only !

be blse:l on priop kncvladge of lhe m:urll v-tiub‘i.lity 4n mmpo.!ltion in

the parent units, and on intuition. Visual -nes--nl and interpretation -

of unit geochemical and physical features are m/uned as being essential

s AR

before sampling can be’undercakenl Thus u.pm{; in this thesis is

stratified or systématic'rather than random. !

T s seate . \
A consideration of the scale of approach one s taking is usually
benefiizial to make as it puts into proper perspectivé the magnitude of
size of form one is uudyinm ‘The' generally ucapud\ classification of
1drge, medtim, small ot maga, waso; mczo (L1ibputry \{979, andiokhein) o

L nunally Yefers to forms such as glaciated valleys or cirquu‘ roches

soutonns égg vh-]-b:ek-, a:c., and ul:rial:ionl, Pr :1p1c-:u. small relief

forms, et:.. u.muv.ly. Of concern to this study aré the meso and micro scale.

3.1z x.mmxogc Samples ' - \ DR
4. Glactal geological stidies req\.\l.re ngtack \sampiles for teflned s B
¢ :
-l cal detedl by c and

tests

_ and physical). Krusbein and Sioss (1963) state thaf normally, sasples
- . should mot be large

on labora is) as their
from the fleld srea may becone burdu. However, each sample .ma‘:uxy s
represent, in relative volumes S, u:hu&;tc TR0, S §

each bedrock unit (Lamar and Thomson 1956).. \t -

In mu scale ltudiu, lampl:s are generally nlla:t:d uithin 1.5

|

to 3 mtr: Xn:er‘llll, r}}:her than within natural subupits, lim:z [ha

{ i !Egular mzu—vnls provxde s.!m'pleu comparable to thnse derived Ermn drill-

. ing. This smpung is useful in trat] ) : studies b L
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3.4 1L Sulng ing

the comparison of surface and sub-surface data (Krumbein.and Sloss 1963).:
It has been noted that systematic simpling procedures are suitable for
the purposes of preparing a more complete descrip:ion of stratigraphic,

sections l:htuugh microscopic and lahoratory analysis (Krulnbatn and Sloss

1963; Schenckc and Adams 1343 Hilner 19625 Lahes . 196]; ‘and ‘others):
Begause of the obsamd homogenetty exhibited in 'each bedrock unit,
and becaude oily loose sirface boulders were allowéd :n‘ be taken from the

scudy ared (Parks Canada, Collection Permit), the sam'pllx\g of litfiotogic

units consisted of a stratified sampling of hnulde(s :hh: were suitlble izx

size and Hhich“resﬂnbled the physical and chzmi:ul :han:taziscics of the

* parent bedrock units. Hhere possible, samples were taken from ‘the parenc\
‘units using systematic intervals. B i

3.13  Boulder Count : .
., hpproxinately 1.5 o down valley f£ron the present glacter terminus
and 5 ko 1 jm dovn valléy from ‘thé) hedrock bench,, 15 a field of ‘glac-

ially txansported boulders, who: ypraveuance is the s:udy .area (ngu:e 3b)

A bnulderrcmmt on 500, edrock blﬂcks measunng apptuximazely 0.25m

was cunducted to,_ detémlne dgminant tcck type and the effects of large S
scale plucking on ‘the S unies. Bouldets supplied from the adfoining
cugs fade (s 1livan Formption) vere few’ and vere distingsished on ‘the
basis of thefr :harncteristic black ‘colour, smallet side and shattered

platey appéarance. - sy . .l % 2

The' sampling of .t1ll Alung maraings in the Yoho' Valley generally

folloved the 1line sampliﬂg and =1 slmp11ng

by Daugh:r:y (1974), ;nd ottiers. T#11-sauples vere collected-at a prr—




", (Phi1lips 1955).

determined interval of 20 metres alodg the moralne. ~All'sauples were

surface-subsurface, samples (takeén at a depth of approximately 10 cm)

ity of cliff-side debris being incorporated into the samples.
fxém@g'ield‘ ofservation, cliff-side debris,on the surface of the lateral

moraite was discontinucus and was:less than 10 cm thick.

Thé problem of choosing a representative, size of saiple (volume)

o always difficult.

. Tn ‘all- probapilicy, the -

e ;
it s to be representative of the till.
only correct way to ssuple till without the sample being biastd is to

_extract it by 'huu-dozi.ng'. In this nanner.all size fractions at a

. _obtained from the proximal side’ of the moraine. and weré considered'to be

'This depth;was chosen in order to redice the probabil-

Generally,

1deslly, the larger the sample size, the more likely

varidty of depthl can be sccounted for.  This method however. proves to.

be extren: , and when a lnrga nunber of samples fs.'

uquiud. - s..u.buuy and coniventence, :ﬂemfore, ddctate the choice of

“sample size and number

400 to 600

till. sllllPles
stalns each) were cﬂllec:ed from the Neoglﬂc!.al latern—temlnal mnrai!\e
(wes:etn slde of :he Yoho Valley) at a regular uterval ‘of 20 m. Tuelva ;

111 sallvles were cnllected frmn :hg proximal slde of 3 recessional mor-

aines. near Zhe Nenglachl mimum mrai e (fﬂur slmples from each moraine)

3.2 . 'Sutvey Methods: Bedrock Surface

Surface Area Determination: Plane Table Survey
The area of the seven bedrock units vas surveyed with a plane
* table and a aalf-reducing -udaae. The purpose of' the survey vas to deter~

mine af approxtnate pruporuml autfata atea of’ contact. between ind!.vidual

i




! 4 > 2
- Of the bedrock units at theé medium scale. [The same bedrock unit surface

aress on the eastern side of the'Yoho River Uere estimated from serial photos.

3.2 Bedrock Uate Site Selection: -Micro-Rellef Sazple Site
The concept of microvrellef is Dot mew, The term vas np[;nrently
cotned by Le Conte (1877) £ descrive prll!ie mounds in California mx
Dum, and. wvas used to descrihe :he configuration of a “surface tn which
cd-léscén: low mounds were 6 to 10 1néhes higher than the adjoining,de-
~ pressions. Subsequent use of the term has varied in -ppuuuo’n and scale’
@yoraik . et et al., 1959 Strahler.and Koons. 19593 Van Lopik and Kolb
1955- Mabbutt 1963 i and othets). ' B
In this may, the tern ateroreliet ufets to a’glactally eroded
-‘bgdxfnck surface with the ver_:iml_ xeu.e; geusnuy not exceeding 30 cm
A TPt by & erfes of 1a” plots on each bedrock type. In'its
fitoadar contaxt alcro-relief sefers to all bedrock surfaces eroded by
glacial ice with vertical relief not exceeding 30 ca or those relief
foras which generally do not fall inito the elongated erosional or

asymmetrical rock form category (1%é. whalebacks, Toches moutonrides,hummocky

bedrock, etc.) (Laverdiére, et al., 1979).
i ) E L L 1
3.23  Micro-Relief Survey =

B three onal | lief survey was,

o seven mz edrock plots, one on each bedrock Eype. -The purpose of
this .wtvey was\to gather relief infom:ion uhtch could be displayed and

alysed with the gid of compum mapping :ee\mqu

;. Tt 15 suggested

+ that bedrock. rer: 'A at: ehe can be -ssemed as in-
ddcators ?déek erosion ‘and can be utilized in mn:imng and, -




fiéscribing/ernsivg processes. e
Each plot™was'on’ the crest of a whaleback form, characterfitic of ’
each bedrock unit (Figure6). The survey was by centimetric ruler held
perpendicular to a metric scale vhich was moved over-a fully levelled .
wooden frame af 2 cm intervils. A total of 2601 relief readings was'. ob=
taing from each micro-relief plot. Note vas made of fractures, bedding

planes ‘and .sutface precipitates. Striations were mapped and measured.

3.3 Laboratory Aualyses: Lithology § o g
: Wy e
3.31 - Bedrack Idemtiffcation . -~ . (-

ke : R

A sample from each bedrack unit .was thin-sectioned and examined

mieroscopically for constituent minerals to aid 1?’fdenufica:1nn. The
prepinition i andlyste of thin sections followed the ‘standerd prncedure

sel: forth by Dickson (1966).

3.32  X-Ray Diffrection Techniques o~
Analysis of the finer than 49 (0.0625 mm) fraction of artificially

crushed bedrock unit samples using X-ray diffraction- techniques was

facilitated by ‘a Philiips Diffractometer and followed the procedures out— ~

lined by Grim (1962), Carroll (1970), and Brown (1972);
The purpose of this snalysiswas to supplement the thin section

1dentification of constituent minerals in each bedrock wit.

3.33 " Bedroek Strength Cha :  Total Carbonate Content

o Since bedrock stiensth involves resistance to solution, abrasion -

-and crushing, tests were designed to gésmgei the solubility and’ mechan—
ical strength of the bedrock units. W
A comparison of the relative solubilities of the bedrock units vas




Bedrock Unit A Bedrock Unit B

Figure 6

Bedrock Unit Plot Sites

=



. ] ] ;
obtained by measuring the percent (%) carbonate by weight in each unit.

. This was accomplished by powdering the sample to pass it through a 40

s
mesh sieve and adding 50 ml .4 normal H,80, and the required .45 normal
}ia(m to one gram of the powlered sample. The weight loss after reaction

(which rakes place in a matter of minutes) indicates the % of carbonate,
2 : e ciats

in 1'gram of sample-reacting with the acid.

3.34 “Carbonic Acid Solubility

¥ Since natural 14 solution is by H,y004, a

sclubllity test employing a weak solution of ll (pH. 4.0) was under-
tnke:. 1 {s‘:he opinton of the author that_the results: from such ‘a test’’
should ba::e: reflect the natural conditions of limestone solubility ina
glacial environment:. A pr;:ceduxa vas designed which enabled -an efficient

‘analysis under controlled conditions (Strong, per. comm; Yoxall, per.

‘comm.)’ (Appendix A).

'3.35  Apparent Porosity = i

The purusisy of a-rock is defined as the ratio.of the v/al;ume of
pores to the bulk volume of the rock' (Lama and Vutukuri, 1978): If pore
volume’and Bulk vaimg can be deternined, then apparent porosity. can be
‘calculated. The pore volume meas;zsa was of interconnected pores, hence

the value calenlated is the apparent porosity (Lama and Vutuluri 1978;

Vutukuri - et al., 1976) = . $ -
Apparent porosity calculatinns were yerfomd on cylindril:al sper
imens (dlam.eter 2.5 em,, léngth 2 cm) with bedding planes ?erpandicula!

!ﬂd 1 ta the 1 d r:ylimlrical ion of -the

'Jul:ukurr et al. (1974) state :hat the number cf specimens ‘to be tested should.”

Jary with the type ‘of rock. Ideally, the greater the Specimén mumber; the




more dccurate the\results. For carbonate rocks, 5 to 10 samples are
generally sufficient 'for testing bufpuses.

aparent porosity éaleulations on the seven bedrock units eaablec
a relative cnmpnrisun of apparent ‘void space, hence suscepiibility to
water and solute intake, related erosive processes-and compressive strength

determinations.

