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debris’supply. A ilterature rev1ew sug-l
An abla
is proposed which.® relate

'/de‘pendent upoii. englac ial

gests that thls'us a general cmsa. on- dominanu‘ mode |’ -

of moraine formatlon .englaC|al debrii'
qupply to the site’ and manner of englaclal lnc'

poratlon of debris W
’relative to the«firn lune.~ '
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monaine i's formed by—the confluence of twoeice cap outlet glaclers f'et‘ L
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'Horaine debrls |s derlved from extraglacnal bedrock outcrops bet- -1 ,

"\ween the two ice streams and s’ englaclally entralned vua cre-
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jvasses to which lowar depth Revelation of crevasse—'

Iimits apply.'
'bound deleS generates a dlstlnct ice- cored monbhology whlcg |sf; _
Sin. this s
below: firn lhw $ubtype. moraHW§ formed by conf]uence of ice cap:"
‘outlet glaciersfbelow the firn llne are charqcterized by a disf
of bedrock

Glacier ice streams coalesce above the, fnrn lnne

].destroyed .as crevasse bottoms are revealed downglFoJer

BICe-

crete debris supply distinct from subglac:al removai

i on Berendo

_{above firn line subtype), debris entrained between R

lCe streams lS

»Jderaved both/?rom extraglaciai rock outcﬁops~and from subnival A: ',m,
gand subgl be rock' zones.

cial Extraglaclally derived debrns under-

w
goes seasonal,sedl entation wnth snowfall debrls extends through--

|ce depth As a-resuit a distinct moraine morphology _f-f. e

Ls present in the ter

: Lacraldebrh supMy. _
lranSported at depth nea the glacner base followlng subglacral k g 717"
*\ipd-gubnlval derlvatlon i, the firn baSIn. _A ‘
- debrss (related to” extragiaclal rockslope activlty in the furn:;.‘ _ :
ba5|n) iSAOf small quantity. "~..'~. T S " _'n - ‘T‘-. - R
In additlon“ moralnes are generated in many cases by con-f
'fluence belqw th&\firn
“large lateral moraine
. of

;}Fdered,to determsne moralne morphology rather

|nal area I.n response to. contlnuing en-

The ‘bulk of moraine debris.is found’ to. be’.;%

Upper englacial“|

. o
line’ of large ice- streams: carrying a.' R

load, Pecullar ice structunes ahd pFtterns

have been con~ =
A

lce flow commonly observed from confluence ‘zones
than
'ice-stream interaction'

engiacial de-:
. bris SIU’I?P‘Y- .waévérAtﬁis model which was.ﬂd
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Examlnation of d. br,js texture, scanning electrohrjm-crbs(‘.Opy

'5Medlal moralne' debr“‘s,,‘ cvan-:'
|riguishe'd| from other elements of the debrts~
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"'Jw[de par'ticle siIZe range Independent of pa;ent bed‘rock A wandea';‘.:
lsﬂecta’um of part s zes IS prgducedﬂ lelted comm!n,utIOn fof-.
.»-low-nng lnltlal de?‘lvat‘ion (J.e. passive glacial transpulrt,) ls re-\' ?
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flected in quar\tz‘ rann swrface textures ana a. coarse'r‘ meanflsue

to shbgléclal Iodgeme.nt ti]]S.“."







N

R L T EOS

) ’;;glacler research was funded by expedltlen members' = Ry
. aﬂ: w“ng - Fleld actlvnties durlng the pernod June to;September, 1975p. E{
L?jiiﬁs.zkon Berendon Glacier Britlsh Columbla,-were funded by -an- Envnronsf} ‘i
5# '? :L“ment Canada water Research Incentnves grant.(50h3 5 5 103 1975) 3*
%513 ‘ﬁiextended to the:wrlter and ﬁls supervnsqr, Mn. R J.‘Rogerson of
f%ﬂf iiithe Department of Geography at Memorlal Unlverslty.p Berendon . h
f ‘ ‘fGlacler lles wlthln 200 m.,of a’ copper concentratlng mill. .whlle ;

('s5ﬁ”.:“-" l" s
oo August 1975. and hls fleld advlce proved as equally rewardlng as .murfrﬁ

et LT UAERNOWLEDGEMENTS Ty T el e
' 'v‘.‘l,’("t o .',1 ."' L " ‘.‘..:- ::"‘_-‘ K v o ‘. ;' ) "l:, “ ) l _.". "‘v. "“,"-\“.“'f‘ X

Fleld research on Aueterdalsbreen,vNorway was completed . -
July and August 197h whlle the wrlter was co-leader of an-. expedl-J”-'

N S . ’ '." ’ ) “-'. LV
r o irie: .‘-_,‘&‘ o oA e PR “."'..' ) A .' L

o ' tnon frOm the Unnversnty“of Leucester,vU K '£Xpedlt|on members 3:“
sprﬁeyed a topographlc proflle along the glacner centre llne,'
thls prqflle has been used ln thas the5|s.A Research actlvuty by '

<

Fale rarngzn

ﬂflpﬁhe wrlter and embodled ln thls thesvs‘was carrled out wuth the ~“;T;L
N .oEca5|onal fleld assistance of expedgtlon members. The writer ls\
'xffgpllndebted to Dr. T D Douglas,'Expedltlon Leader, of the Department
-1 Geograﬁhy, Unlverslty of Leicester for |ntroduclng h|m to actlve
~|ce studaes Thanks are extended to Dr N V. Pears’ also of the f_['_f
y‘Department of'Geography for the loan of flel equlpmené lhe ,;{@ih‘

. .‘-/l
T

ey /n‘- l...,:.'_,j.',(af_:

,:.;\-

ILo B L n s

:{the glacier ls retreatlng a readvance has been suggested Durlng

the course of research ln Norway, methods Fgr |ncrea5|ng lce melt

rates were de‘ermlned and a part ‘of EnV|ronment Cangda fundlng was

o allocated for the appl]catlbn of such technlques,‘hﬂ exploratory'
?Qlfk fashaqp, on Berendon Glacler.f Results are consldered an the ap- o
}é pendlces of thls thesls. Thevwriter wlshes to thank Dr..Gordon '”'j:*f

S Xeung of the Glaclology Dlvlslon. anlronment Canada fox fleld Tk

RO i discusslon f" . C_'r{ﬁ‘"";h.;u -3~ ”-:JFJA. “y;g'j;- i
ﬁn;:f";ﬁﬁ“gli The cheerfm _and willlng fleld asslstance of Charles Auger
4551, qf Stewart,.Brltlsh Columbla under often QIffieult condltlons i's’ :
::2? gnatefully acknowledgedb .The writer lndebted to the Grénduc ,#
o Operatung Company of Vanco ver, Brltlsh Columbla for,conslderable
base camp 5upport and to Mr‘,Paul Jurclc, Actlng Chlpf Geologlst .u?;;
. of the company, for lnformatlon and dlscusslon. ,“;\su '"f;.'i "Nf
,$‘ ‘-{Hr.:R J..Rogerson visited: thi wrrter,ln the fleld durlng B ﬁé

I ° N

[ *

A
N
T
A

k 5
K




ey e

,untellectual envuronment.'
for fundamentaf
Iog]ca]‘research’embraced wnthin thls t esis.i.ﬁﬁ‘”
qu The writer ould Ilke to~§hank Dr.ﬂV C Barber Of the

'w H4 Yoxall also of the

The wrltdr IS'grateFul to Dr.







. e
& «

v

»
N
b ;-Y.
i
1
'
:
.
1
V- -

-l ~

.

.

3}

i

A

‘
oy -~
[

B L
SO -
e BN
et N

g e
..\“{. - v

;-

, -, %
i
s

am T 8 g

»
- &

apat
T %

" Flgure 9

: ";- LIST DF FIGURES .L-,,j}u Sy
: a A g a‘r':' ¢ “ ‘ v
v The"ablation domlnant' model of

Flgure,10 -

‘VfﬁTnure'}T'
| chure‘fz'V

; Flgureil:B.'“‘L

\

}.1Elgure

#i:_Flgure

N 7

'?1§Qr¢

Figure

vnﬁFlgure |5

: r_nAFIQure-low‘

- )

PRI
- “Figure:]7m'.“

EETCEN

" rsureis

'}f"Berendon Glacler'v"' A
above the firn-1ine and by confluence of ;}Ju“
fjaf
|3bi”}
lha..” PR
1jglac|al bedrock slopes . 5 L R

‘-'I l’b v

PN

"}-Struttural

"'1959,_

"-Beréndon

-;fBerendon

B'rendon

o ‘ln tPe terminal area of South Arm

- Fall

medial moralne formatlonN SRR P-'-7"~’

. . . P
,.", . N

i,Austerdalsbreen-
':Fleld Area,,1974

Location of the

QAusterdalsbreen medial moralne long
profile; -(a) photographic and (b)

3”.surVeYed R R ..,‘ . ff*;'-»

"Austerdalsbreenpmedlal moraine-i{jngu o
Q'ablation domlnant' model ' R
"Austerdalsbreen medial moralne, (a)'f'“

(b) 197k

~Ablatlon rates over experimental
plots, . Austerdalsbreen, July/

S

‘LﬁAugust 197h TR _,~.;f;'-sgyf;‘

A

*Berendon G]acler,\ Location. of, the '’

,Fleld Area' N fj% BRI {:f:i':'

- . -

"ﬂﬁrendon Gla@fef;gmBasln Morphology :f.:-l}5i.iﬁ.‘

Blacier;, Nomenclatureti“N'

"Berendon G}aeler;:'The nature of ite flow

Glaefer; ;Bedrock gpology

Medlal moralnes formed

'.North and South Arms .
‘Map ) 51 : ; : ‘?' ‘. -«"v,.js "

196h aerial photography by Austln POﬂ

Berendon Glacier, The nature of extra- o

[

;Berendon Glaclerj' type 1I'andiﬁyr
: ; R SRR
Berendon blacler;t upper South%Arm’basln .

Glacier; Med{al
Bérendon Glacier,’
foliatlon !5#‘

C

Benendon Glac!er, moralnes Sl and SII

,-medial

xlv 'l7"'*, o

Bt afedh

‘7&‘-#\'2"“""’"' R M“u e \« 17: v
) . 5 LN .
" PRI

SR
slopes . .-~

moralnes n theb'f'w
"ti terminal area’ of South Arm': ; ,,<,a\ :

: pseudo medlal moralnes' o
'.l formed by longitudinal : )

zones Lf western Norway o ;,‘Q{ﬁa;

B Y







b L engiéclai debris’ at the: head of o T s B
- c medlai moralne NI ‘,4‘ R R
Berendon Gladier; the confiuence‘,31'=f'7§l"w o
‘zoﬂe of,North and South Arm ‘ice - ‘ o
B : N Berendon Glacier, Centrai moraine, L
T formatlon of- the northern debris Lo Ty
s o band : . : . a e T
. i Berendon Glacier,‘the Centrai medlal SRR N
o ~moraine, -longitudinal strain-rate ; ' ' .
. as a function of dlstance downglacner
‘ . Berendon Giacier' the Central mediai
o ' . - moraine, lice’ veiocitie ‘as ‘a functnon .
‘. : ' - of distance downgiacie, AN . P .
e . . ' Berendon Glacier, the Cen ral m dial‘ . ';7.1":¢
D moraine, abiatlon-as a fu,ctionjo : L R
FR o distance downglacuer‘ A ’ ‘ L
SR e .Berendon Glacier, ice. structures [n:'
: S the cdnfluence zone';,. Ay BRI )
e e _ ‘Berendon Glacier;. .debris™ rlch ere= s
s ,' Lo, ‘vasse remnant, transverse debris .. B U S
h ’ S , rndge and compressed serac blocks - .- . 7. ';}f'
: AR “in the confluence zone ".V'Zﬂ-ﬂ' ) “.ml;f& Loy
LU Figurehl ; Berendon Glacier; extrusuon “of blocks SRR PRI S
BN R A’ ~from debrns*rlch crevasse remnantsg\'t»ﬂrlu AT
SRR ... aflong South Arm ice.shoulder. - ,:pr”'Unyﬁf“~ R
e . 3erendon Glacler; location and notation "\I;}~,/1“
[ of . strain rate squares: ' , . ) s
- .'i'ﬁfA“°['.
. Berendon Giacler, topograph:c pro- ,;“: IS S,
h UL e, Jflies in-the confiuence zone o W': ~:J AN
i ,”fFiguréy#%;v Ve IBerendon Glacler; determination of - :-"i .
- Ve 'u'ﬂ'5§g~“.- o ‘differentlal velocity at the contact :
e R s - of . North -and-South Armsl‘;u : m'ﬂc. S
e ; Figure hS ' 7:Berendon Glacier, longttudinai straln‘ N
S S . ‘rate over wave forms en South Arm SR R EE
ifhf Flgure 46 “Berendon . Glacler' debris clearance site_ ‘V: ‘
b : - .across .the entire Central moraine,.near.
FI > the end of.the melt season 1975," Five. I
L3 L : st "aw weeks after initlal clearance L TR
%ﬁ LS Flgure 47 .ZZBerendon Gﬂacler.i Medial moraines"‘ ff;‘:itjyf
§ '_'?5_ . TR N'~’~‘beiow firn Yine debris sampie sites . ' i33
%; . 2{L'1: Figure 48 %"” i iSaimon Giacler, medial. moraine debrls Eﬁ‘V
v L SRR RIS G’mple sltes ' - T

T ':.':".;i:,i".i..si._li'f.e,{ ;49 .

. . R N C e e s, ]
¥ R e A . BRI T S
. . BN P PR | :
- PR ER T NG - . LA T
LTt s ey v B e, - e e
."_-'_A N L
$ + . o,
f .

i

wt N

. <

1
) at

“Bereddon’ Giacler, newiy reveaied'-”i.- S

i
Berendon Giacler,-measurement of sideslup {ﬁﬂ_7~"5”

e e, TS T L Lo



<

NS

e ———

cem g I e

3@{: Flgure Sl

U . \

. T iFigirets -
.o : s U P

i"._.‘ . .~:

;'J.i;,ﬁ?i Flgure 56

Flguré 57

]~Berendon Glacler' debFi’s. partlcle slze? ;
. dlstributions, computer print outs

lin* ‘ Flgure 52
F i‘g' 4 é‘e’- \,,‘5 3

R zfléore 54

p_Berendon Glacner' debrns samples” col-.erJﬁ
.. lected. from ‘the Central or confluence{' :

F isxu.r;ssss - o

“;;llgqne559 ' gBerendon Glacler,'medlal moralne

v P Mk PP PR
" "r " ‘ s ‘l.‘/
s Ty I

; e “tion..and . parent .bedrock. .( - h Oto kw'
AR H '4 - .
T g

. Berendon Glacuer‘ medial moralne -;r
¢:'debris.: Moment -measure: variation. -. %

"as a functlon of distance down=.. . %
. ‘:glacler from firn basln backwalls Do

Flaute &

PR _‘~ ;
S . L S ) v
- S Bt 10 s ey g e s e > kD
' S L - .L\'< . it
« ! . ,'.. | e Lo
' ot Flgure: 50 ¢ Berendon GlaC|eq, ce cavltatlon and ’
. IS ,“j':, “an. ablatlng debrls so (30:'cm. thlck)
; T T E AU -the- termlnal area ﬁﬁ?South Arm - . 'g

Voo

-Berendon Glacier' debrls samples nol-‘ S

’:l%cted from. medlal moraine SIv

'Berengon Glacler. debrls samples col-ﬁ“Lfn
S ilected: from medlgl ‘morajines.’ S| and- Sii

ﬁBerendoUlGlacler' medlal moratne debrls;.f"
';sample51derlved fron : and < - ...
_siltstones of’ the Bowser assemblage’u:

.medial ‘moraine - derived from volcan’ic”

*conglomeratesof ‘the. Hazleton assemblagejﬁ

iiBerendon Glacler,,samples collected
" »from frost= sha:tered debrls ’

.ljBerendon Glacier; subglaclal deorfsyl',.. N
“sole and lodgement tills. . ', ] AT SO

“Berendon Glaciery subglaclal (lodge-i ;,f\ij'i"u'

1

. ‘ment tills. and basal sole’'deébris) &
;and medial moradne debris samples ,ij.f”ﬁ N

.1 S Ty

debris. -Mean.size,:standard deV|a?14ﬁ~

’

‘Argilllte . .'“j 4 E'th:;:J‘f.f ?‘r” :ﬁ‘flh.‘

O T T s T

o

e emmtmeetd e Lt

- N L
B P  J U

- m—cra -

v,
. L,
L i
H |
e DA
c
. te
N . .
' . N
i
-

u;éFlgure . ANolcanlc tuff uf"f.~'“‘ﬂf“.fﬂ'

faFlgure ':TVolcanlc conglomerate (= h 0.-to gy ¢)

'jﬁ-f::“::)e Flgure 6l

L F‘-.-i’;g.:l.l‘re 6 3_ B ‘. ‘ Lo

. Figure B4 7

,plotted on_"Law of Crushlng" Paper " :

Q’Berendon Glacler, elements of the
_,debrls system on the. eriteria of |
“mear’ slze and standard devlatlon

(b0 to & 4)- P

-y

'i{ﬂBerendon Glacner, elements of the~,“ SE Ty
Idebrls system. @5 0: ‘tor h b) . :‘l.;,&~'A\}fy'.”
,‘Berendon Glacier"clay mlneralogy U T E
' ~clay. fraction @ : .{:f:;g

(after the'‘methods of. Blscaye 1964) R L EVE A
;'Graln size dlstrlbutions frqm Beren-. : .