3.3 - Bedrock Abrasion L -
Tablets of each bedrock unit vere tested for their susceptibliity
to abrasion.using a custom-built 'bradometer' (Figures 7a,b, and c).

This test was'not intended Eo simulate the abrasion of rock by sliding

- 4ée, but rather to.compare and contrast abrasion strength (time) of each
) / j z

bédrock vnit sample’ undu’simih\'r, .controlled conditions. j
The abradometer consists of 4 50W, 100 rpm. seared-doih motor whleh
drives & replacesble 63 mn dismeter; 6 mm vide, melium-fine grit grind-
stone. Each Fock tablet vas squared, levellad, i st gn the.vise,
and orientaéfn the direc:ion of :he striations with respect to the
grindstone Totation. The tablets vere held at an arbitrarily fixd

:stane pressure of 1.3 % msm against the grj_nds:ona- (The pressure was

date:m!ned by the combined ' weights of the heaviest -tablet and the moveable

- vise’ assembly. ' Weights were sdded onto the tray assembly of lighter
i = ) 4

tablets to equal the constant pressure.) The instrument stoppéd auto-

matically when a volune of rock equivaleat to 3:6 =m3 was abraded, - The
—_—

time required for this ptﬂcass to complete itself was recorded on an
decttic trip-stop clock. ‘Each Bedrock unit was tested four Vtimes.
Similar runs were conducted on/a granite and talc-tablet to determine an

approxinate upper and lower time boundary.

4=




Figure 7a
Custom Built Abradometer

Moveable Tray |
stop Switch {

Figure 7b
Moveable tray with vise assembly and
automatic trip-stop switch.

Figure 7c

Rock tablet in position to be tested. Each tablet
was positioned in respect to the trip-stop switch
mechanism so that exactly 3 6 cm? of rock was
abraded




(1966) con to

index on shich vas on' the tize of erind-

o

ing: The pressures used in his' experiments were also arbitrarily lxrlved

at and generally did 'mot exceed 3.00 X 10%:

Mathews (1979) tried to

simulate glacial shraston by turning a grindstone made of ice and .
quart: betweea two stone plates (Limestone and feldspar) and found that .
the rellt!vely quick abrasion of l.lnesmlu (as comparéd to feldspar) vas
L’Lkely due to the ease of plucking grain from grain, or to the bxuld.ux

of He.lk mczt-cryltntliue bonds llnk!ng calcite grains.

3.37  Uniaxial Comp: ;‘usnian 3 i .

eribeal Compressive strength or crushing strength is defined as the ‘stress i
required to crufh a cylindrical rock sample unconfined \u\: s
(Farmer - '1968). " The strese value at fracture (collapse of internal pores)

is defined as the compressive strength of the specimen (Q.) and is given

E. 5

by. the relationship Q) = F/A; where ¥ is the applied force at failure and

A is'the initial cross sectional area to the of force

(Vutukori et al., 1974). - s . 6
Uniaxial cospression testson saturated bedrock samples (apparent
saturation) with bedding planes parallel and perpendicular to the elongated

eylindrical {on of the we

to the
relative strengths of each unit under conditions of applied compressive

force. Th!-s test lhnuld 51ve some in!t'ht 1nto the’ magnitude of pressnre

required :o' 3 9 -
) Crush and pluck the bedrock umits in situ’ A

11y, Cmmlnute !hl i.ndivldual bedrock bouldeu while they are in bll.ll

*2 ! ice.or traction.

o i and testing pro followed the standard methods




described by Vatukuri, et.al. (1974); Mazonti and Sowers (1965); Yamaguchi

(1970); Lama and Vutukurt .(1378); and the 1.S.R.H. Committee on  Laboratory.
Tests (1972).

The ratio of length to diameter \;s the spectuins vas 2.5 to 3,0
The availability'of coring bits dictated the specimen. s12e at 2.0 caX 2.5 en.
AlL ‘samples vere 'apparently' saturated ('apparedtly’ refering to the apparent

porosity) which resulted in compressive strengths being less than 1if the

samples were oven dried (Vutukuri, et al., 1974). A Versa Tester 30M un-
iaxial compression device was employed. to crush the specimens at a constant
loading rate of 1.0 MPa/sec, / The mumber of specimens tested corresponds to- ,

‘the number tested for apparent porosity.

3.4 . Till Characteristics

\ !
The umpllng of 'the moraine material was undertaken to demomstrate

the textural change i noratne daterial progréssively dowm glacter, and to

postulate which.bedrocks provided tha greatest abundance of sediments
through a comparison ug till and’ bedtnck minerology. This was accomplished

through the analysis of constituent clay minetsll in theé till matrix, and

through visual examination and identification of clasts. 5 L
e B N .
3.41 Xeray Diffraction -

Ana].yns of ‘the finer than. 4¢ (0.0625 um) Gotdon twelve. re-

cesstonal end morafne till) smnples using X{)diffruc:ion techniq7!

fallawed the procedures ou\:l.lned A‘:we.

y
i .. Because 11dividunl bedrock umits my be typified by peak values
for d:ut.!in minerals (Peuijohn 1975), the patterns observed from- the bedrock
units were cogpared to. end mofainé diffraction plots’to JASRELEy BINMarIRAeH:

“49-




From-this comparison' suggestions ‘can be made as to which units are more

" abundant in the recessional moraine samples.

3.42  Grain’Size
C o,
All samples (split to approxinately 200 grais each) were wet -sieved

. B . '
using a 49 (0.0625 mm) sieve following standard preparation 'to remove or-

ganic material.: The coarser than 4§ fractioi was oven-dried and sieved
according to standard'methods (Folk, 1968; CiLffithis: 1967; Bowles. 1974).
Sedigraph analysis of the less th_an;‘kﬂ fraction was:facilitated by a Sedi-,

graph’ 5000 Anllyserv d X—tay beam. (Geological 'Survey of Canada, Ottawa).

Cunalative P ceicle: aise, curves and, statistical
3 X (four unmen:s measuxes; mean size, standard deviation, skewness and- kurtosis)
vere derived from raw veight data by computer. The computer program e
Ployed s that of Slatt ang Sress: (1976) for'a Hevlete-Packard desk top
caiculator model 98Z1and ploter model 98 624 in which eeitural scatiseical

' parametérs were derived by the graphic method’ rather than the moments

method. 1 . . * ¥ ) \

2 ; S
345 Analysis of Bedrock Surface
& £° 3,51 Computer zecmg@ues ! 5
Computer pmgzm were used to: .
=5 4) - Analyze the detailed slope.characteristics (segment length) of each

mlero-relief plot.
: " 41)  condict s’ three-dimensional, 3rd order polynomial trend surface

; analysis. : e
oY :

3.52, ' Slope Fréguency Distribution Z ®

v . /! Saielha
] i ‘slope characteristics:(segment Length, rise/run; Carson and Kirby
i 5




1972). on each micro-rellef plot were Ccomputed to produce a frequency .

1 % disttibutlon of slopes at 1 mm intervals mea, . to 100 m (Appendix B).
i &

3 Slcpe values were calculated her.ueen s\ltveyed x‘elief points 2 cm apart

% % s (2550, slop:s/plot) A comparative suldy of the seven slope Etequem:y s~

uihucipns may indicate varying erosion processés and mgnltudes‘ . b

3,537 Mapping System (Symap):. Trend Surface Analysis

A Symap computer mapping program with a trend surface analysis- i
elective vas employed to plot and analyse data obtatned ‘from micro-relief s i
surveys. L LY ¥ ;

/‘ Trend surface analysis is ’3 mzhm:icél technique in which surfaces
' of increasing complexity are fitted to point observations. The positions
of a best fit plane. is such, that the sumi of the !c‘umtes of the vertical L

/ .
distances between the points and the plane is reduced to a minimum. . In

this way, residyal values which 1na1£n;= local variations not predicted by
the ggl;xeral trend'are plotted. Their magnitude may be taken to provide a :
easne il vagistlon fvomimn' Hiendl ks oritvghiain, ;

This method of surface fitting is rélated to regression dnalygls” - -

except that it takes place in three dimensions Tather than two. As’in 2-

dimensional regression analysis, the fit of the r.ur‘v’e through a 'series of
points. can be improved by the use of a ‘high order polynomial function which i
‘chdnges the straight line regression to a curve. ;In trend surface amlysﬁ\

higher/ order surfices can be fitted to|the scatter of points in the same

manner _to obtain a best £1t plane. Figure8 L1lustrates the theorecical

application of the relationship between a third ShdaE 6w RS T d;lmn—

“stonal curve and the three thadisLinl counterpart.







.18 m 370/1&8 using 250K memory.

* 3.54 - Three Dimensional Viewing: Symvu Progras Bed s g YT

' Symvu is ‘a copputer graphics program written for the purpose of
generating three-disensionil 1ine-drawing displays of data. Symap used |

ymeu,

in
of the third order pnxyno-l;x a.na‘ly!ls.- B

The ‘Syllvu program 1s written in Fortran IV and is operated on the
1 A*Cail ~Corip _plotter 14 used 'to sketeh the “ L

11lustrations (Schatde 1975). \
LB
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bedding, unit éiu:kness and “drift. cover.

Figure 9, Seétion 1..

hapter 4

Results and Interpretations . . ¥ e

g )
4.1 . Bedrock Surface M and Unit

_ Seven bedrock units wers identified (Units A, B, C,

snd. described 4 thé Field sn the basts of . strike-dtp:.elations
Ty .
Three lzvelled profiles measured pazauei ‘to striations are given
!.lvFiguu 9. 'A'h:y Ilm: the tvo dfménefonal ‘natue of . thé bedrock units .
at the Mdim or'mso scaler Relu.tivg ﬂiBCanﬁs of bédrock units ttlva‘!l!d
by Blactsr 1cs canba seen - | from the profiles (areas of bedrock type'in
contact with glagler ‘ice were u‘n:nined ‘from the plane table survey, Pigure 10;°

Table. 5). The cnﬂtan( between the Eldon Formation (bedrock unit A) and

the Pika Formation (bzdfn:k unit B?’ (Figuxﬂ 12,) 'is described in detail on'
" Sedl:i.on 1 from l‘lgure 9 clearly shows berlrock unit & lying helw
the bedxnck ‘bench- (units B, €, D, E, F and G) Angles ‘of bedding cnncnnt
are given m the p:oﬁlas.
A qualltal’.i.ve assessment of tha rela!ive range of reltef (levelxuss

uni:s in the Pika Fumtﬂm jn-

to ast) for I

-dicates that unt D 'is the Swoothest while unii E is the rnughest. Bed-

tock units C, F, G, “and: s are. rsnkgd within fais unge respectively. Be-

cause, bedrnck unit & (f1don ananiun) lies helu-r the bedrock: bench, -1t

is not included in tnis ranking.
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= Profiles measured paralle! to or along the direction
Cstriations) (Fig 9) -

% Micro rellef survey sites

. One meter contour interval 4
" | NOTE: THE PLANE TABLE SURVEY om. NOT INCLUDE BEDROCK A
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4.2 - Micro-Relief Survey
¢ The relief datz obtained from each lm’ bedrock plot wete drafted to
- produce Figurall. Quertz vetns, pectpitates, till.and striacions were

a'@,ﬁenuma on the plots. Bedding plnnas show up quite clearly on

5 o
bedrock units B, F, and G where contours are densely grouped in lingar

. Py
. fashion. . Bedrock units C, D, and E/exhibit elongated quartz vetfd “
. * (characteristic of ‘those units as a whole): Bedrock unit plot E shous

the deposition of minor till in the lee of some quarrz veins (note the

i1 . wdirection of ice flov) which were noted to protrude from the surface of
the rock unit.  Generally, till.cover was sparse over all the bedrogk
el 4

plots as vere precipitate deposits. A complete descripéion of the bed

rock units/plots'iappears in Table S.

4.3. - Bedrock Unit Description: Lithology .

* Seven bedrock units are exanined, all butAare conti Be-

tueen unit A and B, a steep slope of alternating thin hedded dolomite gnd
“lime mudstone marks the stratigraphic boundary between the Eldop ard Pika

Formations -(ngureu..)., A detailed description of the bedrock units is
. given in -Table 53 : :

Bedrock unit descrip:tcns and appmxmar.e surface area of contact -

between individual units and glacler ice are given in Table 5. Bads %

strike approxinatily north-south and dip steeply westuard hetween 34° and .
\

50

on the western slrle “of the ‘{ohq River; they. cross the ‘Inhn Valley at

an angLe of |pproximately 40° to the former direur_ion of ice mnvmn;.
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- ———Eldon Formation (Bedrock unit A)

Contact Between the Eldon Formation (Bottom) and Pika Formation (Top)

Figure 12
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Figure 13a
Bedrock units in relation to
former ice flow

Figure 13b

Bedrock units on western side
of Yoho River showing approx:
mate limits on individual units
and former ice flow. Note the
units are laterally bounded by
the valley wall

Figure 13¢

Extension of the limits of bed-
rock units on the east side of
Yoho River. Note the direction
of former ice flow as evidenced
by till deposits and striations,
and the distinct break in the
units slope (laterally bounded)



loA pesk.

Carroll 19705

4.31° * Bedrock Textures - . \

Although no precise examinatien of the bedrock textures was made,
genetalicies concerning the telutive bedrock unit, textures are Apptuptiate.
Dolomite, which 1s a major constitient of most of the bedrock undts,
generally occurs. in rhombs a0d measures’ betueen 30 to 120 microns in size.
Fioe dolomite thombs (less than 30 microns) are scattered through wost

limestone units.

The grains of the calcite matrix, which wete observed to

he wainly mmfertoun calcite, are 3 to'4 o:ders of magni:u/cle smallet than

" dolomite 3rains. ¢ /

A relacive grouping of bi:drm:k units based on :extnral characteristics
can e i e, Folléves’, Bedzotk uatt 'a exhibits the coarsest textural size
f6llowed by bedro¢ks C and .F respectively. .Bedrocks B, E, G (grouped to-

gether), and bedrock unit D exhibited the finest textural characteristics.

X-Ray Diffraction Analysis

4.32. .
X-ray axﬂiacmn plots of the seven bedrock units are given in
Figure 14. The preserce cf il14¢e/niea’ia evidenced by a large peak be-

tween 9 to 10 Angstroms (A), and genezally a smaller peak at 4.4 A.
Quartz exhibits peaks at 4.2 A and 3.3 X wtle entorite peaks at

° o - o 0 f . o o o
148y 7.0°A, 4.7 A, and 3.5 A Dolonite peaks at 2.5 4,.2.6 A, 2.7T-A;

o . o i e
and'3.7 & while calcite exhibits peaks at 245 A and 3.0 A.

o
in’the montmorillonite group ‘are identified by a peak, between 12 to 15 A.

'Interstratified clays and other mixed Layer minerals-are difficult to

mmufy bedayse of .their mmex stxuctutas."GEﬂetally, mlxed layering

Jof mica is indicated by a series of small. peaks oni the high A side of th;

Mixed layering uf :ha mon:marﬂlnrnitgr'fnd cl\lorite are 1ndicateﬂ

by the !rull pesks ‘on. the Lower % ‘side of tha 14 i peak (Heaver 1958;

Beaumont 1972;: Vahtra, pex comn.)™

-2~

Most minerals |
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G o )

S .
Glycolation and heat treatment showed -that mo kaolinite or mont-

mriuonim vas ‘present in-any ot the' bedrock of mralnic samples Batter—
son (1980, unpublished) came to ‘@ similar n whilé s:udyinw 5
material in tNe Emerald Glicier: area,’ 8 km snuthwgst of Yoho clactez\.

£ iy 3 |

4.33 Total Carbonate Content,

Although. solubility is only a marginally relevant test for erosional

Bt e st g i

potential (idnetils of dissolition being more approptiate) it was fele|that

.8 relative cwﬁplrmn between the various bedrock solubilities would en-

..able a‘qualitative lssesémzn: of total available :arhonates and arusien%?.

potential.

Total ‘caTbonsta “EonteRt (4 VL) OF the seven bedroek unttsis——
given in Table 6. In con‘sldering‘ the kinel:/ics of dissolution, t‘l?e e
siilts suggest that all bedrock units except'unit D show high susceptibilicy
Vordita orochuscF ardbisn TE-CkD mibeidesan shvivoineat habe iatenste ;

Qe s conttnuous ‘supply of melt water, Collins 1979).

4.34 ~ Carbonic Acid (Ca m:! Solubilll_:x
)

Test results'.of the carbonic acid solubility analysis are gjeseﬂ:ed B

in Table 7. Bedtock units B, C, D; E; F, and G quickly reached saturatidn.

Bedrack unit A-did not reach soluéion ‘saturation until the 19¢h hour. The
def:uas‘ing concentrations of ‘Ca. E03 ‘exhibited in the 7th to 43rd hour i i
reatings in bedrock ‘units B, ¥, and G werb probsbly die £6 two fzcto:rs:‘
1) - - chane-in pil level (acidity) of the solucion; and &

i1) experimenzal error in Tegards to: the washing af the solution ) +5

-the conduction probe after each reading.:
. !




)
. = )
s ! =
i . ) by
4 . : Table§ . \
e Total Carbdnate Content (%) -~
- i : 5
S in1gm
i S g o W * Bedrock Unit A 2 sass.
[ e W e A =
Vo " Bedrock Unit B' st + 9508 *
g 4 75 o :

SRET Tl Badrock Unit O

* Bedrock Unit F
7 Bedrock Unit G -
N d % .

. < Bedrock UnitC

BedrockUnitE /- saso)

(Acid-neutralization method: Allison snd

i >

Moodie, 1965)
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P The solutioh saturation concentrations (mg/L.) of the bedrock ° .
units are taken aé those concentrations where stabilization of the readings
has occurred. The highest’solution saturation concentration levels were,

. i
in’fﬂascendi.ng order, bedrock uni:s B, F and G, C, D, E, and A. " If solution

play an important role in the erusiun of the bedrock units, it 15 suggested

« that this praceus and nusociq‘.;d erosioﬂal fornis would be more p;nnounced 5

on-the surfaces of the bedtock units in the order given above.

There appears to be g relationship between the percent carbonate ot

/ 3 'ptasen:‘ in the bedrock units and the ﬂ CD Bolution rates. Redxo:k unit

A, which exhibi:ed one ‘of the highese % curbonata values (99 55%), took

the greatest amount: nf :ime to reach solution saturation’ (19 hours) Bed-

rock unit D,;with only 28.2% carbonate by weight, e - 3
i ; 2 Al

Solution saturation. of.Ca €0, ®

; "4.33 Apparent Porosity : .
¢ : The iaverage apparent potosi:ies of the bedrock unifs are given in ‘-;é

& . Table 8. Microscopic examination of thin s,ections revealed that pore 3,

configuration is genexally preferentially oriented in the direction of .
. N * . > "

the bedding planes. The pore surface éxp(:sed on the exterior of the spec-

imens will therefore Vary with. the orienr_aticm of ‘bedding planes, hence

apparent. porasity will be expel:t:arl ;o vary conformably. Table '8 gives

7 '
the sunbar of ‘apeciuens ‘tasted for each belizock type.; and sumarizes ‘the

Fesultant sverage apparent porosities. Because of the fliggy mature of

T B b!dtock unil: D, cylindrd } pecimer crrd not be exti thus appatent '

s pornslty llad to be calculated with the use of liquid diaplal:ement tech—

P S nﬁ.que‘( [ama’ and an:ukuﬂ. 1973) The total avenge lpyarent potoiity for
; 5

ior hedmck undt D was cnlculn:ad at 2,22 gS gamples :as:ad) 5 -

I 8 s - . A1l bedrock units excepbunir_s C“and. E exhibited higher Appﬁten;:

“ . . / 6= . ]
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2 Qmu- with beddings parallel to the elongated conﬂ;n‘x:térm of the ] T

specimens. The-average apparedt porosities of bedrock unit C with bedding

perpendicular and parallel to the specizens elongated cylindrical con--
figuxll:lnn were identical, while bedrock unit E exhibited 3 higher apparent -

porosity with the bedding to the ¢ 1 spec-

imen. The hrlelt total average apparent pom-i:y was exh:.blnxu:y hdrock

_unie D (2.2%); thé smallest vas.exhibited by bedrock untt G '(0.50). The 2 «
| large value :xhlbi:ed a'by bedrockD is probably a result of its flaggy nature 3
o - . (laminated beds) and its hifi clay, conteat which may have ‘besti responsible
Eor the ‘siacptida of vater to- the gineral surfaces (nndy 19745 Hillel
1971 Nk X P o L

PR  Bédrock unit.A’ vith @ 1.8% total L average' porasicy value ‘vas ident- .+ i

ip ifled as 'having the largest textural -m range, of all the bedrock units.

. fhe iarge doloiTEe minerals resulted 1n, \large viid spacings between minerals,
id tharefore a high appareat poml:y value. Bedrock unit G, a lime mud-

stone, had ‘a Telatively small textural range with fewer and smaller void

N spaces.. 3 . % P ‘ ‘5

,i High apparent B can’ 1a a number of erosional mechin~

N ’ . . dsds. Stace subglacial vater is u-u-u«y acidic (Collins 1979) nl'l because

of the carbonate nature of :ha .b:dnm’k units, the water is able to mgttlt.
g LN
= 1nzo ‘Focks (1f pau ptluunu are lultlble) leaving greater surfacs areas - O

o8 rock .u-capm.u to the solution process. I this process acts qufekly, *

‘ or. 1{ &t peniun fot an utauded {E\““d of :iu, a bedreck micré-relief .

dpaper appearance (Figure is). .