- don Glacler debris system, mid- latl—'?TNJ;”f:q}U
‘tude tiTls and’ frost-shattered debrls.nwgif”ﬁ.‘

"of -the finer thanr9*¢

o v e
T T s ik zaan kb earloow i,



4

BerendonxGlac morpholo y of th;i:-’ .

,1~f5 erratlc ore neﬂ on upper South‘ﬂr ' ki

&,'_ffiffﬁlly7hfﬁi Figure 65a \Photograph byxx" i%

_ . Figure 6* /‘Morphology of
;;? ﬁ Figure 66

b e e s e L e ettt

ot . /f' N \
L R ; §-
A Figure 67 y Berendon Glacier"mlnor mora ne- ridges L W
SRR SR ,4;~i,f of . prcbable-innual occurrence developed ' N ALY
A S alqng the ma glns of South Ar,.Ice"- T

) ]

a I R ' SRS IR S
ol Flgure 68 ey Berend n Glacier"mlnor morafne ridges ,'mf;“:{:, BT
ST L {“ ‘of. probable annual occurrenCe, South ERIVE

A R A P Arm terminus o R JRIC N

,‘.\'.-. NETILIN ‘.._“ .
4 ) B N R R . o [

./.‘ s

“}ﬁ';-;quidurezéé;'f;f- Berendon Glacier, m?nor mora]ne rddge - -
. AT LR L‘:.spading and indliﬂted annual recessnon, --.J;lﬁr,5‘5~‘}‘*
. '/“’” A Séuth Arm lce frohb \ » SR S ' '
e \*«r'u q \ .
g N
Flgure 70 g, .

. \L.

-

[' So th Arm, 1975

: Glacler"partlclefslzeidls
n of debrls.jn the termlnala

e : - B

":Berendon Glac er' basal shear plane out-‘ﬂ;41

"Berendon Glacle

. % Granduc;mnll stneam flowing
- \along the lower

oot of a’ granodlorite outcropn”

BerendOn Glacier":
‘flow of Granduc ml

pen, lnfraglaclal channel "
\1 stream, the’ result of' the
:of a subglaclal channel

Figure 76a&}; -
Fingu re 76b‘~"' ;
Flgure 76cf b
Flgure 76d7ﬁ'11




ﬂnﬂereﬁdoﬁ
South.Arn
31975’

ekly gecessuon,
June\to September

.\" L

5

‘The relatlonshlp'between lce melt rates

“and superuncumbentﬁdebrls depth gugf.'mir3

i

Berendon Glacier, ablation over experl-*.ﬁ‘

v

‘mental plots.j

i

'Berendon Glacner, ekperimental plots..,_”

Two photographs ‘are presented_for

each plot“ or’ day 1

and: day b

17
verendon Glacler, recesslonal\morasnes,
l7 ;\'D., to the present (19757 .

Berendon G ervk}ecessionaﬁ moraﬁnes,
:f'1750 A D), to the present. Topo- '

graphlc prOfl]eS

1

o .-‘

”‘«f

S E. Alaska‘ glacner recession snnce

4750A D.'
Comparatlve glacuer

Total cumulative reée ston- Berendon,:."
Salmo ‘and Lemon,&ree“ Glaclers

fComparatlve mean

cess;on rates

\.~"

‘rabures

1and Juneau,,Ala kaux
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- i The emphasns in sedimentoiogicai discusslon oﬁ" mediai \ o 3
ﬁé,}~' ‘f'. ?”?nmoraines has'been on the estabiishment of debris tyﬁes contri-;: }“ifié%il
lf%j | '. | : ':butlng to moraines. Discussion'of debris fynes relies fn Py srm;; T fgr
T;i_""t .‘.ine posutlonai terminoiogy such as engiacuai su;ra.and sube' V: Jféﬂ
;%:J . "Q{; hrgiac13l.f Sharp (iSHS) has traced the dlfferent tnansoort Paths T ”?

' it»iﬂ:  .;0¥ each debrls type.: For example, supragiaciai mpraine debrls. i;.é: é::
;\ h' .‘ i‘  f‘ibe]0w-the firn iine may arrioe at théﬁﬁlacner surface;by _‘Qi*i_ﬁ B séé!;
PR Treveiation of englaciai or: subgiacnai debrls or may/be derrved . V‘\ iii.

<l - _dlrectly from extragbaelai\r;ck siOpes..-Engiacnai transport -i:j ;fiiﬂﬁ
;é*.ff i :ilff;rmay resnit frOm incorporatlon of debris aBove.the—rirn iine.lie'h S
| | fﬁfﬂoweve; the glacier debris system ls ‘a- contlnuum,,characterlseo ix'h:';
i""”'”““n‘:\;by a high rate of debris transi’er.‘.uE Dehrus positlons'WIthin he f:ét'
g! i R : rn glacial movement paths but |
;‘ | are transitory (Salisbury,iﬂslg", moreover debris paths are t\{gi- "
h’ L .‘ oaliy erratlc (Harcussen 19‘73‘)zf..and A simple positio‘na‘i termienoiooy
Ex» is unsatisfactory |n attémpti to descrlbe debris hlétory Un?fﬂﬁh o
%“ﬁ‘ fortunateiy sedcmentologucai anaiyses of debrls tyPes contrlhuring .f
;§~: ﬁ;‘to medlai morainesvhamf’not been.reported..;”;ta ::“ii.aézif : ;' ;-
ég,“ \‘. | Morphoiogicai di5cussion of mediai moraines emphasnzes the : ;‘ | :
;Q._ } reiationship between ;orphology and the nature of engiaciai dehr“' o ;
;‘ I?é~5upplf to'the moraine, thé depth ofisupraglaclai debris aﬁh the ; Eﬁ' ‘l

4 -, CE 9 ¢
:;:.f' | development of ice- core. Young (1953) from exaniinalt:uo‘n'_of “
fﬁ ":f medlal moraTRES. ltiamerkurJokuil found a. correia;idh hetmeen ';1‘u:;;
;ﬁ ‘ moraine helght a dvthi:kness of debris cover:”‘ioomls\(1970) <:ort-':.3'j:’~ h
g'Ai I moraine .oh Kaska ish!hlaCier,ir

"“ < '“O?W“‘-‘
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generated above the frrn line may”result

are characterlsed by continued englacial debrls supply |hitﬁe R
. ‘-ﬂ A A ) : i R A . ".,',,n_ i . .':'."

by uce streams coalescing some distance below the firn line, where

an then

dlstinct

ice streams ls often eVldent (Sharn;ISGO 'Bracher 1869 Loomlsff

1970)

'morphology ln the termlnal zone.- Conversely moraines formed be-i;;f{'“

ldw the flrn-[inekgy coalesqang icezcap outlet glaciers are

ldentified byatruncated and collapsed morphology‘downglacler.uf,}”

Such\lce structures, rather than englac}al debrls supply,eﬁr
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An"ablatlon dominantt model of medlal mqraine fornetion :gl

is ’pr°"°sed "“’V*;'Ch "'°fa'"e mor‘Phology lhs‘dependent'l;P?n th; f

.n;ture of englaQIa} debrrs supPlY‘) Sueh a‘model Ineinées two  i;{?}}:f§a
ZSUb-typés%n (]) moraines genereze&,above the flrn Tine: nhtch-:?‘m:‘ '

0 B k N "’ o, . A

:-’»' P

o

substantlal late 'l‘debris

!

fload as present.: CoanUence ff;l i

.«:

wt .
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lce structureS’and Iateralfcompression between coalescung ‘flli

'n. P

T
-~

i - f

'ice-stream interactlon'

proposed ln which moraine morphology ls dependent not




4 A fi“'l.BLl Morphology fiﬂylfﬁj.ﬁ W ;"‘_f,f~u?¥uﬁ:fff'i;;‘y::l::ld

- LR - ’ . g .
ro - : o P - * . .- . . .
L e .. B . . " . o - - . - - L
. ., . -~ R . « s - ‘e ~ .
. s L B3 : _ VL i
. : - -, .
- . .. . .
“» r . . N
. - i) W i
4 , - . i ' s :
, 1 .
. - . . .
M B . . oy :
T A .. . <. .
NI Car I . N N
. €. v -

<

Objectlves of Research ‘ZI:"fikl‘.-i;“ T:::f Lv”; ‘f“"_h.j

‘5?'~.'Models of medlal moralne formatlon have beenvgonstructed on

“ ot

S 3':.};:tt“the criterla of those determinants affecting moraine mo’? ho\ogy., ﬂfh?'

KR d . » s R ., .

“fL';'~;."ff., rn the ablation domlnant‘.model morphology 5 dependent upon the g
': ~-E"f~ ‘ nature of englaciai debris supply. field research considered the 43_?, PS
p %: varylng nature,of englaclal debris supply'associated with aboVe ff':';i,.

~¢;'4'_'~'_7hfv and below:firn iine formation (Berendon GlaC|er and Austerdals-:,_gA\”Q}‘:

ey ‘ breen respectively) in the 'ice stream lnteractio 'model L.e? BN ¢

where,moraines are generated by large merging outlet glaciers be-*f”

'lsupbly, such a§ bce structures and flo'

, B ,--,., .

B Sedlments.;

?
.1?; :‘1“.J.?‘gsiides that may reach the glacier\centre line) is contribwted-toao;fﬁﬁﬂ‘

R A Rhicely

- s R v L L
.. . ‘re important elements in the glacier debris.gh-

r,.~

ln the

:’ablation dominant' where moraines and'

model,

Analysis oF‘sub-jFV

‘:’port by moraines fdrmed below the flrn line.~

Lacial moraine dkbris emerging in the terminai zone allows

@ .'- .

.. a - it 'a

comment on the nature oF glaclal erosion in upper firn
.l v, . i a e . A 2 . ;

Sedlmenfological analysis has concentrated on moraines
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/vatron“stdes Qere-identifiedﬂ

Sedimentst Medial moraine debrls der

in the upper firn basins and samples

/
,of released debrls obtained
for comparison with debris emergnngiﬁn the termlnal zone._-lnmz

i )
'“5 R e " addition,'moraine debris was sample at successive intervals
: “ N " oo il . . N [ e B -
4

-~ downglacien to the termina] zone T }jauf"'” Coe T
. ~~.vo s ,x:-_,. i et L IR

N e . . ,. ‘\, 411 . - . : - .

o »

- Fbund fn the terminal area in response to a: continu1ng englacial'ﬁlﬂ
debris supply Englacial'debris supply is’ not constant over the.

;%;‘l Co 1 Jength of the moraine and the bulk of moraine dehrls usltran;;':

?gi | .:}_ | Portedjnearmthe glacier base and s oniy revealed in the terminalﬂ?fﬁlﬂ

‘7tf:ﬂfﬁf}j:f‘- area.A Upgiacner engiaciaildebrls supply iS low and can be re-'L

lated to the activity of extraglacial bedrock slopes above the

T N

A;‘ '

"“; moracne debris IS found to be lndepehdent of parent bedrock and

BB e,

- .o _..' ‘. ; " . "‘ ’,' . "’I" -'
duces additional debris elements.. ) JT:; T S

e e !

0

e e Py :‘.li"&"f‘._ Tt
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'{~f3”::i 6. lce-stream Interaction Hodel

i Berendomhﬁlacler, British COIumbia _ 4 a0
.- I Do Field Procedure. - A mednal moraine (confluence medial moraine)
f;. 2 2 km long is generated ‘on Berendon Glacier by confluence of E
}-' N ' B .J :
¥ two |ce streams (North and South Arms) qustantlal iaterai .
X o 'gm
A ' debris loads are present above the confluente.f Morphological B
ijnf':'i';;:ﬂ»a analysis considered the relatlonshlps between medial moraine ‘ﬁ‘
mOrphoiogy and (l) iCe structures in the confluence zone,<(2)¥”
N o iongitudinal strain rate and velocuty and (3) englaciai debrls R
B """‘suPPlY ' N R R . o “*’”jﬁ”"
v} l * L ." o ° N
1 o - PR ' ‘ .
e .L‘ 3 2 -"';:""'.

Summary of Results A developing ice cored moraine morphology is

g\llf'ﬂv. Flrn llne._ Despnte deep englacial near basal tranSport moraine':fd

debrls %s passiwely transported by the glacierw‘-ﬂhe texture*oﬁ"'”

mode of transport. Shearlng activ;ty in the terMinal zone intro-ﬂf‘

...
e izt TR B Y NP - .

§ B pamrist,
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.t 2T e
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strgln rate quares were

located'ln the confluence area to deter-‘
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t"aﬂf" "*'“'Mi‘_':“"v‘*‘f:"“.‘"“*’“

lts fundamental dependenc
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R } Austerdal Valley whlch is orlented northwest southeast.:,A'

- below the rock bar runs toward the' south west as a consequence

o of thls change ln orlentatlon, Austerdalsbreen and the upper

:ﬂ tlmately |nto Sognefjord A longltudlnal valley proflh

Q virtually a terra lncanlta, qulte. unknown to-the map makers,' T

. ' o .J’
‘ I,'.i N - i I 2 .
(‘:» ‘1 ‘ia' .
T . L . AN
2 0 THE 'ABLATION DOMINANT' MODEL‘ BELON FlRﬂ LI E SUBTYPE
v"(l !
‘*“f:Austerdalsbreen.x Locatlon and Descrlptlon of Fleld Area"

.gi", - I . . - . . . - . .

- Austerdalen lles on the southern marglns of the Jostedalr.ﬁ-ﬂ

lCe cap, Europe 5, largest (F*SSO km ), and 50 km north of the

',» t Pl'e

:f east west trendlng Sogneﬁ ord (Flg 2) The valley of &he .t:

Jostedal dralnlng south lles approxlmately 15 km to the east.