Anu:her uachlnlll uould teiult 1f lllh(Lll:Lll water enters Chg rock

& o poreu and d\l! :oy clun]lng bnal :heml te;&un. freezes. The expandtng,

!cdt'lcf.nl the surface relief of :Jse bedrock .nu n-.v nm place. (This




Figure IS

Pitted bedrock surface, possibly the result of solution at the ice-rock contact caused by
abundance of sub-glacial water and high apparent porosity of the rock unit (Bedrock unit E)

~7.0%



only hy ice physics but; by nternal Tock yrnpertleu suéh: dé -miheraiogy;

1971.) cumy, %

shatter effect may resemble the more common 'frost shattering' of rocks

) HhEll wutax freezes-inside rock cracks ur bedding planaa) ®

clurly, the greater the avzarent porosity of a rock unit, the

more 1ikely| it 45 that: several {onal mechanlsms can perate under

various ‘ice prusn‘:e and temperature coniditions.
J

4.36  Bedrock Abrasion

The results of the abraslon test are pteseﬂced in-Table 9.1 The i

relative ease with which the bedrock unifs vere abraded with respect to
tine taken for gbrasion of 3.6 ca®'6£ Tock, can be’ranked as fouws:
tale; bedrocks D, C, B, A, Gy By Fand granire respectively. -

Lnban:ozy tests indicate, under . giveniabrasion conditions, bedrnck
it D uuu 11ke1y be erodéd {_voluietrically the oost whereas bedréck F

will be eroded: the least. y o voeg

4.37 Uniaxial Cmngrassinn

Compression tests on tylindrical bedrock samples have been used

by 1§ M 19705 Obert and Duvall

1967 and Jaeger 1972) wining engineers (Means 1976; Donaldson 1974; nnd
.others) lnd in relnl‘.ad rock lnd soil mechanics (Lama and Vutukuri 197B \
and Vucukuxl, et al. 1974). kelm:wely little attention has been focused

S ,

on: !I\Ll aspect of" z‘uck bebsvtuut by glacisl glsts.

Tn concept,: the conpressive strength’ of dedrocks 1s influenced ot

| grain size; porosivy, bedding and'other inherenc/réck properties (Vutukurdet al.

cnmptession test on. bedrodk wnits can provide valoable data

o halp delcribs the. general’ theory of g}acxal erosion and :nmminutiqn

oF rock! debri:




13 minutes 13 seconds
15 minutes 04 seconds
16 minutes 11 seconds
-am;..iu 11 seconds

</ BedrockUnitD*

03 minuies 30 seconds
. 02 minutes ‘58 seconds
| £ 05 minites- 27 seconds "
06 minutes 15 secondsy”

A J -
¢ Bedrock Unit G

20 minutes 44 secands
15 minutes 38 secands

. e 25 seconds
Average 17 minuies 38 seconds

19 minutes 27 seconds

Average 35 minutes §7 saconcs  Average 01 minuss 27 seconds

Average 04 minutes 33 saconds  Average

y
" ' -
! ” Tables - .
E Abrasion Test Results (time
- b
“ (¢ §
/ Bedrock Unit A Bedrock Unit B
i -
L .- 16 minites OS seconds 12 minutes 25 seconds

. Average 14 minutes 18 saconds _Average 09 minuies 35 seconds 4

" Bedrogk UnitE”

30 minutes 14 seconds

33 minutes 27 seconds”
. 31 minuies 53 seconds

33 minutes 57 seconds

Granite: "1 ¢

* 98minuies .17 seconds.

required to abrade 3.6cm® of rock sampid)

& 31 minutes 38 saconds ~Average &3 minuies 17 seconds

Bedrack Unit C

06 minutes 41 seconds
11 minutes 28 seconds”
07 minuies 28 sacones s ~
14 minutes 51 seconds .

i s

Bedrock Unit F v
© 43 minutes 23 seconds
45 minutes 23 seconds
43iminuies 08 seconds.
43 minutes 03 seconds

OF minuies 22 secinds ' =




Table 10 rizes. the average ‘renghs of the bed-

;7' . rock'units with bedding planu perpendicular ‘and‘parallel, to the applied .

force. e ; Pl
b Ruiz (1966) T that che strength of
I LT PR — inder apparent saturnted conditfons is. up to 207’ legg than
' air dried samples. Vutukuri, et.al. (1974) report similer resuits. The

results' reported inTable .10 are the!efure ninimum strengtha of, bedrock

types undet uwarenc an:urnted Sontttions. R U

There 1s a great deal of 1

and orientation of bedding pllnes (Berenbaun gnd Brodie 1959, Dube pnd

e Singh 19693 Barron. 19713 en:.)._ Lna and Vit kurt. (1978) suggm that,

(psrallel) and lowest ao this angle nppx‘nache.s ‘90% (perpendlculnr) to the
bedding plmgs, Cleaily, ‘this’ would vary ‘with ‘Tock types and Lnlwxent .
; rnckrp:aperties. Resules fros modelling of variois angles of bedding
2 - planes and joints in Tocks under- ccnptessinl\ tests generally agree with
e ® ey and V\xtukuz'i"g (1975) repurted £indings." . 4

" me results in Table 10 'shau that all bedxgck il ateopt A and £

~ Siga hi;her cmpreésivn a:rengths mh bedding .at 0° to thie apblied ,eme.

Bedréck unit A is exczp:ional probably because of the massive mature of
the bntr. Eedrm:k wit E onu‘the other hand hias a large number of quartz
regardless of bedding plane men:mons. &

o Bedrock unic Alexhibits the higheu to:al u\verage compteasive

strength (2.6 Wa.). | The igh compressivé strength is probably-die to L

. the large dolomite content, uhich Hugnan and Friedman (1979) - state hds a

veins vhlch Probably lead to fracf.nti.ng at the quartz-lineatune interfaces
!
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scale echva:iun ‘of 4 bedeodk.midy be' dbanced by, Pte—uiscing Jodnts tn

significant effect on theé ultimate stréngth of low porosity, carbonate Tocks.
i > e ' e

The results of. the boulder count aEe g‘iven in Table 1,

4.4 Boulder- Count | .

Recent Literature enphasizes: the causal -elationship\hezueen Joinged

rocks ‘and the €ase with wil!.ch t'hay are plucked r crushed, and transported

in glacial and other enviruments (Boullun 1978; ang et al:1978). —Galiber( %

et and Boulton (1978, | 1979) suggest. that' the plunklng or the large _,

rocks. Labox‘atory investigations have'also resulted 1n simllat findings

cchenever: and Gatlin 1965;

Chapell 19745 1975 Byerlee and Summers. 1975 -

‘ete.).

- “The s:rike-dip relazionship will dlso have an-effect on the pluck_’l.ng
process. With the beds striking appraximately nouh-scuch ad diyping
steeply: west between 34° and 549 4+ the. resultanl lc% r.:em:act was at”
approximately 1:5 (ngzss 9 anrl 13a, h) From laborgtaty compres:%on A

tesl‘.s Vutukuri. st Al (1975), and Lamg and Vu:ulmz'i (1978) Have shown that si.milar

otleﬂtl:im of Tock ‘cores enhance ruck Eailure.

Althnugh folnting and bedding planes are not vldespxead in! edrock
unit 4, a :ehtively&arge boulder count (100 or-207) was' zer_errled. "This

can best be "explainéd with e\gnd to the bpdrack) surfa:e’ area upnaed to”

procesaes. Bedrock ‘A excsnds ftma the I ised hedrock bancb (das- i

side nf‘ r.l\e Ychq River.» The extensive ,sutface‘ar
f

5‘ernsion uould :herefure uuest that'a zreater yro abiuuy xists for the




" Bedrock UnitA

+ - Bedrock UnitF -

s

“Bedrock UnitB_*

Y Bedrodk UnitG .
o B

% ot Total -
20

23




. 0n bedrock units B and F where fractures and cracks were identified,
the baulder count of 116 and' 117 vespectively may be related to the angle

of contuc: between ice motion and beddtng planes (dip). Lama and Vutukuri (1978)

“¥nd v’utukur

:al (1976)showed chat as. the ’ngls of applied forcg reaches

90° to beddingplanes of 3 11y rocks; the S 0

force xequired to crush the’specimen incressed.
: Tests vererconiuctad of the !hear strength of specimens where
T smu.u results vere reported (Vutubmri; ‘et al. 1974). - The Force required

- &6’ shear the ‘ﬂpecime decreased as the angle of force apptoached 180° to

5 i 5 o
the bedding planes Thase f!ndmgs ~thetefore au&gest thaz given a :onscmﬂ:

)!rassute, whether i: be cqmpzessive. shear or ‘frictional, bedrock unl.ts

ith beddlng p1uxEs oricated. parallel ‘to itz duem&n of the, - applied -

) fnrce, wul tend: to'be less’ resiszan: to fracture l‘.han ‘those. nrimced at
oG right nngles to the applied forgd. . | ' ’

" This argum&nt ol S0 apply to bedrock ulltts C E, and G, vi:h

boulder cuunts‘of. 51 45 and 20 respectively. Duly 15 houldere were.

idzntifled as bedrock D.. This is prnbnbly due to V:he nature o£ the rock:

vh!.ch u cléatly suscep:ible to rapid cm;lnution of entralned clasbs‘

s L e number nf b dding planen’ (hoth pator and minor) 1s clesray 3 conmm.ng

fagtor in the pl\u:king and. crushing of bedrocke unils. by e

el ,‘, ducsd plickiag of : ernsinual £7ons ‘(Boulton' 1979,

and ochers) is prcbably enhanced when beddtag plmes are present"‘r‘

‘1411 A-'mzsea ; 0

X—rax leirac:hm TN 2 3 - d
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End Moraine 2.3 *

Figure 162 and b
End ine X-Ray Di ion Plots
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End Moraine 3.2
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'shyu extremely high quantities of dox.eﬁze, quartz, chlurite and ‘mica,,
{with lesser-amounts of caleite and feldspars. : Horaine sample 1-3 ex-
Fa hibits hlg\l dolo te and quartz peaks and -lesser calcite, l:hlnrir.a,

fddupar and mica|peaks. . ! E

Horaize sa frles 2-1,2-3 and 2-4 exhibit vg.r:ually ‘the sime patteras .

as those describﬁd aboveyfor moraine. samplea - LJ-Z ad 104, ,Moralns
¥t !ample 2-2 demongtratés high dolomice and quartz peaks and lesser calcite,

\ s

feldspars, chlntilte and mica penk.s (simllar r.u end mrllne 1-3)

Horainz s}mﬁs 3-1 and 3—3 show extremely high dolomite and

quartz peaks witl chlouza, stin, Rateesad feldspars following inorder

oF nagnttuds, Hnulne Samples 32 and 34 denoristrate ‘a high quartz peak

with secondary hixh chlwri: dimiteeyca calcite and mica peaks and a low

Eeldspax‘ peak. 2

The origin of :he tills hased on :he X-ray dlffrnc:ion plots is

,difﬂcul: to assess. No—clea-r relstinnship exists becueen hadrock unit *
- -
plots and moraine pncs. A11 bedrock units generally exhibit high peaks
|
Sn.dolnmite andlor calc!.:e. Only bedrock unit D shmis a dominant quar:z

and nlea peak: A11 end moratne samples =xhibi peaks i quartz and nia
*uhich for all except damples 1-3, 2-2, 3-1, 3-3 are major -peaks. By
-using transparent overlays of all bedrock unit and moraise samples, it was

evident that the patterns and magaitudes of ‘peaks exhibited in bedrock D

closely ,resembled all of the moraine plots. ‘This is in itself, however,

nnr. r.oncl.usive e\ddence that bedrock D is.in greace: lbund.ance in ' the t:Lll

‘Based on previous studies of various shale units (Bnttetson _1980
unpubl.isheq;fﬂeamqn 1971), -ray' di#£raction analysis ‘shoved high chilorite,

quartz’and. mica peaks. " These peaks were also observed in all the recessfon”

mﬂnine ‘samples’ ; Lhough theit magnitude varierl. Tha cliif Eacé ad—

; joining the, Lateral soratns is patt-of thel Sullivan Formaiton (Cook " 1975):
i AT el -so- :




exhibifkd re: atively ltttle fricﬁionﬂ resiat&nce, as did :nlcil:z. The B

4.52 mnaza1n.v~p ¥ 1

j shale wnit. Hovever, as shom on Figures 26 and b, the'1303 and 1913
Yoho Glacier extent, very-little supra-glacial debris is present at the

ice-valley wall contact, the of the valley

side debris in the tills is probably very low. It is suggmed Ehat

side debis that did' reach the recessional end moraines supra-glacially

~ (approximately 100 m to 300 m from the 1913 glacier :emxms), 1s unlikelyy

to have been rapidly cominuted ia um:h & short diur.lnca, and Va apras
glacial trinspoit, The observed peaks of cl\lorite, ‘quartz and mica may well®

be. of bedkaek unit D provenance. The dearth of supra-glactal @ebris evidenced

13 photogtaphie racords’(Pigures'2a,b,c) shovs’ chat the debris supply tothe

wraines vas mmy of subglactal origin' (4.é. abraded ani plucked debris).

of Minerals

In establishing the mineral content: of ‘the soraine azlnples, [TIE TR

to dilcllss and on ,the affect lhuu mineﬂl! ny have

“.,,, ! :

< - on glabler sliding and upon bédrock mrphology.

kKl

Horn, (1962) stud!.ed the frictional properties of vlri.oug

ninerals including caldite,. qurtz, chiorite and others. Their inyesti—

': ons revealed \that for Vﬂriol{ moisture conduinns kinetic fr!:Jon 15

gmrany equal to or'slightly Iess than s:mc Frisiion; [The unup:ian to

:his occurred: i‘n l‘.he case of quartz where a’ s:in:k-slip Phenonenon vas ob=- *

to,] kinetic frictional r!sisl:l‘nce « 2 7

heween (h sacunted qua:cz Curfaces md the slidlng mediun. Dry quartz o

yreaence nE v.mcer was nu:ed ‘to act ds an ar

1.—1ubricnnt whn' 4t vas applled. |
|

to Eurfa:es cf nineralu lhat had%asa1v ryetal ﬁtructuxu such as quaztx

and calcite, Whereas it’ lubtica:ad surfaces’ of mm.us such as chlorir.e,

nd micas ch-r. hld 1ayer~la:c1:e' cryscll a(ructuras. N




. The-stick-slip process Aty WLk vteh rock type nnd Bed voughness,
hovever, unde? given conditions there ars deﬂ.nm trends th" atneral con=

Brace® (1972) and’ Byerlez and Brace (1963) state that chlorite anﬂ'

v, * teat.

P n;h:ls hav: 1icu¢ influen:e on the stlck—sllp pmceu. Incrensa{quaxtz
\ i 5 e s | content 1a mora con¢ to stick-slip o1 : S:ic -s11p occurs in ;
: Bvetlee and

dolomites 1ess readily than’ nn nndatnnes, g:anues cr quar:n:ea (Ohn-kz

19133 Engelder’ 1974; m.edm, ot al. 1974) :

°

I

and diy state, (uo‘m. et al.1962). clly minerals on che cehes tand' ation’s

! " iegn mlneralsw e ts dlifle\llt, hwevet, tn tupr.llte a c:Iazal mmg

-1eavage pllﬂg ‘rhiu l.mpl’.!i Llut the nbrasim !hat‘ ts when

L beundary-mhrunéd surfaces of layer-lattice mine‘nls e ubbedtogether

“generally expc-es freshly leaved surfaces.” Tf uo solutioh ts mn;nt to

/o
esive fo'n:e! beween the Eteuh cleuvagg !utface!, the




ten reported in’glaciologleal

it 3 and s:atistizal B

,:ed i Appendix

size dlatrﬂmthn 18" apparen in mst e m
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etost on und L,'

oi cills

nspor

Df dulumite otfgin) ’.n

uthern Untatia‘ Bullet zmd HnHanus (1973) _wund that tills from va;ley

gluciers en& 0 ‘have bimadal size disl‘.rihn:lﬂns as well

Coﬂcravmy exis:s

B ns to ‘whether till ks tures are a function of the environment of cranspur\: or

dependent upon Lhe nature of the bedrock source. -Slatt (1971) exami.r{ed

vulléy zl 1e‘:s, und Dté!.mnnls and. V-lgnets (1971) studying sediments, of |

.cnn:menm. placter. origta, der.emined that the texture:of +il1s'1s depen- |

* dent upwn sedj.mem:ury hedrock lithalogy. “ W

remc of t'he badxuck :y-pe 5 ache: c)um the envlronmt of transport.. The
dcmiﬂaﬂce nf dolnm{te lmi cnlcite ibbul:h badrack and moraine .samples (zr =

cusim\ll em‘l mralne?!) ccmfim! ‘this as Ehe\:emlml grade of dnlomil:e and
B N

et cnm.). bu:} 15 ptohably more ‘the Fesult of th genéral ‘bedrock type..




Textirs! changss in lateral

Figure 17 - . ..
norsine till prograssively down valley




Percent gravel, sand, silt and clay fractions s vete tiken fron the p-lrtigle

size and -frequency curves, and 2 simpls mxy.u vas

The. slopes of the tndividual regression Tines are thought to represeat
x A l:mran‘E values or s1ight changes in-'the cu-.uuv- percent of Fm n-
dxvum tmurnl classes over the distince of the hlero—hr-:lnal zoraine
(600 -.)
The gravel fraction _exhibits. the only negative -mp. (-0.33) indi-

cactog_that the percent .nvf 1o decrointng down. villey ‘g the seid (slope

0. 12) mcxmed very s. uhc:l.y.. Thq silt Iud -clay fractfons re.main rela-

Ta :ively ‘constant. (silt slope  0.06, - clay llopn 0. DS) Dr.i.llmlt and V.gnezl

(1971) believe that, textures of tills. derived: !zm 1menury xocks de-

pxnd nol: rmly upon tha terminal grades ol lndividull “dllunl:ary llner-ll
Uhlc.h are uinl'y l.uf.lted Lll the silt lnd l:hy frll:t!mll. but also upon

the medi ] rocks the sand fracti These are

. often aggregites of dolonites and calcites. This bisodality 15 s-u o
in mti.nuu.l

. take place anywhere froa 0 to 3 km from bedrock sourc

dce depcsi_u (Dreizanis and Vagoers 1971).  Despite thealpine glacial en- |

vironment, some’ sinilat-trénds in textures and terminal grade modes of
sedizentary rocks are observed in the present u‘udy. Thére s some ten—
dency tovards’ increasiag sand E-r::r.ion down valley and a ‘imuuu

ity fraction. e C =

4.6 Re S ugrololog et Conputer Anslyath

J

: Sloga l’rnguncic

fnr auh b.drock unlt Plo! nrs

“tVen 1n Flguras 18 a;-b, e, an -a._ Theagama of “the slopes [upzn:

’ o : 3

-zthev-—' 0 1.‘.
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" . round the n meun. \J g L . 5

/ 4.9
A qoalitative adsessment of ‘the extent of micro-plucking appears in the

" ‘méxt section.

. 1engths) range s:amrz 3m on bedrock E to'3.4 mm on bedrock G. The mQ@un

1y influenczd }.y ch! Postion’ nf vaiues ‘tn, the rnnkin‘ and got. diuptly

by :}m m:gn‘t:ude oﬁ hese values.v—?hexnfbre, it dga meusnre ‘of cenmm

teudeqcy (king 1969)" This suggeszs :ha: at ‘this particulu smhpung in-
tervul,\ the tendzn}cy twnrds a more uuifom, levelled relief is axhibited hy

.\m/its E,\'D. B,.F, C, A,.and G ruspactivaly where: E 1s the most, and 6 is

the least, witforn or levelled (horzontally). ALL ‘inits exndbit Fosteive
3
SW!WI'AEBB W‘\ﬂ\ bed‘tock units D and A heﬂlg ztmngly skewed (11.25. .nnd 8.. 45

reapeecimy), ang’ Bedrock c exhibiting the lens: posi:lve skeumess  (0.50). +

» Kun.osis valueu nlL 1nd1cal:e an ex:rmgly lcv cnncentta:fhn of slopes a-

of. pnrtlcular i&zeusc x; the ‘Tange of slope segments’ gnphzd at10’

-mm£6 100 im., Considering slape sample potits are’2 cm apm the fre-

quency, dls?.ribucivns 'in this :ange iy be a resulz of relutivaly weak
'hedding plunqs or h\—ac:ures within® each xock :ype.‘ It is :heufore

 suggested that these| relatively large: slope values can be explalied in ’

terns of ‘'a vidual units by i ice (similar .»

to. procuues dai‘uribe \by Kemnisi‘1979).. An examinatian of the bedrock *

*“deseriptions  (Tible 5) "(‘ar‘ifies that, bedrock wnit € uith 127 of slopes

etvieen the 10°mm to 100\mm range‘is also very weil bedded.

Other bedrock” unit\slope £requencies hetween 10 mm and 100-mm are
it : .

| as folleus: : bedrock-vnit A, 5.7%; bedrock wmit B, 6.7%; bedrock unit'C,

bedrock: ubdt D, 6/1%; bedrock unit E, 3.2%; bedrock unit ¥, 4.52.

" 4/62—"Trend s

Trend: sur

J
a5




2) 'rn:al variation ( ) is

‘Antefpretation of data.’ The Syavi 3-dinensional representation of bué-

rock untCform. (réstdual aueface) enbles u visial asssssment of bedfum .

¥ which pmvidcn some ;nuht into :ha Telated glm:ia]. erosive precasaas.