Austerdalsbreen, l km wlde,’occuples the upper 3 km of the
marked change'|n orlentatlon of the valley occurs at ‘a rock bar ‘

.o

‘ adJacent to the present glaﬁﬁer termlnus.f The lower valley

LRI

|ce falls are not vlsuble from the lower valley.y,'l ’

Austerdalen dralns southyard lnto Veltestronsvatw and ul-" .

led cn 1956 from the base of the /ce fall to Haflsovatn at 'Q %i'

the southern 3 d of Veltestronsvatn reveals alserles of rock-'

P

bars (Klng 1959) ”the lce falls two rock bars can be

ldent:ﬁled the more northerly ) ‘ples a posltlon transverse'f i.i‘

\

Sllngsby (1895) comments'- "Thanks to the l\\\l curve in the e
bed of, the Austerdals Brae, the wondrous cquue at- the head has
guess ‘when they mapped the Jostedals Brae: and most certalnly had .
not the remotest .notion that there was to be found ‘the finest ' |ce"

ﬂ~scenery iIn"Europe." This strlklng valley’ was made known to a’ S

~wider’ publid mainly English mountaineers: by’ Sllngsby who in S
his classic book Norway:  The Northerrn Playground esta lished . '
;mountaineering.as a sport. He is credited with the first ex- .
ploratlon of Austerdals. Brae in 1894 ‘(Hadgen,1974); in 1889 he .
."had .tried to descend the fce falls but was defeated by bad SNOW. o
SLonditions. ‘In l88| ‘he ;had* explored the adjacent Tunsbergdalsbre.'
He wrltes in 1895 ‘M) ‘polnted out ... the one great blank .on my -
"map which even the most.casual observer muSt ‘have notlced ,L;?
need hardly say that the blank was ‘the Austerdals Brae. lt was.

‘Austerdalen Ties on the margins of '1:50, 000 serles 1418 117 (Jostee:}"

. dalen) and 3811 (Bruksdalsbreen), pUbllshed 1973 ‘b "Wbr G¢°‘“'
graflske oppmallng ‘ o ! 4L\\

;
' \ \
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Letghton (195')

-,

i ogives proposed perlodlc extruslon flow whllst
52) fav

Qured the pmessure wave hyyothesls. L ﬁ'; LT

.“,",

e N

Nye (i9593) and 'lng and~LewIs (1961) worklng on Austerdalsbre,

s
-

'f |nvoked wlnd blown dust,dlungltudlnal attenuatlon and hlgh melt-"f g
B ';‘“-“ ‘season égdatlon rates to ggcouht for quathatiVe and quantifatlve j:ﬁ
jrbf %;d: leferences lce types ;anbs.ng the.oglve suites.- Allen EE_El
ii;} -::.‘ (1960)nexam|ned é weak oglve syetem-on Lonerkdtue élecler washlng-
‘;?5 'f:ef_‘ tO"» Atherton (1963)‘rev1ewed the varlety qf development ex;'ﬁ.;;ffi
fiﬁk :-'irl hlblted by oglve suites and:dﬁ;gested the impontance of velocnty‘i:
e i:ijf ,changes'%nentmelt to winte seesans dn explalnlng such dlf? ‘s
S P ) s L .:‘
:jdi;i ,laska}lbut added 1tttle to Athertbn s’conclusion‘ ‘;
'ei:}yyg Hnller (1969)Jrenetted thetenamtnatlon‘dt nave oét?es on dedgnan
:~;'i' ;Lewis Glacler- Alaska ahd‘rejected‘the‘denunant ro]e ;f ab]atlon }:'
"f.ﬁfi |nvoked fot Austerdalsbre by Klng and Lew}s.; ﬁ°ngltudlna] éom_f i ;
'7¥§f' presJion and concomitant deyelopment ef sqb sdt?ace-reeumbent iso—; ‘ .3
E'}‘ 7?? tfa clinal fons were considened\to Be‘inportant, ablation merely i;};fﬁg;id
fif ' ' ”;Hy-}evee%lng these etnudtdres downgleeier. The tollowing dis-difﬁ'igfzi‘d '
fy{ ;K _ cusslen of the orlgtn of Austerda[sbre ogive sulte deparﬁs j:'dfff%ff“f
Sl e :
i;i' - | resu]tlng in extension and thlnning of tcéﬁﬁjxpose ? Iarge sur-jf” i

‘f the tunnel }n'T"'-‘

Alce fall in 1955, df“tunne] were‘removed
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’ i, ¢ o “ Y 1 ‘, ey .ot L
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I “*1Q w.nd b]own dust and rock debrls are able tolpenetrate hlghly ."Wlulﬁ N

o . . , N ,\‘ : -P : ' ~‘ "1 . . . . ‘ ~,. oo X
ﬂ';' Lt e crevasSed |ce, melt water may f\ll some of the deeper crevasses..j
K .'5"»' - H .' L. v o -
S . o W|th freez:ng, blue |ce bands are formeﬂ and lce crystal qnf.3;,.;u3 :
P R S s > et e
‘ji S largement may‘also take place (Klng and Lewus 1961) ’

LR A © _ In vﬂndEr Whlle lce veloc:ty does not dhange (Glen"l956)

'./' N L. R ! / i r [ .

: ) l§w temperatures, extenslve snow cover andusnow filled crevasses L

4
et . wie . . ' caele . "-‘~ - ‘, )

. o pgohijtﬂsubstantlal incorporat|on of sedlment or water ln the

; N L A A TP P L
. ~ leefalls.s ™ - ‘ o B NERTES .- G
‘ el e e e at : ’ ot

eracs and crevasse ?llllngs, whether snow or [tehwlth-lhﬁhﬂﬂl

Tf;’;;if”;ﬁ upper:to lower |Cefalls affprds?some lndlcation of:the'magnltude.i;‘ff"

gCeFalls

tn W|nter.-3

;lﬁereaslng compresslon emphas]zes a dlstlnctlon betweeg llght, f.;dv“:¢_

.Lce and dark bubble free b ndst
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. L } , : P o .
N develops with an upper*value of wave helght of l . Thesevwave,”: N
o . forms are the dominant surface morphqdogy of Ahsterdalsbreen.,ﬂ'5{'¥H‘ .
- R At r kY ._.‘ o i L <
o The greater concentratlon of supraglaclal debrls on the ST g;
“t-'V‘1“' eastern half oF Austerdalsbreen can be attrnbuted to e-' ?
R . ‘.. . " .!., ' : ":‘ -,_”‘“.“'I"
iy walanchlng below Thor s Horn.< Ice movnng down through thls Lo et
lcefall encounters, at |ts base,<l|%tle lateral contalnmenh as . N
° K "the.valbey lncﬁeases ln wldth and turns toward the southeast.
LT Vo N K S 4," /-,' :’
: fgq( . As a result hlgh rates of lce avalanchlng wuth conslderable oL, e
., N v . N - ,’.'. T a T
N quantltnes of lncluded rock debrls obtaln.f- Old dlrty .5 o
EL' ; “vl ;ur avalanche tracks can be dlstinQU|shed from more recent avalanche W
o tracks. the latter possess.a higher albedo. o
. , “" ’ 8 - .: . ,.., LLome e - - . , . o _._v . ! i :
T e C F(“'g.% Englatlal Dynamncs. The Debrns Throughput of Medlal Mor ines "1
‘.’. ‘ e . :; b ‘ ' " L . . . . ] A ‘_ o .'.'; LY . {:
L e U Bedrqpk materlal Qerlved bY £°¢kf3115 and slldes from 3“ Lol
e e S v h\&» ' Lo : S ey
N 2 ; extensnve outcrop between Odlnsbre a
.. s ' .4’ (-1_ N ,:ﬁh? . ."'
o DT té?lned at the marglns of Lﬁg cce streams

S
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Loy ocans
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J:ﬂf'oécaStonally burled br snow and ice from the

ls,;i"

' 'y
tfansgressnng oglvq structurej.,The debrls

*

P

! . ,'\ ‘_ 3 , R i-.,‘- Sl
to the easL "Epr such cnevasse°bound materlal a lower dept

‘ .t 8 AJ:‘I.. . »" --_r

eng]aclal de4;|s penetratlon can be‘suggested (Fig- 5) whlchgmay
PR R R : L
be weJledefdned (Small and Clark J97k) P netratlon of«thek

"‘

general llmlt may occur (Glen and Lew1 ,195993'although.Jt;lsggg
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!‘ o . o Ca S . . . .
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Sllngsby (l895) utlllzed the rock buttress betﬂee% (thp then
actlve) Lokebre and Thbrsbrelce falls as>a means' - of access‘;o g

%
"@\ the upper Jjce- ‘cap. An’ hls account hre - graphlcally ‘describes the,gi-% f;%‘

'mode ‘of: englacnal entrainment’ for rock debrls wi-thout reallzlng o
it.."After:crosslng a'welird: and exceptlonally deep bergschrund...g;
.the party reached the foot ‘of the buvtre55'-and very.nasty it - ’

... was tbo, as It consistéd of steep slabs of. schlstose rock. ready -
m-to stedown and be:. swalloWed Up by the angry Jaw —of the :T:ffx‘"iﬁ7
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L "~2.Zl The 'Ablatlon Domlnant' Model of Medlal ‘Moraine ©
N Below Flrn Llne Sub Typefm' Toee L
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Formatlon.
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On Austerdalsbreen,‘the hrghest rellef attained by thew"

x4 moralne represents the conxergence of the lower llmlt of en-

‘glaclal debrls wlth the glacier surface. Englaclal debhlsnsupblfﬁ

b

ls termlnated ' The baslc morphology of the moralne is déteroV

clean “ce actlng to produce an lce -core’. Thxs ls essentlally)‘.4d5

N

jlmlned by dlffereg\lél ablatlon of debrls covered and ad;acentwl

-ffan opposite effect to: that evldent on the oglve suite »fhe.

henght of the moraine ls controlled by the relatlonshlp bet- T.

'“\slopes o? the lce core.

A‘;ffto degrade the moratne by mass movement of the debrls over the

jween sedlment supply to the moraine and those forces acting

l

Cumulative lncrease downglacler of

1lat|on of englaclal materlal

)

- an perennlal lce-cpresdeyeloos.u e

q

r‘,

cE e .\
3 . .

f.height.‘ In response to superlncymbent debrls the commencemenL

./

.ﬁ'

o :

‘Comparlsdn of terrestrlal photographs taken ‘i l974 From a - h:gh
o valley+s.ide’ posltlon with that taken by R.L& Shreve In 1959 . (and .
f\publlshed T Sharp,l960) from almost the - same posltlon reveals -

’/,

‘greater debrls quantities over the medial moralne in the. later<‘
.“year.- The 1974. :photography shows the downglacler movement of

,‘downglacler as does relief. T

moralne relief decreaslng downglacie

' . the photograph. -Clearly the

‘Jflectlon of glacler >

mff,

lng 5.

raine increases.:
ography ‘deplcts '

he 1974 P .
‘rom the up-ice margln of

of exhaustion :in 1959 a- re-ﬁﬁ
|nce that perlod, oo

v '. v

'»jthe quantlty of supraglaclal debrls follows progresslve reve- .
the moralne because of dlfferentlal v

'~ablat|on rates between debrls covered and clean lce increases ln]lli

'E:of the ablatlon season of the lce core ls retarded (ﬂstrem,1959)'u?

:1Zrockslide debris on Thorsbre jce (Fig. 6). ~Boulders appear: "to 'iﬁ
, " have’ mlgrated to the margins- of ~ the arcuate s ment body. On.

the 1959 photography,debris-on the medial

pw,t of - highest rellef } the’ .
.- moraire.has migrated upglacl1; [ §ﬂfﬁﬁf~ ‘
e Exhaustion of englacjali debris probably occurs ae the e
: preseng upglacier of polnt !

e = n
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Fieid investigations were carrled out on Austerdaisbreen'b~f

‘ N
L :

E durlng J97h to consider (a) the relationshtp between a discrete'

lf‘ S~ L {'J‘

f% L engiaciai debris suppiy and ice cored moraine morphology and (b)

. B
.

[ th05e processes operating on the ice core after cessation of en-gj

A e e s g

/ glac;ai debris suppiy ':l.f;-'ﬁ';mfgf-<ﬁ . Zzt

S ‘ ax "w:fvyfhv"‘i(ai‘ During July, 197k in an attempt to simuiate the mor-"

E ‘ o phoiogical deVeiopment of the moraine, an experimentai trench .
f,‘ N . 35 cm. deep was excavated The trench 'on a dirty suMmer ogive
." ? !" 1y )

—J}'“--»ﬂﬁ; band was fiiied with representative mediai moraine debris.' Sub-'

sequent differential ablation and devefopment of an ice-core was

= B
ot

““;ﬁ'yg1f‘ monltored oWer a period of two weeks.; with eievation of the ‘95.'f

F R Ty
B ot RS I

J

;{' ;; gvﬁ. ‘iof the trench (I e. the iowerilimbt ot engiaciai sediment) abov
’glf :Rf;#d.d the surrounding oglve sce surface afterrone“week iaterai atte;¢> Sﬂf%%{'
‘%ﬁ B jf;; ' ation of superincumbent debris occurred. ;Fhe:iceuxore;dggepetatedE;?f;gfﬂ
’%fA ol engiaciai sediment'suppiy had ceased lf}}f;f;#rigfi'gff;iiiﬁti};};‘ f?i
‘%.‘ iﬂ k;i;< f:'ﬂ;;f(b) Experimental plots monltored simuitaneousiy with jr— '”id fif

. ; E T S & . Sof ot oo
i ;u. Lf_“. gtrench simulated those processestfveloplng on the\medlai :7 v hk?

,{f;.N;i.?:l'“woraine.subsequent ‘tg’ cessation‘of engiaca;} debris seppiy.,ﬁipih.@d‘;;'iﬁ
41J' ' Q“ ‘nMedaai moraine deb.is was'piaced on the same.summer oglVe anlePS\:}I’ ;f
;‘EQ?F;_fﬂff;".a; the trench, in H m2 piots with systematicaiiy varying sediﬁtif?}: b%
%5. i:i;fi: ment.depth and cover vaiUes. Average abiatlon of the adjacent;{;iéﬁjnf,;;
g?i :1‘:“? summer ogive ice during the experiment was. b. 8 cm’ dy (Fig. 7) Eﬂp o ;ﬂ
oy e o L o ) / oo n

g

‘ ;5‘5L17‘“' The main research findings can be summarized as foiiows.fgl‘g“”\
.“,fJ“:(l) Rock debris of varying partlcie size but with an* ’vﬂﬂpﬁffh

D L
- » E ) . R i_\'

:{:f.-fﬁﬂljlh intermediate axis length of greater than iO cm, and with/a depth
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‘_ . T lf : ;l,.l;‘_f"zi‘ - }.f 5 :_i ' ﬂ_jf g ,/—“ . '1i.3 - ;:5'4;‘i‘l':-'ﬂ.:d-i::: :ul ; :;ji‘ RN ';: T T P
f, . ':on»the moralne,'afforded no. protectlon of underlylng lce:“ :
.ﬂ{x ' '—*On other PIOts debrls of partlcle slze less than l0 mm was otlluzed
:K Slmllar materlal occUples extensnve areas on the medlal moralne,:”ip l?l@f
dlrt—cones develop at those polnts where the,depth.of such sedu-d“é;z' if.
g‘,;';i-fj 12 ment eaceeds-l;cmt A comparable sedlment depth was employed on" -;? '?iV
one plot';ab]atlon over that plot has‘-when an average flgure'l: O j
f'.‘}ﬂ{ i ‘was_ determlded only snxty percent of that over bare ice (flg. 7) '5;3
. 1 ‘ : Dirt-cones developed ‘m:'jﬂﬁj:’ 1i‘:“4 it;h”"‘i.f ;f‘ ‘H?qgfii-.‘ =
- : (2) Utillzlng the same partlcle size (4 IO mm) at Iow a
;; RS }if' Values of cover (bare nce/sedlment) and Hepth of sedlment. lcei ;
?; | ';';iaﬂvifmeft was enhanced rather than retarded . wlth a cover of flfty ‘if
f?i.-:Jfffwiﬂf percent and a sedlment depth of less than 1+ mm, ablatlon oveh
;;:jfi?.fﬁﬁftf. the experlmehtal plot was thlrty percent greater than that over‘iynﬂi
'é; ”‘.-I bare lce (Flg. 7) Observatlon on thls plot was termlnated ‘)
{5‘ ' ' after three days when meltwater redlstrnbuted sedlment cover:
é ‘ _Enhanced rates of ablatlon attendant upon thinnlng of surflclal
~%l":: l‘:hv':'sedlment‘cover‘have been noted elSewhere (Gstrem 1959,:Hellor'
:é;;iiﬁfsifhhw l963. loomls, 1970, Hegahan et al., 1970 Small and Clark,J97k)
;}_ o ’;‘ ’ 5l‘lj¥ LateralTattenuatlon of surficlal debri& from the
}%j, _}’ ‘ medlal moralne occurs after the cessatlon of englacial sediment
i%_i k supply.' Destructlon of a dlstlnct moralne morphology ll-' o
E?' hastened by lntreased water supply at the lce/sedlment lnterface.
%aj At the same tlmelsedlment cover ls reduchd so diFferential
ﬁ;.f}_ew'fihd; ablatlon decllnes'fenhance;‘ablatlon may lnstead take place.;ﬁfﬂ&f”l
é:“;' o Those processes actlng to produce a distlnct moralne morpholbgy‘
}ﬁugz' w“;fgf are curtalled 'lﬁ the terminal area a splaylng crevasae systef;»h‘

i
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'%ar"ijykbzlntroductory Dlscuss;On Tl ,1.-‘~ﬁpe1}ﬁﬂﬁW" S
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In glaciers where icé‘étreahs‘coéleece |n the accumula-

tlon zone medlal moralne debrls derlvatlon areas not only ]nr~fl

.

'-qclude extraglacial rock slopes but extend to subnlvalqand sub-'“

rd . R -

'glaC|al bedrock outcrops.@ The. debris derivat:on zone |h.effect.ml“fl?}“
extends throughout lce depth. Debrls deruved extraglacially is.(LJ

'vinot entralned in crevasses on Austerdalsbreen but undergoes com-'. i

r N 3 .
. H ~ s .. .. :_ Y

.}paotnon and sedimentatlon with seasonal snowfall. T".;‘ ”K“”'f S

-

M

et e prman B e < -
g - 2 . - o

1 :

“"‘. : .\.‘F "

:?:|t can be suggested that
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- B . quantity, ln addltlon to deep burlal ln the accumulatlon zone,uj‘
may. also determlne retardatlon of medlal moranne development._\fﬂ
' Glaclers, in many Jnstances reveal llttle debrls along the B _
o Qedlal,lane for there.may be few extraglaclal rock slopes con-,' a
% ¢=ﬁ . zAarf trlbutlng debrls to the firn area' Indeed debrls content may
E be so low that lndlvldual lce stream components of the mann-'
- v y
o glacler become dlfficult to dlstlngulsh (Haumann 1960) e e
oy o r,__..,:,.___-——-—_—_—‘—.-——-——.—'j,\\. - ‘ - . ~‘ e
I T . DTy .-,~_ S ‘ L 'a;_'._
SR I 2 The Physlcal Settlng, Berendon Glacner t.' o

T T A T el e e RN
éymi_jﬁv‘,owlf‘,gy';:~ Berendon Glacier, Stewart, Britlsh Columbia (Latltude

56°Sbbﬂ., Longltude |30 5' N ), posse55|ng a dralnage basln

area of 53 km 2‘ |s located_wlthln one of the majq; metal

h.‘

COastjﬂountalns

(Flg

lie‘w1thln so km,

%

Canal ’ Orlglnatung to”the east and separate from the Iarge Flrnf’—

|
A - ‘ ey < vt ')'\"_ [
L basnn of the Frank Hackle Glacler,,Berendon Glacler consusts of SR A2

two branches, North and gbuth Arms,thlch coalesce 2 8 km above ;’f_jf:j
B ) ) P - ". N ‘ - \'.'-, M TS RANN N
A P A ;'_ the glaoier termlnus.; Subsequent Jce flow dlrectlon ls east

1, - - ' ‘ -"

!)'
dce approaches a prominent"‘

-
'

oo o

"
4

lnto the Bowser River leley (Flgs 9 lDl] and Table

termlnal zone Bouth Arm ~-cck barrier

T
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?f:§}~ _Z_N';H:: Mathews (l965 and 1973) Annualilahe'leQel” elnce'the~late'f5lkif’

j' } ‘ tles have not attalned those reached earlne and oversplll
\water< no longer escape to the north.,-wlt Further tH%nnlng and”

e Yy

nie

‘recescion of Salmon GlaC|gr complete draln ge of Summlt Lake can7'

oo - Yoa?

4 s e % S
P

4, ‘ be'expectei-‘ A slmllar hlstory has been- es%rlbed for - Tlde
. i/ﬁfftégéﬁFhat;;iflve km to the north where?
‘ T u;aqhaerially eroded deltas provnde eVIdenc' of glaclal lake

: : f;. :;3;gndln ‘(Hanson 1932) Lahe wafér nasﬂlmpoon ed\

eg' f'.\hf ie:ﬁof Fran? Mackle ﬁlacier,.subsequently ;
;fé' ' ‘:f, ]'ft as the lce”recedeo Haumann (l960) has d scrlbed Iakeﬁﬂfm’;f:;;
fig e ’ff{fh*shoﬁellnes whlch- rewatrll well preserved 5
P P RIL S : Cla .
;'? :t'tlme |n.1930.i 3. .

pany ofrVancouver, Brltlsh Co]umbia.A
L ) N, " R A L

1ﬁbiml'of }ﬁe plent whlch commehced ‘ull scale production

,.

RJ J;,_lnplate 1970 Berendon Glacier Is presentl‘ experlenclng re-’iﬁl

v Il ’-,_. - :

cessnon.leavlng a SUIte of well deflned late al and termlnaq AR ¢
;;‘~l“'.‘[”Ié-'*mqralnesf The marglnal area close to South rm lce is mwrked e T
WTLe, enn o T e A , R PR
}f»W'{ii R f. bY'ﬁorma‘lon of - annual moralne ridges.g Such rldges constitute 2
S AR : R Y PR A . L :
%f [APERRP sensntiv, Fndlcators of the varlability of re:ent retreat.y, fw};aJ :
% ”~-"'37Tf’:ﬁ?-ffzfv l. : L : : R ]
%:;lf T 5;,of guessw rk' estlmated the change ln mas; balance requlredﬁfor'fj‘"“ l
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o ?:)}atltude reglon (Hehsser 1952), the cllﬁate of thls region has?fif'_ .:,
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;ﬁf:ih;f:li} been'deslgnated 'sub= Arctic rain forest (HcKenzle,}970) West-h:uf‘ft,ffﬁﬁ
‘;E.‘ﬁﬂ i7ih'2 .faclng coastat.slopes generate heavy oro;raphlc preclpntataon ilj;r?”tﬁfﬁé"
fj%;-h.'f;yi':f;:anglngffrom -an. annual average of 175 cm‘.at Stewart (Grove,ja?’tﬂjiﬂﬁlfgg
?ﬁtiﬁe,:i:: f¥>jﬂ97l) 10 207 cm.'at wrangell and 377 cm at Ketchlkan (Kincer,;h{ﬁ.' ? ig.;
} -;t‘;fm:. ll941) i Rainfall totals decllne rapddly |nland annuaf pre-n A “n%g:
L T”. r';;%ﬁfh cnpitatlon at Telegraph Creek may be as low as 20 5 cm .(Heusser,,ﬁf" ‘é%
, ‘f952) L At Petersburg, 160 kmi.to the southwest, precrpttatrOn'te:ixz.: ?d
.5:; ?naf;fii ' averages 265 mn i;Slmilarly,orographglaccounts fermexceptionally h;fﬁztjsf
f}igwf;;i htgh snowfalls (greater than éwébb Lo at Tlde Lake) at'hugh " ‘
SRS ‘Q~7ﬁ n'altltude"an annual fall of 250 cm 'can be expected at sead”
'?:fh:fjhﬁft“ rievel.” anter‘conditlons are mar%ed‘by a rapidcsuccesslon of
SR ‘_’2ﬁw¥‘ntense c;clonlc d|sturbances:fgeneratedyen_the Marltime Arctuc .ﬂ
?{‘f;i*f&;ﬂ'h ;front southerf; ;lnds predomfhatel e S the ‘
TE? T ,::!.;wlnds rnﬂmlnter are assqctate
‘?- 1. ' ”presSure._ Hllfer (1969) ex;miqed the hlstonical varlatlon ln b
f%r “; ' .;Z.the pattern of stoﬁB tracks affecting the coastal flanks of‘the- 'J
:?Eﬁ*siff ;tTgT Alaska/Canada Boundary Range.ufr“winlgigk;; 'i;Eﬂ“fenf3~?ff{$'e;P" ;
;t' ;;;;;*tfiiftfﬁ: : gn the Paclfld\QOast wlnter temperatures are severe oh!r‘ j£
; _ h at hlgh altltude (Hiller lSSI),-temperatures decline lnland B
;i f; 'Z'h'fiﬁ. The January averag; at Ketchikan 1s -0, 3 ln sgmme: northward“.:;ii?f ‘
%ih nh51|.;hi. :movement of the north Paclflc ngh ge\erftes northeasterly ;: wl;E”*fJ ;

. PR i . .
: P

- mov:ng marltlme troplcal alr masses giving a hu‘lik\igjl summer Agrv;:“ &

*

" / 4 CERPERE

at coastal IocatIons. July avenage temperatures range om.f;;‘

12 7 C at Sitka to M 5% at wrangen (Klncer |9!n) Inland -.,;‘-\P-.'
.. - \ -‘.‘.,_ ’.._ .?

temperatures vary wlth a)titude; aspect and extent of sur-w“.”_\gf;:'gf

'ﬂilr~1@jgrj?¥' ?moundlng ice cover. Adklns (1958) has examlned the summer cll-3f RN

.._‘__ /-

mate In the accumuJatibn area of the Salmon Glacler, at_andy:ﬁffahz







v : 4 :
L Ltk ‘,i 4_ bl e . [, et .o . 5;_ s S "-\1‘:—- .'.., - v»““’m_‘m_‘_m‘___‘, ,,_awk-s.p-ﬂ,ﬂ("»—» Y
T e T T e T T S
T P T ST S 35
- ) i ) ' v’ '
N v ; Voo '_ . » . X ; . '
-age on the eastern margin of the coast crystallnne belt.“ The g
Bowser Basfn, into whichuBerendon d15charges from a westerly ’
. - . .o .~ E2 ‘
(4‘°p05it]0n occup!es a tectonlc depresslon between Coast and gﬁ‘klgfﬂe,",
Cassiar Crystalllne Belts (Kerr 1948 Grove 1971) Cel T
e o A detalled geology of the basln |s not avallabl i dls-ﬁ'xff, R
L P R S

K
cu55|on of bedrock geology presented below |s based ‘on, exten5|Ve,

rather ‘than Intensive, fleJd observatlons made durlng 1975, data ﬁ-"

from Granduc Operatlng Company concern:ng bedrock geology ad-"

‘; ;Jacent\tohthe‘dranduc access tunnel and the work of Erove (197}) ,H:
‘The last s, concerned ln part with the eastern outlet of the - 'Mhhiﬂlﬂfnéi“
basnn near Tlde.Lake Flats"the termlnology of Grove has been',jf i ?j
+?:_adopted“IhOWeyer, go} the whole of the basln. A detalled disuf;rﬁ;€j;,g;¢
cusslon of the basrns %é beyoud the seoperof thns thesls*-withhh.lff&é:ijg
. farther research modificatibn of the geologic sketch map (Flgfﬁy?fiETQ‘;g¥
hl:ig ‘can be expected Q.geologlo map of the Portland Canal area was “.:{ ;:éji
| publd;hed in 1935 hy the then Bureau of Economlc Geolod? of the | i:?:ik
Department of Mines. The‘basln of Berehdon Glacler ls depicbed .
f. but only general geotogic relationshlps are apparent: The map ‘
Q:at'cohncided wlth the publlcation of‘Hemofr 175 'Popt;and Canal Mﬂ“ o
. .vArea, Britlsh Columbla“ by G Hanson.. A‘review of theleconomlc i:
;, ?.'iHISL;T ‘deveiopment of the area,‘and activlty-of the BritIsh Eolumbla'i;{‘i”
g?’ \ é g‘.l Department‘or Hlnes, the Geologlcal SurVey o%tCanada and thej;€£tﬁé
§T;. j:ﬁ - Unlted States Geological Survey Is presented by QrOVe (1971) ‘A}';:f”r
# hTQFiﬁ'ﬁ },iffh’v?ﬁ Bedrook adjacent to Granduc 5 access tunnel to the dfdfitdgfi '.{i
ij-l‘ . Granduc ore body ls well-knowu, a Hrilllng program durlng 1963 ‘ : f‘ L
}“ iilh:upper South Arm basin of erendon Glacler establlshed bedrock 1$*
' o L

::relationshlps at’ depth f The nature of subaerlal bedrqck ex=' &

\ .9« ‘Y

.ftifgfsfnv: posure over those areas of the basln north and south of thefyl”'
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and South Arm baslns, and the northern areas of the basnn._

5'"the basln ls a granodlornte\Stock of Tertlary age.r The Summtt

llthlc graywackes, volcanic conglomerates and lncluded tuff

';., SOuth Arm.f ng l2 deplcts thls outcrop as’ a westerly pro-‘”

'tunnel Jlne ls not known ln any detall however. - Q

lThree rock types characterlze the basln of Berendon Glacler ’
- \ K

(Flg.‘l'Z),‘ Occupynng southern and eastern sectors are . volcanic '.

tuffs and conglomerates of the Hazelton assembl g of Lower

Jurasslc age. 'These are. revealed with clar:ty ln ,South Arm

basln. Upper Jurasslc strata, argillltes and alltstones of

the Bowser assemblage, compose ‘the medlarv rldge d:vldlng North

The outcrop |s extenslve although exposures are obscured at
7 .
hlgher altltudes by snow and |ce cover and at lower altitudes

by valley snde slopefdebrls. The most recent bedrock wuthin *'-

-".A
v

e ot ) ! LA

L Lake Stbck occuples the eastern margins of the basln and floors
=hn 2SREn A .

termlnal ice of Berendon Glacler. “- e L Coee
The Hazelton assemblage of tower Jurasslc age comprlses

bands.' These are. eplclastlc strata wnth lncluded pyroclastlc

-

members‘ 'where doubt occurs the rocks can be regarded as

x

tuffaceous sedlments' (Grove l971) These "°°k5 are ”mimd to

the bassn of upper South Arln The best exposures are presented

'

by east faclng extraglaelal rock faces in: the Nestern basln of

jectlon of" strata revealed outslde the dralnage basln proper
om east faclng slopes of Summlt Lake basln. Hazelton assemblage

strata outcropplng w‘lthln the dralnage basin appear to repreSent

B a northwesterly extenslon of a large n’orth soq,;h outcrop of Hazel-'»'

tbn Strata extendlng south as far. ‘as Stewart "‘thholog.lcal

-
-

varlatlons wlthln the helt as a whole are descrlbed by Grove.'
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-_In thelabsence oF'lithologucal}analysls ln South Arm basln

, promlnent colour dlfference" crude stratlgraphlc dlvnslons

|
‘¢§: ;},"';, -jto be‘made ‘ln the flrn basln of South Arm examlnatlon”of the
'E. Q[promlnent median rldge separatlng Western and Eastern baslns
MVTallows dascrlmlnatlon between ?urpllsh red and green members.

oy _ o
-The lowermost sectlons of the rldge are formed of a. purply red

-

oL tuff overlaln at height by a. green member.‘ An xndlstlnct contact
Lioe ‘ ° o

o N ;‘,has an apparent westerly dlp, the upper greeﬁ member lS of a ¢

. “ < - L »
S T ‘ qf.coarser graln s:ze and wlll be referred to ln thls thesis as- )

;q - ;h _ f.a vo]canlc conglomerate to dlstlngunsh it from the underlytng
R e T o e SR
L ::‘ ‘ _.upurply red tuff A maxlmum thickness of green volcanlcvstratalk.