A séries of three diagraus vere donstructed. £6¢ eaéh bedrogk unit;

azimuth. 045° views the ‘surface n an e glacier direction; umuth 225°

views: the surfaceuin a .down glacier dlrection' a:imuth 315% views the- re-

sultant glxciall’y—arodad inms at' Tight lngles to glll:ier flow. The DA

‘aztmuth view mighr. be xpcc:e

to highlight areas of mlexé-plucking o the

-lee of smll erndsrl orms uhi}a the 215 azinuﬂl wview 11lustrates the

. smﬂnr.hed “stoss. side GF" thesé Forms.  The 315 dzimuth yiew emphames the':

asyme:ry n afero-reldef. The.altitule: (:he elevatlm\ %3 :hz"’vieuing

positicn Cabdigé :he horimn:al phme) 1 kept constant at 45y ag 1 ‘the

vimd.ng distance @siemy T e e

’l'hs quantitntive mwlysis inclfdes the following. (Appendix D):

1), . Standard-deviacion (8) ot the' second moments measure, which.ds a

measure of This indicates the

. kL J . ‘e
spread of values on’either side of thé mean of mormalized aata.

In-this case the mean is represented by the meas plane defized 'by
the ird ‘order: pulynnmial equa:ion.v Sixty—six ‘and tiio thirds per-~

‘‘cent of the variation in'the sample would be expected to lie with-

in one standard devlati\m of, "‘t‘l!‘ mean, and 95% within two standard

. devluticns of~the mean: '

ha s:nnda:d dwtucian sq\mred. It s a

* messure ‘of; e spread of values in the individual bedrnck unit, plots.
‘Cnafﬁ.cient “of determinatlon @ 2 is th ';ueffinlenz of correlation

~ aquared, jyniiy the on' of var: m the

'vnzuues msemd data nluea) eEplatied By the associatian wir,T




119763 and others).  Benoist .(1979) exanined longitudinal profiles of rockes’

"approm:h :o the prpblenr

 scale.(as In this study) decreases a3 the bedforn reaches its 'fdeal !

’umem:iuuy def:lnad in cemé of polynonials . — 3=

i comend polynumu eqtul:ielis of I:l\u 3fd order to describe ‘most: gaologl:ul

the 1ndepemimc vamues (mecced d.nca vélues) (Cole-and: King 195a~

fnd Chorley .und Kennedy 1971): e 5 ¢ 5o G e /‘
Recent studtes o bed rouglmess and form fave generally dealt with
o 2-dtaensional perspective on the scale of the’crder of metres (Boulton

19745 Kanb.1970; Hallet,1976; Fowlér 1979; Lliboutry 1977, 1978; Veerthan .

every over -a 'total length of uppxoxlmae

100" m, which; hé termed micro-relief, but which vas a_two-dime
spective. Both - ;.1tboq:ry (1968, *~ 1975, 1977, 1978) and Weertman'
(1966, 1967, 1969, 1978) bave \ . 'studied bed foighness parancters by

An oducing sine vaves and celating “the ampu:udes ‘to’ a roughness index. . 7

Thu treatment, however nnly ‘concerns g:seu with 2-dimensions; 1t is
7 . s

that'a’ 3—“

onal éxai n of " bedforn 1s a more ualia:in

If one assumes that the. erosion of. a b:dzm:k sutflce at the micz'n—

configiration’ or 'ideal plame’ :l:lich allous fce to slide with ninimm
o)

ot thien, 'y i atence, “tlara/ VIAE S d7BIEGRE BLAEA uwé:.gurmun ” i

vhich may enhance slidlng but reduce erosion. This "ideal plane' can be

The equation deacrl.bll\g the ldeal plane was chasen at’ the 3rd
order, or cubig (having a cubed as vell as & sqmted‘li.nenr tern).. ' This
order vas, selected “after a ‘computer rum of five polynomial orders was’ .

sade.‘for each hnd;-r}ck unit plot and ‘examined 'with refereice torbest fit

(Dougmik and Shechan 1977) Peucher (1972) -and-Cole and KLnB (1968) ‘te=

]
4

features.| fae ; i ;

-3




.- haps ot surpzmng cnmidering the large sample mmber. (2601) tn each’ . " B

(Patersnn 1969; Llibmltry 1975 Wee!'mn 1975), -an ideal plane on a bed- 5 T

‘_ because the statisticll pltametets wmputed i,ndicate the bedtock furws ;-

‘élosely respmbLe’the “fudividuall fdesk plaes, fee tlous, prensutes, mnd .
" T il :

mg (1967), Cole and King 1968, and Chorley and. Hagget (1965) -

uuggest ﬂmt the sr.andarrl devl.xr_ian nf the pth'tEd data un supply useful :
/ fafornation’ s o shere q(e values arg in relation to- the best fic poly-, . |
numia.l euzface‘ Il: i! hype:hesized that ‘this statis:icnl parmtgr cln ”
h! Jused as an tndioa:!.on O‘E how/ close the bedrock ‘is’ to he!.ng eruded Co its.

“Adizie plang. S e .

CHE

Tne stmdﬂrd devia!:iom of :he bedro::k units (ranging fwm 1.33

fnr hedrock G, I:u Zi 0 for bedmck B) nugge!t :hac from 66 2/3%; l‘.n 95% of

the dzta pointi lle uichin 1 33and 2. 00 s:nm‘lnrd deviations of the ddeal

plme. l’he high cu!‘x‘elatien._:ueffinlents rangins from 72" (bedrock B) . L

sellhle the wlymh‘u.y detamil‘ed 3rd erder du‘rface

hese vnlues are per-’

use, howevet, it must-be Tremembered that unidual values, which tend to. £ k

ucnencuate 10:!1 ancﬂlalle!, were plntted. Therefore, the statistical

ﬂguratien. :
.. It'is suggested that changes in fce-Plow divection, baéal pressure,

sheaz pressure, etc. vould Iikely mecesesfate an-idea p1m of different :

configurntlon, ‘and because the!e cnndltions are knnwn ‘to ﬂucl’.uat!

rock surface: s probably never achieved: . Tovever, one'may speculate. tiat




“‘aré’ presenud 111 Figures 20 a5 b lnd 1€

l..sz? E:c-’inﬁamemmhnd ) 7 A

"nemck Tnit A

A are ptesented m Figuus 19 ay b and c..'"The: bedxnck \mit (rldlmnﬂ:e) 1-,

' l‘n respecﬂ to ‘the .other hedtuck types Btudied,‘ a fairly msulve unit vith

Fd.gnres 10" and < cle-rly show lacalized resulza uf mlcro—plucking

wherdas 19b pr:s:nts a ‘suoother. surface to the; vieur.

lurf es. are prnba‘bly the resul: of fce:pressure;and subsequenz frlctur:

The mic:d~p1m:ked

ef ;he lee—nde surfaces slmilar to.. :hn processei u-sed to denctlbe Lhe 5 4

plucked 1

aurfaces nf glangated eruaional forns of much, latget dl.neﬂ.!ian!

(50!11(0!! 1976, 1979, Carol !947 Engelder and’ Scholz°1976) . Figure 19°b°

llluscrxtes e widEh stoss slopns of mlc_rn foms. > £ B

Bedm:k’mt B

The resid\ul‘ plots of the thres u%mur.h viws of. Shedvacc unit’B ¢

“Two najor hedrling plagies are. -

ejlldent in, F;gur 20 ‘a. ms viuvf ﬂ.lustrntu the erosive’ effecr_s nf

814tng ‘dee on th rocks vith bedding planes:: Pigires 20’ a and c shiv’
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the lee surfaces. plucked at bedding plane contacts.’ This f5 evidenced by '

i the' jngged outlintl and vertical slopes (analysis of slope| frequency shows

|7 6.7% of the slopes, are greater than- 10 m).

Figure 20'b illustrates the smoothed stoss slopes, while. Figure 20
J ; o e

¢ shows 'in profile, the combined ‘effects ‘of smoothed stoss and plucked lee

surfaces. " Micro-pTucking is widespread over the eatire plot and is accent-

\\lﬂt!d along bedding plunes- Thett Kn li:tle zvi.dem:e of solution erosion

(solution hullown, Btc.), howgve'( " the ptccess may-have had sdme effect l‘/

{long ‘the bedding 'plunea. o = /
#el o AN = = -
i

.+ Bedrock Unit

The three ‘azimuth views of bedrock unit C ﬁre g1ven in mgnres i
‘218, b, and c. e Iligh peaked ridges exhibited in all three viaus can. - !
be ntl:tihu:ad to giarts veins. Hl:to-plucking is evidan: in Figures | zxr

and e Relnzively smoother stuss slopes are 11 ustrated 1 Figure 21

\
' ‘Solution. erosion. lppears to bd minimal. 1 e

Bedrock Unit D

N .
3 l’nc:ures and cracks widespread in bedrock p1oc D are depicted, 1n 1

- Pigures 22 a, b, and ‘i The jljged appuunne [of the plo: may ay be -::r!.bn:eq
.o the roek type (shale). Bedding units ‘may be easily picked out in
-r{guru ‘zz bi-ahd ¢l _The sumnits.of’ tbe eroded forus (Pigures 22'b'and <) ;
* are a::rihuced to the more resluan: quarez:veing. As in bedrock wnit B,

X mil:xc-plnck_!ng is; acceﬂlua:ed along the bedrack planes ' (Figures 22 a anﬂ c)

Flg\lre 22'c indiutes ‘some ‘smoothed ‘stoss slcpes and plucked lee:slopes.
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 dround bedding planes 1s mmn‘of other Bedfock Gnits vhich Exkible -

£

‘somewhat ifregular stoss slopes shown in Figurd 23 b do mot sppear to

- bedm;;' ‘planes. - Soluti

~ Bedrock Ilnlt E

Bedrock unit l was uburved1 to have qu!tz veind dn-inau.ng the re-

T lief. Thhhav!dentontheu\-lldeplcted in!i‘wuu a, b, and c. .

" Hl.duyrtld f!utn!lnl lnd cracks were also omrvld m:hmgly account

- for ‘the appareat high degres.of um-pmm.\ (Figures23 a and c). ‘The.

support. the micro-plucking process; hovever, Figure 2 ¢ does contain -

evidence of this phenomenon in the form of plucked lee surfac

!edrack llni:

Bedrock: undt (tmm 204, b, and c) dfows sytdence of at Tesst

M in o:her bed:ock \m!.u, pl\u:ldng -19“ :ha

\
u;m 2% b uxmiy

bgdding pllne da-tuta- the; relief. (u;m 2% a lnd ol

‘mttllll a mn:hud stoss slope. The steep. lepn !.n pl\u:kzd lrm

frects in plucked cavities at ‘the beddiig plane

" (Figures 24"a’ and <) were probably responsible a patt, for uu ‘resultant

relief form. -

Bédrock Unie G -~ .~ S s

~—~The u-!.dul plot o£ tl trenrl lnxhcl anly-—u Eor,hulrock

is pmumd in u;m-u 25'a; i o ’u«mnu Plasies asd partiigs vere

/

nb lrvld tobe lhu‘nd.ln: on thil bedrock] un!.b ngrel 25:

v bmidin; plaies jappedr i’ the bedrack plot. Plncu.n; ;
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© 4.623 “Conclusions

Erend’suEfaces’ reveal “hich day e

o sion and: mf¥ro-pli g at :hiu scale. T addition;

.noxu:ion—imﬂuced ezosm-l forms appelr to be. 1eas ptcmmm:etL The. miiero— =~ ¥

‘The cluucal nmonr.hea stoss md plw:kzd lee slopea often reported jon meso—

Eous” ] i ete.) appear. 2

to'occur- llsa on =zau1mu1 forms at: the mi:zn-ccnle.