D A

., . - B . ‘Y\f. " .4‘ %' N

'-;of lSO,m Is apparent ‘on the rldge.; Thls colourrand-texturaln,“‘«_ i{%

. 1 ’ o 3
dlstlnctlon is falthfully reflected in the medlal moraines g

et f:'_ :fpresentonSmnh Arm lce below the flrn line. Medlal moraines

e

:derlved from lce streams dralnlng western margins of the rldge
.\; . / - v
»_-are composed of debrls derlved from the green volcanlc con- S

¢

glomerate MHlk eastern lce streams entraln debrls of pur> |shr‘“

red tuff. Foddlng wlth a westerly de has been mapped bx rouef,,

il ""V”(197l) In Hazelton strata on'east faclng slopes of Summit"

i i
Lake basnn' westerly dipping Hazelton strata ln South Arm ‘basin

»

may be related. N

East faclng slopes of the western flrn basln of South

Arm are composed of the same strata.» The contact between lower‘

-

L red tuffs and upper green conglpmerates ls not revealed but ,t:» ﬁf *,i.f

}5 the contact ls present subglaclally for red tuff debrls is an'

S i.,i '_-s-l:-;"hn:- H e

o AT
-

. e

lmportant component of the Iarge central medlal moraine generated
: bY the confluence of North and South Aris Contact betwaen '~.""" !
b Hazelton strata and surroundlng bedrock Is-exposed free ofvsnowf o
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and in vertica] sectlon onlﬁ on east facnng slopesr
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‘;of the Western basin.‘ Bowser assemblage strata outcrOp to the

b T

"}north of the contact where a black schlstose/outcrop exhiblts o
' i .

clear compression and shearlng structures-.minor quartzlte "“-"q: .';i

it

S

\‘ﬁ‘\;, LR

e bands are present and are. represented ln avalanche debris _

1"“."?{"‘.:'}‘-‘.";‘?\: : ?‘i ‘.;{__‘

R L , . PR
.age strata of Upper Jurassic age occupy the.'\ . ?
. i

i

!

|

. e . Bowser asse
) ?’, [ ’. ".“" .
' Central ridge betWeen Nort

%j can’ be observed on north and south facrng 5 es of thls rldge . B Tl
é, Arand are clearly continuous. The most extensiye'outcl, ! vﬂéﬁh
::fi"ugm':f'idjiBowser assemblage strata Iles above South Arm ice.. Dark grea‘f.- i
.?;'filt:.ﬁfi‘;ﬁblack and buff coloured siltstones and argillutes dominate.q;{”~
?;: : H}Steeply dipping beds may be responsible for irregularitles and L K Q;
5* :j.- ":infdections in the ice surfaces of North and South Arms closely' :?
- SRTEPN A | (
._g; e ‘ ‘adJacent 1to. the median rldge. Reglonally, Bowser sediments are ,géa;a}
;%j l:{composed'of two members, lower sandstones and conglomerates “;'fifi?r.;
‘*2* , :inziwhlch rest. unconformably Lpon strata’ of the Hazelton assemblage,-*""f“"j
: '.}~”;gand an upper sultstoneeand sandstone member (GroVe,197|) - The \\{;yf.f,g
A / iiHazelton Bowser assemblage contact whlle readily °b5€rvable ;:,; T
;‘ ';aalong Betty Creek, east of Berendon Glacuer termlnus, i; nOﬁsEJf“
}?- nfe“°°"“tered within the - dralnage basin: “;'i.;f;@:?”gihvil“févsﬁz
.E: 3 Horthern Slopes on rounded summlt areas overlooking | J
?b .o i-r.wTNorth‘Arm ice are’ of Bowser as éemblage strata andtreveal .Gpﬂ‘
%g .%“'.h:high (80 ) dip apparent ‘to. the west"outcrops ‘are obscured by .31;;;?§

‘ “-'fi”_j:'ljbedrock debris.r The prominent backwall area, of North Arm -;”_'}' R

:h.pﬂ-q."fﬂ{ij;flrn basnn (Fig il) |s the most westerly exposure examined 'j;yf "‘,.":.'.':J
: d”'f durlng the 1975 fleld season the serrate nature of the backwalls rﬂ”j .
’ ' . “:_ “' ‘ o s :\. . v"" N . .‘:' L]







arar T st o

. ‘. e

tact to a clear subaerlal contact
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Statton (Flgs. 10 and 12)

33;41:fLﬁcéF{Sf(qptqréﬁ':fp;;"z

-

{f The tectonlc settnng of Bowseq Basnn will not be con- E
Sldered only local structures occnfrnng wlthln Berendon Glacuer
" basln, and seen to affect bedrcck or glacler topography wlll bem“-ffﬁ

. f 4

.,-

dlscussed On granodiorite in the

apparent from fvé]d’and air PhOCOQTbﬁh analysls.x These range :'i

km iH length N A maJor bed-flﬁ '

e

uc processing mi

|t ls apparent that local faulting'of

east,

Etn}thét







upﬁcharacter of debrls released from upper South Arm basln and re-

ey

'u.:Upper South Arm Basin.\
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'~moved from the basun as medlal‘moralnes

"_ter 6

;,area oF the basln above the confluence ice falls (Flg
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the sedimentologiﬁ\l

tOn North Arm

formed above the fIrn Iine

.

"Nh'lst debris,sample sites are descrlbed
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R »

ts cOnsndered In Chapr‘[t'i*

3 Sl Medlal Mora1ne5 of Upper South Arm Basnn

Upper Sodth Arm ls defined as that
Sl e .
9)

alls South Arm ls approxlmately 0 5 km

the confluence ICE #

- \.

fn Eastern ;fﬁ*‘“*'“

2100 m A, s.l.l,@f
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Structure and ‘can be related ‘to prlmary sedimentary layerlng i

-

the flrn basln. . Flrn layers are rendered arcuate downglaccer by..'

dnfferent al flow velocltles ln the same fashlon as. that des-".,fll'

> s

cribed by Hambrey (1975) from Charles Rabotbre where arcs, coh-'--'

Vex downglacler,.char‘acterlze the two ma in flow unlts of the

Vo

lacier and J'epresent drlglnal sed umentary layering tllted

and deformed ; flow. Folds become lncreasingly atte_n,gétedt_

Dl ey

dowuglacner an a longltud nal fol |atlon ls generated ' ‘Arcuate

v,

Glacier and longltudnnal Follatlon on‘ North and South Arms re

,a B T

malns unmodlfled in the down Ice dnrectlon'_transverse lce dykes

= vx.

and ~welded—snow crevasse f lllngs (along wlth\ |nc

of ice by the topographlc bed on Lower Blue‘Glacler, for example,

replacement of longltudlnal follat:non

o k""--

I,usniered to.' be generated by the nature "of the glac'ler l:ed (Allen‘”‘

*

luded debr ls)\ B
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fiﬁ;" i;:'i}basln (Flgf.l5¥,. Prlmary debrn& ls generated subglaclally ﬁy
,rjo;;:f?t";:,upper ice. coveﬁ and is preclpltated Onto thehflrn)surf ce below
”l“l 'll _ ?”by avalanche’aotIV|ty N]‘here li no deposltlon of de&rrs on SL;*’*
¥ i = 3:; bedrock wallgng: ':n'r;;“;\rn ‘1;,.\ £

S T < e CRRRANE ' S S
;Eariwﬁ's St L Below the°firn llne Type lI slopes are’ cha(acterlzed by
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) - Coe . - -

v

ST tnll deposlts from former mo extenslve lce cover and secondary :
o LT o .-.:.*.m_i . . I,— cte - . )
i N

‘;:f_: f}f ‘L. removal of thLd debrls predomlna_es., Dlsolnctlye slope Forms }-ff;;ff

Qs “'i:.‘h  :.such as rock chutes and extenslve guljy system% are common (Flg -'l' .
f;‘ . ﬁi vilh) Prlmary deorls'gSnJ atlon.rates are low.(rf;eiflﬁgigiindlek‘f{flf';gi
Zii‘ - ’ On Type jﬂ; slopes, bef.ock l5 obscured’€o; the most pa;t ,;;w

'by tlll and geomorphlp a&tlvlt 3

- ‘}:_ slopes of Jype | cheraeter.,'
iﬁiii;i‘iriﬁ- génerated above the-flrn llne evacuate prlmary debrls from the::::
:i}wi_”J.:Q;i' flrn basln' no secondary recyc]ed debrls l% involved ‘“L:;n.  '
M4; ; 'Y;iwiifﬁ@Tﬂ Slopes oF Types II and l wkll not be dlseu55ed further h.fﬁf;
| "Qﬂ'here, :

and conséquently d%termlne the nature of debrls‘lnput lnto the“.-.,

formed by confluence of North and South Arms,sh”“"

ﬂc:Zi.T,pfgf' medlal moralne

l’.

lsnow”and lce o‘..

o 5.

'fgradlentﬁ

from'
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; 6F'Western and Eastern basnns (F gs. Ih and lS)
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3, ‘
... . ‘ . ‘; N v
e LT R \
. ()

.-} e basln the upper lce”carapace d S C

s -

ln the Western'

‘nds to the flrn basln ice'nr

. \
- - . <

»% _wi~‘, ' marglns of descendlng lce stream&, whl isolate sldewall seg-’

Efl"k | ments are characterlzed by a very hlgh Jacldence of avalanche

R , Y T el T : .

”g o o actlvlty., ln the Easxerd basln,,however, east facnng snde s';Jwe

;g' walls are cohtlnuous- descendlng |ce stream$‘are absent and\up-}
}fg ila'—-ﬁ;ihn per lce‘cover-descendsvgo she flra basln selely by avalanchlndln_J

. e o i
L}

e In both Bgs[ns, snow famas agalnst the valley side walls

KA
B P

se#ve as recenvung areas fo; bedrock, snow and lde debris rer

ST

|ce.cover'and!the quantlty of dpbrlsf

debrls on Valley slde walls and it ean be suggested that extra-ﬁ

i ]
‘“ PR - .
Cae -' -

- J
glaclal subaeraal processes actang to release bedrock debris
: oo oy T T

.. o R

. fdo noegppeFate at a hlgh ratex

.‘. 3 o

'-] observed ln-the.upger lce cover and

k “ B W ‘ T,
sl0pes lnto medlal moralnes are consldered to cons[s prlmarlly

Co;\kquemtly

»
\ -

l‘subaerlal contrabuelons to the moralnes ln the.Flrn basln con

of subglacnally derlved debr(s.an;xh,,

.plcted ln Flg
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From this spurce (Fig.;iiil

The Iower free faces and buttresses of east facung rock sldpes.‘*'

lh Eastern basinoare deveioped on a dlstlnctnve‘red tuff

free faces

moralnes SI

o

‘a green volcanic conglomerate which dups westward

entrains green conglomerate debrns (mediai moranne SIV)

- =

be subgiaciaily and subnuvaliy derived

.

'.1.

5
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P The ‘composite ice stream d. (Flgp

e debnls dumped on the extensnve

ln Eastern basnn.

glacier to the te?mlnal

and Sil

3

%

Debrls released from both sides oF the ridge

q

western slopes of the median ridge a narrow
'i«(e,*

"Z'Ahm ice} where a media -moraine’ (Slll) outcrops aiong the-
. /

Fig.'

.

tact of ice stream e with
i
‘countered aiong this septum appears

i
- . “ 4
glomerate and red tuff. . i T, .
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The cap roek along the central

zoné and

v

‘and Easterq basins is composed of Hazleton strata, medial }
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. h

‘a

Ilnear snow ramp

a "5 .

ey -

.aerlai,bedrock epposures of greeh-congiom%rate*are,few:
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ice-stream3downgia

;ye'+~ s s
in th upper baSIn.t'

I
-
{

T, -jsmoraines formed ‘above the flrn ii@e evacuate bedrock debdis

1

: A major d|V|5|on has been made

) of the Hazietdn assembiage strata,piong the r&dge (pg 37)

ii and Table I) evacuates

at the base of

is associated with medial

) As a result

ridge i

lce stream f evacuating the western slopes_(f the central ridge

Spb?

v

The.ice-stream can be traced down-'

r must therefore

e,

=3

¢

-4

e

is, deepiy baried

in.

the”firn basin and only attalns marked supraglacial expression in;

'f- the terminal ‘zone of South Arm.‘“*
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id ntifled

ice-stream f.

in-the terminal
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Bedroc

to;be;green

36' Originating from .a pronounced eastward embayment in the'
A .
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zone of South-
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volcanlc<conf;wf

30 m wide ice stream
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. L; lce marglnal debris septa assoclated w:th flow units g,

;; h’and 1 above the confluence lce falls can be traced dQanlacl'u Ei

;l’;ﬁ‘:wl ‘into the moralne‘formed by confluence of North and SOUth Arms,:ﬂ i

Vh hA ; and form the-aentral and: southern debrls bands of thls'moralne f
"i}7i£:~ (PQ 82 ) These‘marglnal flow unlts can be related to lce fnry:f’ - 5
\xibﬂf?f . puts from hanglng Qlaciers descendlng from hloh elevatIOns oh;fi " f
if;_ffprr-; -the.western llnlts of Hesteﬂn‘basln-'the lce streams are nar"ffdroffwi‘!
r ST e Lo s i

row and’of no great depth a#d thln out downglac;er., As a: re-ifl

. . . (- ! ! » ‘ T -
e sult there is a large supraJlaclal debrls lnput lnto the gon- . o

i 'i;;;j fﬁy ﬁluence area on‘uestern mar. lnal lce of South Arm.ﬁ.i:;ha;f:imgf}};;;:};i
AR T Af%*f.ﬂ'd :.>fr~‘ e T ..'-h' . f; ~{33Ifi§ffi-:“.[53€£j?”'3 N
jiiﬁs';_\\:;,if ﬂ;.i 3 71 vhebris Sample Sltes _trfj.n&j:fjr'hf;~fig;f .f.thf" hi:
.:3 ﬁ‘,:fdisﬂa:T{. ) Sltes were\chosen ln the upper baslns.with the obJect'of f& fi‘
:.€_~f ;f;‘niif sampllng the debrls contalned ih dlrty avalanche fans below ‘.iyﬂ, ; 'g.
e Ji“f:gf Type l slopes._ gample sltes are descrlbed below and deplcted 3 2dpfi5‘;f
k22 'u5}-”7_fﬂf¥}-’ 3 72 “Hestern Basin 'Anfg'.fz-y,.; Q;.f'féfec"'“;a‘ﬂg.
1;0.‘ A 7-'.;.-‘ : S P ‘-,-'-ﬂ“-.,, el ,';

'.;'.‘J fﬁZ-V‘*'"ff3ffZ'§i) Sample Slte°l (Elevatlon 1600 .. fa.s. l.. am_tf;f'Q
S o ISP TEEA pLE§\55 59, Slb, vorcanlc conglomerate)

i ts
.
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.

? ' S j*<j Sample slte i lles,lOO m- below the northern marbln of a
'S i :., sma glacier tongue whlch desce%dsoat a. hlgh angle (50 to 60 )
- T fro _he extreme southwestern marglns of western basln.ﬂ,lheﬁi =

_.‘y .. P . 1

e

wlen Pty T
. - . - . s N
JORY L. -

i gla er tongue ls about 200 L wlde, although depth Is unknowh l

o . 3,3 it  suf flcleut to allow confluence wlth the’ maln flrn basln..:Thelf: AR &
P2 ' H Lo ; . " R - '
[ U e
Yo marglns of the glacler tongue are cllffed- sample slte I ls .!5j‘;

' "’ slted on ' a promlnent avalanche track of.’ hlgh surflclal debrls ?f;‘fﬁif,uf
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'content., Bedrock Is green volcanlc conglomerate of the Hazle- fff&'
: ;'?ton assemblage.: Maximum debrls slze observed was 0 5 m.,

HDebris Is clearly derIVed from the basal debrls layers ethblted

IS R -.”'In upper Ice cover. ‘.;f_ -§“;'fﬂl.~‘ ~,' _ _3Lj"-13“‘lfﬁ

4L e e

‘; . . .'.‘_" 7' . \n-. . W
- o (II) (SampIe Site’ z ArgIIlIte)
.r~j ; h'”',; lic'i' Sample Slte 2. lIes at an altltude of Ih50 m a. s I.. l.9 km

: ngownglacler from Sample SIte I The slte IIes near thehcontact
‘ ﬁtizone of Bowser and Hazleton assemblages (Flgs. 12 and lha),

'"{debrls ls derlved from the former. As at Site l debrrstls

v gt s o

VﬁderIved from basal debrls layers of upper Ice cover.:". L .

v "‘”"'.25.7"MIV g Exf R B 'r” -.“."-ﬁr g '”‘-‘,“ S RS s

i. ‘-..—I *‘,.:-;:".,' . " . -i o .o L . .o N . .."‘.h v' l"':-\,:" ",' . i.

: o 3 73 Eastern Basln (Sample Slte ‘3) Samples SZ S8l e

. r.ﬂ;.'*;14;.g~A SS Volcanlc “tuff and Conglomerate IR o -
T:ﬁ;v The slte is located at the northern extremlty of the cen-
A f B .witral rldge separatlngﬁwestern and Eastern baslns A varuety of

-

A e,
VTG U

' bedrock debrls types Is found amoégst chaotIc Ice and snow
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*avalanche debrls. ‘Red " tuff debrls from sungacIaI 1oad of*1ocal a
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1|ce predomlnates (Sample 55) Other debrIs ls derIved from the R

a

s

o . upper volcanlc conglomerate cap rock (Sampleé Sl2 and 52)
" L X The cap rock cannét be seen dIrectly due to obscurlng up= S
TR |
& per ice cover and the presence of volcanlc conglomerate amqngst :
t e
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CeL L area of South*Arm. Pronounced IongItudInal follatlon can;be’
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VB;?‘BiB: Medial moraines "of Terminal deth Arm lce :
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MedIal moraInes on. South Arm are prImarIly a’ featﬂre of

termlnal Ice and are not weIl developed upglacler,\the relatIon-

) .

“'ship between Ice streams movlng ou't of South Arm upper basIns i
K

. and medIaI moralnes downglacler Is depk@ped In FIgs.,y 13 and ot

. Table 1. ;: The relatIonshIp bet+een englaclal debrls supply, the
. pattern of Ice flow and medlal moraI:e morphology wlll be examined
. e s o .
k - L jtdl-:ThefTermInaILZone' o ; _’ a
\': 'hThe:teTmInaI.areaiof South'Arm ls defIned as that zone
'li_n',downglacler .of the termlnal Icefalls (FIg 9) thch are charac-
| 'terlzed by Iarge transverse crevasses extendIng across. the : Y |

Centre IIne of the gIacIer onto North Arm Ice.A The northwest -

'
v

:margin of the Icefalls appears to demarcate a’ pron0unced step

2;;lf the~granodIorIte bedrock floor. The step parallels the con-.
a

ct of the SummIt Lake stock wlth the surroundlng Bowser assem-

. blaget. Crevasse wldth Increases to the southea§t and may IndIcate

o

" a. greiier step heIght In this dlrectIon.} In addItlon the~'A

A dIrectIon of Ice flow of the glacIer termlnus swings- to the north

’

“in thlS area generating further extensIOnaJ straln Co

' voan T
O '

A splaynng crevasse system domlnates the Immedlate:termlnal

=

1 r

traced over ihetentIre termInaI area and the folIatIon 1s- seen to be

\

severely compressed close to outcropplng medIaI moralnés\“'f
: Below the tetmlnal lce falls a serles of Ice hummocks charac-'
é ’

terlze the @lacler surface - The steep termInal fce front Is

greatly affected by splaylng crevasses orIented subparallel to
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.'outcropplng medial moraines.,‘ln addltion shearlng actlvlty, 1h‘,-;

"i : response to basal obstruction of glacier fiow by subglacial rock

: outcrops has severely affected the terminal outcrop of. medral

"moraines and englaclal moraine debrls has been sheared upward

.o

to tbe Ice surface. Shearing actlvlty on North and South Arms'
*'Ii.'ls briefly dlscussed and disruption of the Ice front by Grahduc' ;

}_ Co ) waste :water outfall described in Appendix ll

PR

3.82L Medlal Horalnes

“

3 - A Four distlnct medlal moraines outcrop in the terminal zone

-}of South Arm (Flg 16) : Southern and Northern moralne groups."

(Moralnes SI Il,'and Sl and SIV respectlvely) can(ﬂe |dentl-
‘;:# fled on the basis of debris Iuthology. The southern group s _gf.”'-:;

derived from red volcanic tuff of the Hazleton assemblage. .The '

>

:':;-northern moraine group is composed of a distinct green debrls
-t . v N \ '
!.‘f S derlved from volcanlc conglomerate of the Hazleton assemblage.'
. ;"-Horai SIV is’ characterized by a large boulder snze,fthe.
. H o

‘.largest slze measured was' l 5 X l’S X I 5 m. : -

On the bas:s of bedroék Iithology medial ’ moralnes in the

!

terminal zone " of South Arm ice can be traced to specnflc deri-

. CR]

:vation areas in the upper baslns ‘of South Arm ice (Flgs..ll,:lz)gf
rMoraines Sl and SII are composed of debris evacuated by dic

flow unlts draining east faclng slopes of the fastern bas:n ;.'.id%j:f
-f(V°}°a"ﬁc tuff}.. Horanne Siv evacuates west facing slope areps

of the Western basin (volcanlc-conglomerate). _Horaine shil

¢ oA Ve gty o -
»
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appears‘to be offcomposite lithology'containlng tuff and'conf

) ,‘(‘ o

" glomerate debris.
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E mlned from observatlons of a line of stakes parallel to. moralnes'

Ky and Sll. Stake movement was,determlned by repeated measure-

.*—j—-ment~to bedrock outcrop wlth the aim of assesslng the relatlon-

shlp between the. nature of . glacier flow and medial moralne mor-“
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phology. '
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. , Extensive deposltlon of debrls from medlal moraines ssﬂ-ﬂ_’ ' ""h,
N ;onlila fecent phenomenon of the margnnal area;.\The roleﬁlng- "T';?g' s
“termlnal deposltlon played by medlal’morannes has |ncreased as +i“ f;:;~l
..the glacler thins and exposes‘greater quantatles of moraine - - i }'
debrls.v Increased exposure of supraglaclal debrls as a result.;i'ﬁ. N 3
- 'Eiof glacier recesslon has also been noted by Sallsbury (189h) | ﬂpfj ;::
J_illjamh Gstrem (1965) ) ‘N.:..::'Tj R :v'::: : ;’ii f"(ﬁilﬂ - f"A ?‘
“ 3 .‘83 out&)lre of Fle‘l‘d Proced.ure "5_|.“,.~' B ‘
N The relatlonship between“moralne morphology and the nature . i:
‘of englaclal debrls supply was examined by <] arlng_sugerlncumbent .-“‘I -
B debrls from areas. of the moraines so that jﬁgfacial debrls could - :1_??
‘ be observed~ Horalnes of especual lnterest were mapped by plane , ..; i'
t"table, and long and cross, proflles were constructed by altlmetny ; :.l
“iand pacing._:- 47' "//f'dﬁ f: [' "Al 'l";' l‘f ';~ ;. f;<lf
Collectlon oﬁzsupraglaclal;and'newly.revealed“englaclal';' : l,
debrls was’ madelfor partlcle suze-analysls‘: Sedlmentologlcal ‘: &:
‘vanalyses are reported in Chapter é |n conjunctlon with North Arm, o .
.and central medlal moraine debrls and that from other eleme&?s of; -
ﬂ-{ﬁé glacler.debrls SYStem..j'. S d‘ - ‘. ’ ' ‘
. j'. Longltudinal straln rate, veloclty and ablatlon were deter-' .
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3 Bh Hedial Horaine Morphology

Moraine SI developed at the contact of ice'streams C. aﬁ&]b,\

1]

2§" :attains marked supragiaciai expression befween the.conf\cence f.'wff f.‘g‘
:g : ;and'termihai ice falls (Flg 13) : Horalne debris can be\t}aced e "3‘

- . back up through the confiuence ice faiis and is- present‘oh'serac." o g'

?N{ ' a"'}. Ethrfaces. The quantity of supraglaciai debris.rs_very‘loﬂ and, o Aéh
Aff'r:; ..I' . :as -a resuit, the amount‘of debrls preclpitated ihto cohfid%dee: flﬁ” ' ?3

' 'lce.faii crevasseg’is insignlficant and there is no widening 5-P 2: boal
,g_‘lfl{ ' ~L'of:the moraine outcrop below'the |ceﬂfal's The margins.ot
~h:moraine’Sl above the terminal ice falis arelweii‘ eflned : The
3 '“marked iongitudinal follation‘present on South Arm ice contrlbutes R

:,{ “;to the definition of mmmine margins' e'hancement of ice meit'

45 . over the debris septum adds further*deflnltion. Meit wateri'(',f 7""ﬂ;;
;§ 'f-streams below the'terminal ice fai ' ‘raily confinediby .:'; hffd‘;

7

ice. debffs movement by supragiaciai

%‘upstanding whlte foiiati ]

D,
-

: k)
T T
?®

-

streams s iimited to ce_tain fgilation bands which as a resuit

resemble iinear debris snﬂps or pseudo medial moraines (Flg i7)

3

A distinct moraine monhology is terminated by passage through

:‘the termlnal’ice falls (Fsg iB) ‘-;_ °5.; 'f- S 'i%f
The moraine. in passing through the terminai ice faiis, oL

E . loses much supragiacnac febris into crevasses' ablatuon down-

el T o
e 3T e

o S glacier of closed crevasse remnants produces tnansverSe debrls

ne

' rldges possessing a firn lce core (Fig. 19) which attain_ iangths

of 10~m and are, |n/some-casesr .5 m wide.‘ However, the trans-‘ ;j_‘ﬁ;k
. ‘l- H

verse ridges are destroyed by the steep siopes of the termlnal

TN e

zone and rhe activity of supraglaclai meltwater streams.. Har-;.’ o
. . [ . .
o glnai siope5, draining southeast away from the moraine accoult for o

o o

LN . . . . L . . . . . .
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f . v ) !
M { f : »
fthe |ncreaslng wldth of the moralne‘l‘.the‘terminal area“_ahd .
. : 'there |s no further development oftlce cored topography. SRR
v . fﬂ..‘, -.-. ~‘4,.~ .,T R . o
S R g S ' b \ T
A L N Moralne SII attalns supraglacual expresslon oﬁ/// " the
SR p." |mmedlate termlnal area of South Arm‘. lt emerges through ebrls
oL ’ i ‘

P 24

. .",_l.ﬂiderived from moraine Sl as a well def\ned ice- cored rldge a d o

;

.survlves downglacler for 40 m. prlor tb destructron by crev sses -

17)

’f'J“'vi ﬁassocaated with the steep slope of the ch front (Flgs. 16

I

R gL

"%fl ‘:“t' Tf};Rldge helght/avegaged l 5 m toward the\close of,the melt season.'

TR st

I
The debris ls.of the same type as moraln SI and the two moraines
l X

fh@]":'x'_-,< are clear Y related to the same debrls se tum. The”development aj.“'f

v
t =

\\\
\\\

' of a med

j
L . |
l moraine rldge below the ice falls lsva‘olear lndlca- 'w~'q,iﬁ
. N .o SN .
!

L ? :Jtcon of continusng englaclal debrls supply reflected ln the

z;i SRR ldevelﬂpment of an’ |ce core by moralne srl. _\:- - f B R A
Lj{:f' ? fv :””n”‘!l /g iy Tm*.f‘,' S Lo S A ""' e f’ .",?ﬂ”w fi'; ";;-

';%.w-?ﬁﬁflf~ﬁhﬁa. ‘Moraline '$1ll% To the north and adjacent to moralne SII | ;c;£5¢4:
'é“i- T 'haJlongitudinal'trough (l0\m. wide) lncreases ln‘depth downh"A - .

?%jl- “:ﬁlacler to-a maxlmum of 3 m:-at the pornt where it is destroyed ©

u%? . ;I ; crevasses. Along the medlan line of the trough a small debrls-,.a

f%i : '3:poor septum outcrops (moratne Slll) Thls can be traced ‘in the -?3,ft';
IE ice dlrectlon, to the foot of the termlnal‘lce falls. Sep-:

. tum wndth does not exceed 0. 3 m. and as a result the moraune |s

-fpoorly developed The quantlty of supraglaclal debrlsals ln-jf

)
\

‘ mfsufflclent for development of ‘an. lce core, ‘on- the c:ontrary,be-"'-‘~

"

cause of low debrls depths the rate of ce melttls accelerated..' o iﬂ

B e L acinc] ol - =
LR O .

(Y

47“ “‘;'““pﬂ?j: . Horalne SIV Above the termlnal ice fall[ moralne SIV is

ot

L ° represented by lndlvldual boulders (up to. hO cm-zln dlameter) ";:
S T ' \ B
’;i:”w.— o rather than by atdlstlnct debrls septum (Flg. ) |t achlevesf
o - o . .0 1
# 'jmarked supraglacial expresslon on the down ice flank of an . lce .
21 S
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f,vil a Afhummockrat'the base of the termlnal |ce fails (Figs.‘HFT<id” 21)%. ;;é
ijéiglk &f;c:The helght of the ice hummock above the surrounding ;ce.surface ;ff; '%
L;ir , "“is.B-m.; The height of the moralnelrldge inoreases‘to a’ max|mum‘ | ;
&;j;. :Flpﬁft; of.Z 5 m,,‘BO: ' downglacier from the ponnt or orlpin;_the < {i
i%\i ‘ ;:‘ “1¥|dge collapses downglacier (Flg. 20) as a result of meitwater"w': '%
t;:?}' .'streams tlowing across the moraine.c The range of clast size 'hgééi ;E
ﬂftg‘ ﬂ exhiblted by moraine SlV is the greatest present on medlal | i:ﬁi é
T<T§ h moraines on Berendon Glac:er.; The Iargest block approached 8 m.?fjf t?
S PR ‘ - " 3
J?f%f” ' *m volume.;fi; ffg_ﬁff ok "T'S"E"‘;:ijf' };'t:gl ?t~; f L
';i ‘ ; '.‘f3 9. The Nature of Englaclal Debris Supply s ;{ .ﬁ
Eiféj * Afﬁ\?iféllﬂ Field Procedure :fhi.;ih;;iﬁ“q: ,?l:
‘ﬁ FEE RN \‘Areas were selected along South Arm medial moraines tol . §.f®
i; "v‘lxmfnlascertain the naturelot\englaclal debris supply antho oollect:ﬁ:l,d g’g:
”;g- ‘ 'samples of newly revealed debrls for. sedrmentologic analysls "‘h }%t
£ kfwﬁiFlg 22) Areas along the medial moraine centre lines were : | .g:

-

%
L nt e

S

BTSN PSS Moraine Sl

»\‘l

periodically, determ;natlon of ablation rates was made by

' "..J'-".;_x e “ uﬁr k___ -‘ BRE
reference to stakes.; ' '[Q%““ '

.g K . . " v, .
o) '»"'T ""f.f' S e R R T R IS
B P 3;92*:tResults and Entergretation’ﬂlfl, o

.