“The hixh degree to which r.hg lurfneel .ppmmu- ‘an 1deal .uﬂ..;

,m-f.e.a (plane) mm.c.uu,cm : W
n n ‘The: bedrack " Gnits'respond” v-ry q\lir_kly o glactal cnndithm!.—mlnz' o

; T44) ' Ice £lows; pran«res and, o:het 1ce~mck interface cnnditimm must -
7 ave" betn fairly constant ovef a perma of time necessary to exude ety

", the’umits to thelr: présent congigug.mn. : 2




- bedrock units. ga iand 3 B

the mae susceptible to aroaipnior weskadh bedmck unit ‘and 7'the least -

analysts scores ‘are-directly proportionsl o' the met hedrodl st iengei 1

B ~106-

SRR SRS TN - SN =

- M Chapter”5

Discussion. and Conclusions

5.1.. The ity of Bedrock Usits to Erosion - s ; 2

The zesilts from 2 analysis. 4 on. the lithologi

/. 7
units enable a ranking =lative bedrock lity. to

éxosfon by physical and chemical processes. .fabie 12 is'a ranking from 1’ -

. to 7 (¢orresponding to the number of bedrock ‘units) whereby 1 represents

duscepeible to-evosion of the strongest bedrock: (nit according 6 dach

laboratory test. The test scores are tofalled so :hu the lnm:d llboramry ¢

Bedrock unit'D with the lovegt net score (12) proves'td be the 1 1
' weakest unit while bedrock unis/s with the highest. net score 1s the serong- -

est. ' The other bedtoc/k units, ‘although showing some uruuuns in :ha

tal scotds, abe bers .mu.r.' B11 bedrockTunits generally show a wide

variation of Tank to various tests (i.e., mo unit.appesrs to be cunuist‘.mxly

lowor high ranking ‘in:ail hbornl:oty ‘tests).  The implication of this ds”

that in. detail, may ite on differemt ' . -

5.2 ' ‘/Abundance of Bedrock Units in Till Saiples’ o s L

THe mm tory ‘analyses conducted on till ssmples ‘(X-ray ddffraction, T,




, e = < B o
: 1= ° SR sl
1 ) . : . . . ) .
| - ~ ~ B
; 2 ‘ 5 { : : 1
. * ; ’ ) %z B o
X . ) e iz T p T i
) Ranking of Bedrock Strengths: Susceptibility to Erosion by Physical and Chemical-Processes - » P . 'y
. 5 i ) - = b B
; L . . . . ) e S g ;
) Bedrock Unit A |Bédrock Unit B | Bedrock Unit C|Bedrock.Unit D Bedrock Unit E| Bedrack Unit F Bedrock Unit G
S Tolal Carbonate Content 4 : : ol 3
! L, Carbonic Acid Solubility § - 5l
. - I’ Apparent Porosity ¥ E < D 3
i | ¥ - Bedrock Abrasion < E
** Uniaxial Compre: g : S
Total Score ~ - | 1 20- 12 20 22. 5
: 5 3 I o . S o e 1 VR




.m (1 fo/1.5 ka down

- umit),

abundance in till. No'precise examination of bedrick textures was made,
thus the r;lal::lwnship of tifese to ti1l textires Temtos teicacive.

Althuugh binodaltty 1s observid in. the gratn size distiibution curves
with appirent temtnal grade modes, it is ‘dowbeful that these character-
istics are¥olely the result of either fock type, distance of transport,

of the three, Samples from

_-or mode of 1 3 bt rather a
the la:exo—fzon:nl moralje were Eaken over a distace of approxisately 500

;zmy fron " the bediock sousée). ALl samplé show ¢
trend -tovards-binodality. Therefore, blocks plucked from the bedrock units '
; tamlnl.;t;d,‘ due to a combination of abrasion and cxushin‘g'

for up €57 i3 1a'from fheir source.
| sncé all bedrock uni:s have dolomite and” ult‘n:e as & m'jor mineral

cnnltitusnt, no distinction Gan b uads_als G5 vh.tch rock unit was domimant

1nthe tills. Bedrock wilt D which was observed to be high in chlorite,

quartZ;and mica content, generally dongguea ‘the t1ll mineral:constituent,

according to X-ray plpts. It is conclided that bedrock unit.D (the v‘deaku!}
supplica-thé major fine satrix'onstitudnt of the 'tills. |

|The excavation of laxge boulders-and their subsequeat deposition
dow-vailey 0.5t 2.0 ka from thedr sourde Clearly tndicates that no all
The mode of transport’of these

materials are greatly reduced in bulk.

boulders were prabnbly ;ngla-:ial and/or basal ncorémg to! phntostaphic '

records of the glncier terminus (Figores 2 4, B, ol Haeliaes may.

have had'a signiﬂ:m: role. to play in the, beinton ot badresk wattsde

by the a of ‘stri ati Chmu irls et deep gouges

3 over-,x;r;unuy all Bedrock units. However, Lhexe 4a,50,%ny to cen from

r.hena ernsiona:l. forms the size of ereding sgdh:enm 4

(=122~




.- The most: bedrock in o the 4

‘- number, and size of excavated boulders appear to be beddirg jointsi The - .-

p rel also icea’ the degree to which bedrack m@ X

are p].u::ked and excavated. With beds seriking ipgfuxi‘.a:ely'nonn-muﬁ

; and a4pring stesply west hetweet 34° and 54°, overlytng ice movement was -

at lppro)dmatqu 45° to strike. The situation has been'reported t <m

" 'hanes rock fracture, (Lasa and Vutukurt 1978). o .

5.3  Bedrock’ Surf: ogy: Bedrock 5 =

. © Bedrock roughness was xaniniad quantitatively dud. qualicatively at

.. the micxn—scale. and qulllt-tiv:ly at ‘the ‘meso-scale. Ffom the siope - '
~f % i fremency aistriburions and trend surface’ analysis of 1h vidual bedrock

" dmit plots, Bedrock mughmu can'be ranked at the miero-scaia:’ i
- Table 13:sumarizes the ranking ‘ot bédrock ‘unit plots with reference
to slope frequency dLs(ributiﬁn and: the measure of 'ideal plane’ config-
wtapion (correlation coefticiant.of the ‘trend surfdce analysis; 3rd order

3 | polynotifal)s..i The ranking ranges from 1.to. 7. In the slope fréquescy

‘rauking the rang

epresents a:tendency tovards a; rough or mon-umiform -

-7 A similar i-nung,,:ar the ‘trend surface ideal ' . . .

K aft: ¢ s diucuauden :he ranking is a measure og relative ¢ |

. royghness. At the meso-g .1e, s qualitative vuul assessmeat ‘was used in

foughest.:

" closely.

- nnkmin bedrack uaits A snd ¢ as




Rankmg of Bedrock Unlts w(h Relaram:a to Slops Frequency D|smbunons

. and. Ideal

' Tabla 13

Cosfficiant, -

Slope Frequency:

Gt




Jcnit,

o hod:meany ].evtl) 0d G ts the rou;heu rl}

:The slope frequency ranking.

to'a‘levelled, horizontal: siirface.” This, however. does not imply that a
= 8 n i

-n.are:o:e.,ig would not be that the two.rankings be added to

produce ‘an overall roughness fanking: The slops’ frequendy rating may best

& interpreted as providing an imsight to whether a bedrock unit was

eroded evenly (1.e. was there

and ‘wae 'thi

Ithe result of glacier ice characteristics or the i

;actial physicil chiracteristice of the bnai-eek' uait?),

‘At the mei a—-cnle. :he ranking of a “levelldd hnri.:ontzl surface has

bediock unit'D ‘as tha mnochasc Ui:h bedrock”yntt E the roughel‘r. Again ¢
this does mot £ faply that' this qu.uur.: 0 mnasurl ‘of roug'hn=ss can be ‘in-

terpreted nu -a uuura Of an ideal’ aliai'ng uurfuce .at, :th scale:

ey 3 vuual 1 station of bédrock ‘soothness it the

of slope qu et ithe le show oo

:apparent almilnriziel in h'udrock tbughneni 3 dezre& of -l.evﬂ.ness at thua

_twg scales..’ At.the micro-scal

5 beﬂ/’ck uni': E is the widothist (most | -

t hnriuntully xevux), at

e bf ‘the umuuehus: baaxoclf \.\ni:!. it

Toughest ‘unit.

erosion on'a lar bedrock

and. *

The sighificance of ‘this
g i Pty
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= . E® . 3
a smoother bedforn as compared to stronger units which erode to a re-

/

15:1vg1y roughet ‘bedform. i p s " 1% -

Although reughnenu/nmuzhn oF degree of horizontal levelness

may be an ‘of ‘erosion

1) on bedrock units, thex

probably do.not. adequately describe & bedform in which sliding is enhanced

and erosion retardéd. It is more probable that each:bedrock unit has its

own’ unique beéd.configuration whicl

nhances s1iding and ru-rds erosion,
The worphology of this bed ippears to be influen:ed by physicul ind chentizal
chaun:euuic- inherent in the bedrock (such as those fdentitied in Table

L 12).a8 well as- variations 1n basal, ice conditions.

In n;°no ns1ve of and erosion
“cin be expresséd in simple numerical form. Tt is concluded that roughness
v and erosion are, in mathematical terwinology, vectors rather than scalar
quantities(Stone and Dungundii 1965). In “any assessmert of erodibilicy
of @ glv:n bedrock unit,” the extent of ek p\ly!ical and chemical characteristic

of the unu apet ba dfied.’ Through the qualitative and

Processes, some understanding’ of:the resultant bedrock roughness may be

achieved. 'Basically, bedrock units afe more erodible or rougher nnly with

“‘respect to some characteristics. |Both erodibility and roughness are in °

‘fact relative terms. = .

.5:57. " Bedrock gy and Glactal Flou: Remarks -

o r.: has Baes, hypol:hashgd L :hu thesis chat ideal plane (surface)

1y level

eihﬂ k. upits need hot 17 be hér

o enhnm:e glacial’ ﬂuv.. ud on phyut:nl and chamtgal, characteristics: |

tha eatde interface,

configuration (ideal




g sliding surface) which enhances flow and refards erosion.. The erodibility -
of a bedrock .unit may be ref]

in its 3 from .

.an 14ea1 plane or surface, although ia’this study all bedrocks appear to
be of the similar magaitude of erodibilicy.