-*5{} cated in the immediate termlnal zone bv splaying crevasses.

y. S
An frea of the.moraine adjacent to stake 8 of the 2

A

e L y ' : . A ATV
liyz‘:rti‘ centrai stake line was cleared debriL depth was 3 cm. At the S
A v . t .
IR end of one month no furthe{ debris)had ablated out.m A debrls
B SR e . la : . , . LR
o ::urgg“1~sample of supraglacial debrls was collected at stake lQU(Sample;j;ET:.:
4{: ] Moraine SII.: The prominent debris rldge of moraine Sll ls trun- v
Al ﬂross

{ cleared of all supraglacual debrls.-_Iheseasites were inspected {Ek' ;1;3




o e R S e T LR T e e L
“, -* R . 2 t. . A : e ' T : .‘1"' ‘”’,: B B
SRV Ve ‘.\..-t.t;-,ﬁa-e»,-,,lf.,‘u,n, ,:.“’_; ").. . v , :‘_.h_,f‘vm..?.“;f_-_%”;. - - s S R . e e
i ; ; , x ’ : 56..
1 % " . R “ L - . - ’ . N Lt "‘_i ! r . :.
R sections of englacial debris present below the moraine surface Lo

B T P A U

'f;fare afforded and Indncate contlnued englaciai debris supply to f;tx

P
....... . '

.ﬂ;fgg””bthe moralne.h Th\s aGCOrds wlth observations from that area of “:f"ﬂuhg;

KRS . oo, AP

- Y

o
s he . . - . “ L.

‘.‘iftt: moraine (Fig 22) cleared of supraglaclal debrls..ﬁu'mlé"'?ﬁ

o “Jdnﬁ}Moraine Slil whllst a- cleared hrea adjacent to the termlnal fcei

LT
i) O u Lt

?front (Fig. 22) demonstrated a continuing englacial debrls supply,

"ionly o smalP quantlty of debriq was reVealed The moraine is an‘f-~53-ulgi;
e ’ ‘ LU A

oL ‘Tz.ﬂg.,lnslgnificant component of the total medial moraine debris load .fﬁf-‘v N
T x of the glacier. A debris sample of existing supraglaclal debris L
;L load (Sample‘DIS) was " taken. ,’f : § L
2 - I

ffHoralne SIV Two areas were cleared of,all supraglaclal debrTs_on»»ﬂ
S TS T \ “ CARIINY 3 i .
. this{moralne (l) where moraine morph logY’ls well developed and

N -

“~ﬂ;f‘ moralne ln response to transverse surface slope.‘ A sampJe (Sh)
PO l~_ o . ( _' ) . S S . \ ,. ,‘1
o was taken from newly revealed englaclal debrls.g,f_*fg ‘ﬁ R
. Vo -‘-"" . ‘4>" : L -.: ’.: ) . .',~‘,“., ‘ ST . : '.w:T»\.“ :
- Co f3;93”'biscusSiohc’ The Nature of the Debris Throughgut oo
4 K A continuing englacial debrls supply |s associated wlth an»E: -

i A

.‘.

15 o el %lce cored ridged morphology in the terminal zone (moralnes Sil D
foy h-)"‘.' . SRR o ';i:‘4m1;9°
Foboo o and SJV) Nhilst moraine SIII marked by a continuing en-f‘;“‘, L

?n glaclal debrls supply the quantlty of englaclal debr ls K
?}“”];.;f;ﬁ,{sufficignt for an ice core to develop.,}?"i?}jfdlg;“'i? ' ;

L {'fﬁ. In contrast moraines developed on the glacier surface
above the terminal ice falls do not possess an Ice core l*i:fghltl.“

: St
l‘ -

N




N

e T o TG LT R R

Vi eqema T AT

r;. '\ , -.:-\.. ? ¢~\ : S ':-y
\‘ " K - f I,
. g . ! ,
) - . N ’ L 3"

‘s NN . . ° N

T R

A S ‘,'H(Fig. ZQ)
ri" - . + A . l

oot
Al

PR AT

2Tand

PR,
YN B N R
" PR -

i3

lce falls is.minlmal

near basal load.f

3

shallowly entrained

lnputs from Type

debris

25, curVe B)

T

“,3 94

)

Three objectives were

llh

Englacnal debrls supply to the moralne would not
appear to be constdnt and attalns higher rates ln the termlnal
‘i zone where the bulk of moraine debrls emerges.T

of constant englaclai debris distrlbutlon moraine width

systematltally downgiacler (Salisbury 1894)

seen that debris suppiy to the moraines upglacler of the terminal

slopes

Glaciological Determinatlons:.

g%nsldered‘h U

of varratlon ln ice Velocity close to the terpinus,-

'lc influence of the character of ice‘flow on South Arm

LR ey e
.

P
N

)=measurement

' A A;.J...“

Under condltlons

.
‘

lncreases

',‘ ~‘.

The majorlty of moraine debrls would ap-

[ <~.','._

pear to be evacuated from the upper basins as deeply entralned

Debrls revealed upglacler is clearly more

is of low quant[ty and probably related fo

in"the flrn basln..

The suggested

RIS

)y

'he measurement

(2) deter-

D
|.\

of «blation.
SRS 1 .

TR
BN
. v

4t

Debrls quantltles;iz'j
"...1nl along tﬁe moralne have been estimated (Flg.ZZS) and lt can be

(Iongitudhnal strain-rate in %he reglon of promlnent fﬁ
. Lol KU







o
Lo -
. 1?;& HLgh'compresslonal strain rates predomln' EI!§< e i{
A Eermlnal z ne '’ of Soutn Arm (Fig.428) lce °f the;lmmedlate
‘,.T:fiterm!nal a ea ls experienclng downglacler movement of 28 25 myr.l TN B

(Rig g); s a rlgld body however and Is experlencing no longl-‘f”ri

N .
X PR T .4

:.'?w-. : g Dol
Sl tudlnal st aln.. lt 15 under this sectlon that the Granduc out—xj;“iﬂ

- \.; “« ,

‘5‘,ﬂ§f’1- fall passes and ;he resultlng accelerated basal melt makes_itﬁf

: unllke1y 4hat thie>lce Is-}n contact wlth'the.b &.. Poslglve; ex-7 . {
v tenslogal-stra;ne over thatlarea between s'akhs 5 and 6 . ““t:' y.;
: : (Fig 28) ar “ l ok
; '5fj#{_ moraIne o:' g . .
ﬂ{;iﬁhzjjjﬁkégeéghsgway,be-more qhhatjc‘fhanTsurroundlng lce.ﬁ.Thus vefocity,.
- %' . It re: Ihe(lce‘fall base lnerea'es: . 4
3{ii “; \V,“terminush:ﬂ;: |
ﬁ . : } ln'ehe f
AR

4% .

Horeover,Alce near a receding t rmlnus,cannot be In assteady

17 Ry Feody o RN
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. b0, THE ABLATION DOHINANT MODEL; ABOVE FIRN LINE SUBTYPE. © - . 7 I
A ‘NORTH ARM MEDIAL MOBAINES S oo R J
i : . : .‘ B h k R "._.\\ ._.‘ ‘ ) .. . o o ':, ) . ) ' . . _ ... ° - "\. - ' " ) i
- f R :f The follow1ng analysls of medial moralnes“daveloped onJ . b
' xNorth Arm follows\the scheme establlshed for South Arm (Ch 3. 0)
~~‘3 BN ’
e ,\.4 . . ¢ ’ . Lo R
I Part A medlal mora sirare relatedgto debr|3 derlvatjon sites - A’
' ‘\_ a .o . .n. . 5 .“' B ' . kY . » ..: . .-'. .
— '.'_abowe-the frrn*llne. Upp er North Armvbasin:is defined and com- . .
. o ..a ) _: . " : \. " i Lo ‘_. . . . N . "[_' . g
. ,;Tpohbnt ice flow unlts evacuatung bedrock deb is identifled. The: o
_ ‘ R bedrock geology of the basun and the nature of ice flow Is‘ e B o ‘
{ : d|scussed debrr% sample sites from derivatiqn sntes anﬂ medial 9/
. ’ n-_' o goralnes are~descr|bed.- Uebris derlvation s:tes in the’ upper .. ,’ . : P
® . . L . g B ' ¢ . ~ . ' ‘
firn basln are interpreted accordlng to criterua used for Upper ) el
u.\A. aSouth Arm bastn. - e 5 h‘ B .5A . '.3.'iv Sl . }
o f“‘i,-i i'. In Part B medial mora:nes exhiblted on North Arm downglqcier ) o
. e of the comfluence zone ‘are’ descrlbed the morphoiogy of Qne o . ,r“j,
‘, ‘.\' “‘- . .a . ay _J . ‘ K
. ,'mora[nerisﬂconsidered in detail The pattern tof englacial debrls .
. . . . P . ‘ . R
a- e [ . s
r ‘ supply to the.morajneuisfﬁxamlned and debrls sample sltes des-
:E..“B T L l: e A O ‘ "
& RREEE i,.cribed. ,' B .' ~;"':._ SRR . < e T o
?i S IRPEE In Part c fina1 d!scussion lsepreaente&. The~sédfmentology
; iof North‘Aﬁm medlal moraines will not’ be dlscussed in  this. chapterv;
e fibut wnll be consldered Tn conjunction wlth moralnes from South A', o
P 9 J‘_,\ e s
.ﬁi - Arm hasin and other elements of the glacler debris system ln ° ‘g'-
’4’ :' D ':." ' . o . ' : e n, ‘ W [y - ..1 . ¢ e : ' - : .
;.‘ . :v_ * “chapter 6 . ) "" 2 ..’ - " * ‘.' - N . ' :14‘ . ‘ SR
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! “ T ."' a1 - \‘:': o - l.‘_‘-‘~‘f'~"“"_i.‘: L) ‘« :" ..
] :‘. : . . " ‘i_l. ) ¢ '. K : ", : L "62-
; ' ?arﬁ.A:‘ Upper North Arm Basln '{ﬂﬂj'ﬂ‘ "
b - SRR __p_f!p, s Lol
'§ T ,Basln Horphology R _yhf:‘ F g
-3 B . / P AR .' :: " e e N
‘f . Upper uorth Arm Basin.ls def:ned as that area above the,j
ﬁ " qonfluence zone (F!gs. 9,, 0)- The upper basln occuples lh SQ,Q;
{ 4 C . L
meo. e '9“"W:kmz or hk% of the total glacierlzed area of Berendon drainage o
".G L w : sy % . . (AN
T basln._ The component lce-streams flowlng from. the upper ba5|n O
N Y i-«Of North Arm are portrayed in Tabrezl,“ North'Arm is. 700 m wide x
"\' ' '.~ bE : . I .
- o] at the cpnfluence WIth South Arm ice. .A 250 w ‘a.s. l: (snow

® v

"? — A {". glacier ‘basin width at Snafu survey statlon increases to: 7 km ,d

(FtS lO),.’In this area of the basln,lce streams converge <
QO ' beLow a promlnent subaerlal baﬁkwall lheslce shed of North

:f% v'kf: | Arm and. Frank Mackie Glacler to the west is alngned north south
hES  the highest polnt of the divide belng 2,30p m. - - R
,éﬂ f};{‘ ;_ x.‘ Morpholog|cal dnvlsions withln the accumulatlon gone‘of I:;
'g, '@};p . North Arm are clear. Sub parallel to the 1, 600 ma.s. ll'contou; &
g ' ,?; a bedrock,rlm (Bow5er assemblage) breaks through snow and icew | j
% -; Qy~?.cover aS‘a-north-sbuth backwall S km long, 75 km east of

e T . o

z - Snafu Survey station. Upper lce cover to the west of the

ﬁ/

. . w

L L L Rl Y
o LT

W 'Hhere

¥ '

’i N backwall passage of .
7 S o

P S .of Ice steps.:

i, l 350 n a S l (Flg.

Ice cover ls more complete;

A further serles of

ridge separating North

‘nllne posltlon,'late August 1975) wsdth of North Arm is. l 50% m;

A LA

backwalJ moves out of the‘basln by avalanchlng over the‘backwall

to the north and south of the

.

|ce over thexhedrock rim generates a. serles

ice steps characterizea the

most southerly lce streamrcomponents of North Arm (a h, c,d) at

ll)

£

and South Arm baslns 7nd may be related

determined by northwesférly extenslon oF bedrock from the medlan‘

Ice steps ln thls ‘area appear to- be I
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"lanches derlved-from upper lce cover ‘sweep over the backwall ) | ;

elevatlonjto the south, constltuteS'an_lmportant debris souﬁce area,

.for-medial moraines.’

outcrop bexween ice streams’ c. d, ey f{ morafnes-NlI Ill, and IV'- {

*“developed Acceleration of ice melt raxes has taken place along
‘these med-lal moralnes ‘and . thelr assoclated dlffuse septa ex-.

.tenslons. Longltudlnal snowbanks whlch over some areas survive R

to slmllar forms on the lateral marglns of South Arm to the east,
l . ' ]
snnce westerly dlpplng bedrock structures are observed to traverse
, ) AN . L NG :

the rldge.-'_: . A e STy

P4
- . ’ . f ..

*ﬁﬁv The prominent backuall near its'southern termlnation, is .

obscured by lce (ime stream c)‘ﬁ'gcend:ng from HatheW's cquue

¥

as a truelce‘fa!l. To the north and south snow - and loe ava-'

~\ N . . 1

T . . ‘_l"l_~
depositlng dlrty avalanche fans |n~the lower:flrn~basun;~.The .o
& . ' S N .
backwall together wlth scattered bedrock outcrops at the same I{f

ar

3u B Medl | Horalhes" R ﬂ S

B low the 'SRQW llne three clearly deflned meddal moralnes

. [

respectlvely (ans. I, H&) Debrls quantlties on.the moralnes

are small \moralne width %verages h m and no ‘lce core has

°

¢ . . ‘

~ -

v .
v, b
- t

the entlre melt season occupy’ areas of lower rellef generated o

A

durlng the prevlou‘s mel@eason.

oo o |

b2 -Bedrock Geology f B o L

Cee : . - o .

1

Bedrock exposures are Iess clearly revealed than in South- .

Arm basln—and accesslble subaerlal exposures are, few.l The:cen- B

' - ' .
-~ i

tral medlan rldge ls known to be of argllllte/slltstones of the, .