Any d4fferenc

‘between tl!-
ssufhiing distinct micro

face

“~ appear to be compensated for ( each unit

characteriatics 2 ¥

-.-ch bedrock type pxoblls:l.y has an lll.n: ou basal icé edn-
ditions and ice: flow!

However, where various bedrolk, typea are in close

» iy 3 mxlli:y to one amother, uuvum Tedrotk hereits cn fie: £lov may, be

i masked by

11

et

Beds

i

(yri.or to and

P " during glacial activity) have

—Jnr sityiene ta deternining basal ice

p 3 -conditions and glacial flow.
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Appendix A: -

; arbonic Acid Selubility ' ..

solution is 11shed by H,C0,, a solubility

. 'Biﬁca’ natural
test employing & "vnh Iolntinnyni H,C05 (pH 4. 0) was undertaken, /It was

Teasoned ‘that this prac-dwa would reflect the matural gc-ndltion: of 1ime-
s¥éus ‘soldtion. ue reference’ could be found for similar test wn povdered
rnr.k‘ es. A procedire vas designed which enabled an etficient analysis :

under controlled conditions (Yoxall; ‘per. comm., Strong,. peg.. comm.).

“The procedure consists of adding a known _zunt of less than 49
Powdsted bedrock sample (5 gm) to a solutioh of B,CO5 (SO ml);. pH 4.0
Samples and solutions ave controlled by yi‘:u; the@m in a freezer at 4.0
0 5.0°C. A standsra solution of } 7,03 vas made and aonitered (o and temp.).

& of CACO, (mg/L) readings -z;: taken
A conductivity

PH/and

at 1 hr., 2 ht-.,xrl.. 19 hxl-. 3] hrs.
metre facilitated the determination & me/L of CACO,.

and 43 brs.
Cate vas taken to
assure samples were:covered and kept at & constant temperature of 4.0 to

5.0% c.at all-times.
- ,

v
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Appendix

Distributd

Gomputer” List
type vecaak.for . .

c
-c ‘. .
FE B
c
c
c .
3 S
¥ . DIMENSION ﬁ(5l,5”,5(51,59),"(50,5” ‘ .
3 )
g . OPEN(UNLT=1,NAHE="TOTH.DAT” ;ERR=999) stk
< v 0 OPER(UNIT=3, "ﬁ"E"“.UAY','Y?E='ﬂLD' READDI".Y ERI',?Y)
= % v . OPEN(UHIT 5, NABE="kbz*,

REAU(3, 20, END=999) (R, a9, yI=t,50), J-| 510, ¢y ;
FORKAT( 18F4.2) o PR
MRITE(S,111) ((R(l 4y I-I 512,351,513
FORNATCTB(*/F5.2 5
De2.0
D0 100 1 =| si
DO 100
B : §(1,, .|)=ns((nu DRI, .m))/m

g g DO 200 :4=1,51
e B0 200 X=1,50
5 - - TCL, D =ABSURI,] DR, J))/M >

B10=-9999.7
2030 11,50

unn:u ns) SCE,0) & -
IF. 81, J) .6T- B16) BIG .= (x,J)v 2
135 . FORHAT(FS.2) -
40 CONTINUE
30 | CONTINUE

1 BIG2 = -9999:99. . | .

; D0 60 1=1,50 !
S D070 21,51
e RETECE, TN

i CIF L TCL0) 6L BI62) mz

5. Coutinu

~CONTINUE

CLOSECURIT#1)
. CLOSECURLT=3)
x “RH‘EKS 145) Bla

_FORRAT (* THE HEEESI HUNBER *

10,9

SIN.SVEC. AT IS <, F5;2) |

URHE(S 155) %
* FORHAT.(Z; THE |1pszsy~ﬂunni TN TVES AT 184, F5:2)
i nEluau E ;-
3 END
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" lf(xplrn

25" forwat(” variab)

\26.

type hepy.tor

s-:xt.ltt:ﬁt:}l
- HISNIGRAH *
| Censesrunerses

logical*l stars(80), zmeum,;p-m, isafil;iend " !

intkger ihist(300)
inplicit. réals (achyocz) E

type 20

fnru!;(’ file or kbs 74)
accept 30, iparn,
forsatiat)

€4 7K T goto 12

nmmx' outpit Tile 14/)
call & ssign“,’nul dat,-1)
goto 13 '\

call nssxg (9,%kb17,0)
ipara=“i’

type 22

fornat(“ inpit file 17/)
call assign(8}‘in.dat?,-1)
if(iparn .eq. {Y’) goto 2..
type 23

fornat(<-# of intvls’)
acc!pt * Antels

24 "’vnuau' 1o, high vange 1)

accept *, ilo,ihi
type 25
2

accept eyivar.
type 2

foenati- canvarsion 1)
accept +,i

(< IB8 status 77)
accépt +;ibnotib

Sitype2r <
format(s titiel7o)
accept 20, title

- fornat(40al)

L t1hes




3
c
'3

initialize variables  © - -.«/\/

. do 29 1=1,300

-

10
329

6

[Afx .eq. =99.0) inisveinisit .
goto § o :

ihist(i=0

:nb!=ﬂ.0
forth=0.0
8x2=0,0.

X320, . x 3
ax4=0.0 A 8 %

read(8,#;end=99), array(nun). .
nn-nams 2)

type 329,s ibg (:rray(nun,;).}ﬂ 3
forgat(3x, if,3

if(x .ne. 0.0) doto 7
izerosizerott . .

disable the following “goto 5. stat vhen includinu zevo
readings in the calculations.

‘goto:5
Liftilo..gty Oismall=isnall+

it(ilo-.eq. 0ihist{1)=ifiist(1)+1 5 7

call cir(xpievn) .
arrag(nun i
sun 7 sin + x. -

e.npn got




do 60 -i=1,intv1s

_thizoffsets(sizintsi)
flo=thi-sizint+0.01 - “F
= percnt=(ihist(i)/fa)100
- © o AInth = int(percntsS0.0/

: S iflihist(i) .67, got 5
s J urite (9,53) Amsun,pmnt 11o,fhi :
B 053 fowat(Sigid, redings (4,£8.2,/8) inthe dnivl 7,
: : 12,7 €0 4,17.2,% 't ;8001

goto 60 7 3 :
3t write 9,53) ihist(i),percat, flo,hi, (stars (j),J=1,11nth) 3
60 continue - s . <

c
c Display shuni;s
¢ £
write (9,650
65 rur--u//zox.'mu:ncwn . .
U write (9,68) mt,sun, Skewa,skew, R 1
rite (9,67) n,xn,sesk s ( 3
“write (9,68) inisv,varZ,ihurts kurt E ¢ =
wite (9,69) sd,sehu .
S < -

c

66 format(ér,’total entries 1 7,i5,5%, sun 1 <,18.3,5%, <
1] ¢ skew ‘219.4) 3

t scores : /,i5,5¢,“nean ¢ /,18.3,5,

PR R
“nissing v-hm : ',n Sx,fvar 3 4y 10.3,5%) e

' CKurt 37,209 .4] = CEw «
F 69 vornaum,'-.g. ' ',v

write (9,70)
70 formatiSy,’Statistics h:lndl rndi-ss sbove and below *
‘the said limits.
. write (9,71) m-u,n"nt
write (9,72) large,top

ks 3 write (9,76) izero )
3 - 21 Tormat(sx,i5, * readings belod Linit of /,18.2) &
3 72 . format(Sx,i5,” readings sbove linit of /;78.2)

5 76 ° formatisx,iS,” actual zero value/s encountered (
z - 1 T ‘shusu:s)',un)

type 73
73 . farnat(/) . endn’)
accept 30, iend (o) 3
itCiend|.eq. /') goto 199 - - : J
‘rewind i - 3
type 74 - B : s,
24 fornat(’ Same paraneters 27) ;
- accept 30,iparn
type 25 : i s ; g

o148 T o .




Z Mweym EHT placials Fikiotage = element ock parigliciala ErostE anomar " T
Medd: fr. ‘Lunds Univ.. Geogr. Inst., Auh. 30. Z |

P

+135- o y .

| : : ¥
1 N - 4§
[ & 3
L " Ko L E e - 4
notintl((x-ofPset)/sizint) + 0.99) & X
N ihist{n)=ihistnl+
; 5 nunshunst . ! 7 R
5 o gote'd 2 .
<~ | <
s b | . ¢ ;
g 5 < All-data read in. Set up to calculate statistics
E, < “s
99 ‘ntEnun-1 /
14 nenun-1-inisy -
¥ fu=float(n) ’ J
=g T sum2=sunss2.0 ) Y 2 .
¥ | SuR3=skn®+3.0 S .
sund=sunsad.0 g \ .
¢ -x#=sun/fn . it
Xn2=xn¢42.0 - E i
Xn3exa®s3,0 ’ £ . N
= Xnd=xnes4.0 9
A var2=(sx2 = tnskn2)/(fn <1.0) " s
& ‘ = sqr/(tn-1.0) S g
s < dsumvar'u . ¥ ‘ -
; @ i ; : . X
< loop to calculate-y minus ybar ~
s 5 ;
; do 40, i=1,nt L - .
x=array(i) . : X :
i e z=(x-xn) @ >
] 2222842 B o 4 <
sqr=sqrez2 A ; 5 E
3 ) sz=2/sd - g Bes
4 L z3=szess. - o .
) cube=cube+z3 - & &
% « z4=523%4 b g
A forth=farthsz4 . 3 . P
40 . continue .
ol ;
Ty c calculate statistics i
. < s
skewa=(cubesfn)/((fn-1.0)3(fi-2.0)) |~ *
i FKUPLR=TORthe ((P# (£141,0))/((f=1.0)%(Fn-2,0)K(F1-3.00)) -
3#(fn-1.0)#(fn-1.0))/((fn-2.0)¢(fn=3.0))
g { kew=(sx3=(3.0#xnesx2) ¥(3.0%xn2¥5un) }/Tn=xn3
5(!‘42-&(sx?-(fn'xnz))/(fn =
skew=skew1/s| 5 o
* sesk = dsqrt((b 0*fne(fn=-1.0))/((Fn-2.0)%(far110) *(1i+3.0)))
: . xkurt1=((sxA-4.0#xnesx3+6.03%n2%5%2)<4. 08 xn3IAsun) /Pntxed -

xkurd2=( (sx2-fn*xa2) /AT n=1.0) ) #:
xkurt=xkurt1/xkirt2 - 3.

sekul = (240fne((fn-1,0)#92))/{(F0-3.0)# (£n-2.03) . E
seku’= asqrus-kul/(uno:mmm)1 e

Display Histogran, - { e -

write(9,50) title . l
“fornat (//10%,40a1///) X - . i1

—d9=




136m

75

.accept 30,isnfil

format(’ Sane file 77) :

G eq 17) and. Cipien veq. <171 wota 2
irtisatil Joq. 1) goto-11 .

call close(B ST 1

goto :

call close(s) T 4y
call close(9) l
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