Bowser assemblage and steeply dlpplng ‘beds (70 west) observed on

RS . ‘.i.~

l
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' typify north faclng slopes of‘upper‘North Arm_basin, Close

'slltstones.predomlnate.; -

snltstones is not known on the basis of Granduc s tunnel

6l

- . -

the south slde of the rldge are perslstent to. the north and

Inspectton of North Arm baekwall Is not’poss'bie; bedrock of

thls area is. ndentlfied as Bowser strata on the basls of rock

~samples from avalanche fans These observataons have been sup-

plemented by oonslderatlon of»debrls outcrbpping along medlal

monalnes In the termlnal _zone of North Arm ice; arg[]lites and‘,.‘

A}
A

“The locatlon of an ande51te body dntruding argllllte/

n
’

geology map, andesite»may occur |n the far-western llmits of

North Arm basin (Fig. 12)." T

h.13 lce Structures

N — ' . R Y

; “lce structures deueloped,on North Arm'” Ice above the

s
'

‘»confluence zone can be divnded |nto (a) persistent and (b) non-

.persistent-types.f (a) Perslstent structures’, a pronounced longi-'

“ s

. \ .
'tudinal follatlon are generated from prlmary stratlgraphic

layers formlnn in the upper flrn basnn and aresimllar tQ that'

described from upper South Arm basvn (pvh3 ). Sedimentary

)
layerlng Is rendered arcuate downglacier by dlfferentlal trans-

verse ice.velgcitiesrand.arc apices hecome increasingly attenuated

downgracler. Ultlmately longltudlnal fo)iatlon is generated;
Boudlnageajs a feature of ‘arc PimPs. (b) Non persistent struc-

tures are Imparted to southern lce stream componerts by major .o i

t.
>, '

Ice steps above the snow llne. Snow fllled crevasse remnants

-

are rendered arcuate downglacler. Impartlng ‘a second arcuaté

L4

o LTV _-. - ,.‘,.w,,‘,;‘;‘w‘.i‘—-—"
R B - . T

bandlng to near surface ice. whlch confllcts with- that generated T

Voo
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EJ e bv'deformation'of'orig[na]'eed[mentary”Iayerjng.::Noh-pereietent.‘ .
| .:arcuate band{ng-la Eradicated bi:ablationedowng}acfer.’f,- . ,
, : . ‘ _ . : . ¥
’ L _ff?:.‘, 4,2 Debrfs Génenatlon.Sfteéiinpdpper North Arm S \‘ ?f
g. :.1 ; T.', ;ﬂkiﬁl. Introduct{on;'. "_ii S : : - : if,:;f:”z '“‘5:
e .;:.;:] . Sites of prlmary debrls generation are few and well der }: é;;'~'\xi‘
33 fnned secondary erosion‘of debrls on extraglaclal slopes below ' "§‘
. ;
' “the regnonal snow Ilne dOminates current subaerlal geomorphic P
,5,..-' h . ”.‘ activity The character of debris removal from‘Nortthrm'i;."j aj " &
4" )mi;.f :»"less diverse than that from South Arm. 'ln North Arm'sitea‘of' -
53 ;i,[ft a "isubaerlal primary debrls generat:on are located on backwall‘
‘; bedrock areas and can be consldered with!n the classiflcatlon
; 'evolved for analys!s of‘;outh Arm extragla:TaT\s]opes,'as Type:i__.
, g Slopes (p. b ). | k ' > -
g Co . ';; h Slopes of Types ) and lli occur over the remalnder of\\\\\
- : :'North Arm basin. These slopes do not contrlbute debrgs w o T
= medial moraines formed above the flrn- line,'and are consequently S |
x” R " not dlscussed tn detail below. ‘Slopes of Types i and ' '- {f
.;\~.»' ) :Hcharacters contribute debrls lmto the ‘moraine. formed by the - _':_ ?
h confluence of North and South Arms; . '.;. ' . f'T‘f
;.‘ 4 ln the upper basin an extenslve snow ramp forms a toe - h:tf
% slope to the backwall _ The hetght of the ramp averages 80 m "g
g ' 'iand the upper ramp surface parallels the I 500 m: a s 1. contour.',‘
;: 'QE' f: .t.”:A promlnent bergschrund may be]identlfled from aerlal photo-j:':
g, | : graphs but field identificatlon proved more dlfflcult. xUpper t‘%i" L
/I . ice cover above the backwall wh!ch “may reach 200 m In height--i'xi X !
{‘- N possesses a cllffed proflle; only over: a limlted area is a\ . }l’,;;;
. . . - .o ,&"V.
\ -’ “ o
‘ PRI S
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o ' gently sloplng termlnal proflle apparent.l-- A basal debris z

layer is exhlblted by all upper ice cover Frrespective<of'

‘e

'.termlnal prorlle These layers are dlscontlnuous and aré found

”':at varlous levels abpve the bedrock—uce contact .Debris is

- -
- Mn., 3y halis g wm, kI T Seamy, va e, b
- - - e .

4unlakely to‘have been |ncorporated by pressurefmelt; englacial

¢

o ""shearlng and upward dnspersal of debrls from the bed is sug-

;gested " The debrls is released by avalanchlng and contrlbuted

o O A iy o R by paie
A P et o ot £ i A B

’to the snow ramp at the foot of the backwall where the debrls 1"'l=

'H':”". 3 then %ndergoes compaction with seasonal Snow cover 'The hlghest

e i

”rates of avalanche actlvlty appear to obtain at the northern ﬂ

.1 and southern-extremlties~of the backwall. The dlstrnbution of

areas possesslng hlgh avalanche actlvnty is reflect d In the out=- -

. -j',crOp of medlal moralnes whuch attaln marked supragl fal ex-

“a n

:presslon_as debrls septa, lmmedlately below;the firn line.
© - 4.22 'Fleld Procedure .- Debris Sample Sites

-

Sampde"SIte.l (Fig..14). Dirty snow and lce”avalanche tracks
, . . @
close to the nortﬁérn extremnty of the backwall were examlned

et b o

and a sample taken of newly released: debrls (Sample Nl) .Thei S

. “_,.;ﬂn-ri'/a';,‘?’ﬁ;‘q"?qw‘; e EL e

'l. oo \sample site lay at apn elevatlon oﬁ:l 390 m oa.s.l.. Desplte "

e subaerlal release from the backwall debrls was clearly released

*

T N from the basal layers of upper snow and lice. cuver. -In response

to dlspersed surface .debris: acceleration of snow melt rates

‘ihad taken place resultnng\ln a depresslon of the track surface

, |

L .
T : S
' l . . . . ° N . « 1 L . "
S | — — : , §

SR ;

Yo T D et e e -

3 ‘. . + 5
! . : o A - S AT o
S o "-': lComparlson of Bmuwary Survey Commlssion ‘photography), exposed by ,'- .
S ) ‘White Fraser,; ¥n 1905 with present fleld observation lndlcates-_ P
gy o .51ight retession of the’ upper lce’ cover .and areal expanslon of S
& - . extraglaclal bedrock outcrops. _ , o A ST
2 “ ‘“\ : ..' ) ‘i, ] '.0
' ! e LT R
R R e 2 i o
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A

_l

i

: L
‘upper North Arm basin' (a) at the head of ‘the moraine, a

. Part,.B: 'North-Arm Terminus T . .

;Lake Flats as a 1 ow gently sioplng ice surface’ with no weil- e

67

/" K g
. ) : . ‘ R S
- compared with surroundinggciean-snow.‘fice blocks imbedded -in .
the snow ‘surface by impactlbn and  ablation hollows added v
further stirface varlety
‘Sample Site 2. (Hedial~Moraine'NiV)._ Bedrock debris released ’
from Sampie Site I is evaduatéd'from'the basin as'mediai moraine‘_ i

NIV Two sample points were selected along -the. moralne in
":i’

”_that point where supraglaclal outcrop is distinct (Sample N 3) -

i

and.(b) ) km downgiatier (Sample N. h)

. o 'l ' f
. e fl . » N o " O
P . . . ) . Co e, .
L , ~ l " - . Lo . v
. il . N v N
[N . -

¢ 2

North Arm |ce enters the squth western limlts of Tide

—

‘ defined'ice frOnt (Fig. 3la). Increased morphological definition

-
- i

|s apparent close to the medlal moraine at the contitt of North

'and Soqth Arm’ ice since a. dlstlnct ice fr&nt it this area“has

w

" been generated by therrelease 6f Granduc militwater intd the ?‘j'

glacler system, the area is marked by ice ciiffs (Appendlx ll)

An |ce-cored ramp‘with a fiat upper surface slopes gently

'northeastward and seems to extend glacier ice over the %orthern,x

area of. the termlnus".SuperinCUmbent~debris is‘a medium sand
l . '

dernved from Granduc E particulate outfall in waste mill water; .

.Y

. actIVe kettle hoieformation is in progress (Fag. 316) & L.

"l '.

The terminal area—is marked by prominent shear plane out-‘
{ * [ '

i crops (Flg 3]c) which in the immediate termlnal ,area are

associated WIth the transfer of ba§ﬁﬁ debrls to . the glacier sur-

faceﬁ-‘Subgla/lal debris,is‘aﬁded tp medial morainegsedlments £:7f
. 4 . 3 .(‘_ l.r . D N Lo . - C, . . .

i S
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.‘ . :' . -. . . I, o . ’ .
o - (Appendix 11). . .‘.g'~ 1
"U‘:' . ER The'lmmedlate.térmlnal area experlences changlng flow 'i
.é'lug’ ' f-vf dlrectlon from: that maintained upglacler and the outcrop of‘
=;' - o medlal morannes undergoes a 15° change in orlentatlon as theJ i_'.
.l . : . . * e REEE .. N .. .o ?
: ' termlnus is approached (Flg. 3la)_ .lncreaSJng northward flow . I
S may represent divergent, Fflow around a subglac1al westerly ex-, e ;‘
| C oL e . ;
tenslon of the gr;néG|or|te rock barrler near Klng survey ’3
. ) , 2 : o T ;
';f IR = '5tation, ‘Thls dnvergent flow may{nncrease in the future-asf R, '
. v et ‘ . : . 1 N o . o l 4' . . . ,
: terminal ice thins. » . . = | . . o
’.‘ ' N ' ' ';" . ! ‘ " <. ") 3 : o ! -' ’ . ' I '_ t e
« ’ .. . .,_-‘ P ‘.' . | Ut -
'-ﬁ B R ) Hedlal Moraines of’Termﬂnal‘North.Armv- \ . I
R T I : ‘ R : . - L
:‘. B ' ' :. . “'A . '.- " . 'g.
Upglacler of Hotherball Survey Station, North Arm ice is '.
- - composed of few dlstlnct flow unlts (a=b=c, d, @ and'f¥§3h; ."&'fﬁif'ia
ﬁ’Flg. 11). In the downlce direction lceWstreams a-b€c and d & %
e o broaden and can be subdlvlded lnto component lce streams ny oo
. SR . 'emerglng medlal4mbra|nes. sDebrls septa upglacler are well

. ' developed compared wlth those on South Arm,_and are a feature )

g QAT
a3

g

]
Py

. . l : -' " .‘
e o T of - the lce surface\over the wholI ablatlon area malntalnlng (:: e

constant width‘oven\several'km. f the'glacler surface. . The

Alaky T~
: .

A Ay

BT 'Y

[ .
{v‘ . . . -
R ‘ northernmost septa >ormed at. the marglns of lce Streams d= e, L L
N . . "0 '. B . .,_;
¢ .. .e-f (mora:nes Nlll and\\V) exhlb t ancreaslng supraglaclal o
f"'.: VS . * . e . :
] o debrrs load below Motherball as parent lce-streams thln,out.
C e * ° " ' L] n . ¢ . . " ..
‘ ' . . The northwestern margvn oﬁ\sorth Arm lce conseqqently carrles o
oo i',t- ,% large marglnal debrls load whlch ls extenslyely lce—cored ";' R
\E.“ ", L . ', -‘1‘ ..'
T S -;Horaine NI ablates out in the lmnediate termlnal zone, whllst 3
‘ J .moraine'Wll can. be traced as a dlbrissqnum upglacler._ The Y“ "5'f3
[ 4 . v - . !
et s . 7 i ¢ oo R o _.
AN : &frminal area ls llttle crevasse:\by comparlson wlth Sodth ;
; Arm and'slmple lce-cored rldges ha&e developed though rldge - ﬁ
A . o . ) =T o : . P AR .' : ' R .';‘
oo S Coo : : N S . A ]
' o ‘ Yt T




height- nowhefe exceeds 1.5 m.

- 4,31 .‘Fleld_ Proc,edure’ o

Moral,ne Ni was. selected for lntenslve ~field study cIn -

. kN i
'contrast to < ther\morannes on North Arm termlnus it -is well;- , 'Q i

defined : the moraine exhlblts full development of mprphologlcal

K]

.o N . .
BN dn i i e WP s Ay

e R P L
. N 1 -

W -

CS "*‘: characterlstlcs associated wuth medlal moralnes of much greater

'-.len'gth;- Changing moralne wldth was’ recorded (Flg 20) and re-"

a

m -cords of' ablation Were kept for two perlods over. the entlre
é,ength of"the moralne (Flg 30) by reference to a stake line ,' SR

(Flg 27) from the moralne head (Stake l) to the terminus R &

W (Stake 9) Debris and bedrock samples were collected from the'

.- . . S

oot v
v, ‘e .,

IR Lo determlne the nature of« qulactal debris supply; to the moraine. .

IR

!

|

{
R " moralne and areas were cleared .of all supraglaclal debrls to ©, - i'f.

{

i

i

Samples werE“'c‘ﬂlected of newly reveal‘ed englaclal debr—ls. \ I
LA ) . oo . T, . ) L # ) l; L L . e ‘ }l.
' 4 '4'.3~2, ',Hora,i'n,e_ Horphologv (Hbralln,e_*.'Nl) ' ' o

° . ot 1 . . . . ot ' Lol
, : .. . B . . . S

The- length of the moralne is l650 m arid whllst .a debris

- —— 0y Te
LT e -

|

st

poor septum can be traced upglacler for a further 200 m, debrns

R
¥ . .
A cover only becomes complete’ 80 m downglacler from the head of
i A f
. the moralne. " This downglacler sectlon possesses an lce CQre and :
- is characterlzed By a hlgh concentratlon of dlrt cohes,.vthe .

[ hlghest found on the surface of Berendon Glacler (Flg. «3'2)'. .3':.:..

S T At oy v .
- e AR

\ o - ’ ' o
Coe : Horalne width. lncreases systematlcally downglacler from the ‘ )
A - ._ﬂ‘ ‘ BRI i
% head though lnor crevasses strlke across the moralne bet- SR
e . ) JR . . . e
s ce TS ween stakes ll and 7 (Flg. 20).- Upglacler of that polnt where Y 3
. Ay
. e . -, L " vl . . .
. . . B O i}
= o by moralne debrls cover becomes t:omplete lce melt rates are
T S R - : ey ) . o ;
X N o L - I S A i ) N
Sy e acceler~ated T r_es'pons_t.m to.d-l,ff,use deer,s; cover -and a n‘eg'ati._v_e RS 4
» . L] ) _é' - Co '.' ‘.' 4, . o o ’ - - r-'; : K , v B - ) . . —: oL . ‘ i
Lo ‘ " A A _ .
N . . + * N ) .
3 RN
. et




) . . ‘ , 70 “'?3
) .- ‘ i , AR o L
. ; ‘ - " e _ : (.
ﬂ. ~moraine rellef_rela}lve to surroundlng bare lééujS;EEEELEiQQ IR "fi_
3 Dewnglacler, dlrt-cone formatlon takes place.and'a prlmltivelx"' J%
k} 'seasonal lce—core develops reachlng—a maxlmum helght of . 0. 75 . “.va
'g' _;’45 'm at stake 9. Throughout the length of the moralne the lateral '§
P .
tl "marglns remaln well—deflned as a result of melt streams flownng ‘.g
, " parallel to the moraine outcrop. - ce “'l,
; | l:.f'$;(“ﬁ33 6ebrls Sampling and the Nature of Englacial ﬁebris:j'v — jf
= : SuPplyu,.;_ R S ' L [
'l? N 'Sltestalong the mbrafne wene'seleetedihlth the'obJect of \ ﬁ
. . “investi gatlng (I) the’ nature o% supraglaclal debrls. (2) the~'f7::k?llf
‘presence and nature of englacial debris deliveree“to”a supra- jf:af%%‘i'
."‘ e glaccal position ‘: -?. ':f‘~ ;i;hllrl,.;»yi' ' ]:* 1 1:3‘ ;?if .x“;
| X i (l) The first obJectlve was attalned by sampllng of Iﬁ{.;’;;iTlé
. - |1

‘;{4- ) u“’k["f3debr|s In the vlclnlty of stakes 5 and 9 Samples are con-’-v:-7 i ;l”

Al R e '—4 1"-

: sldered representative of debrus ‘on the moralne at these points

’

(2)‘ At-stakes 1, 5 and lO all supraglacial debris was re-') P

nmvedfrom mlarea of -1. 5 by l S m (Flg. 22) Areas were |nspected

) _ '3perHMIcally thereafter, ﬂ?l sltes revealed englaclal debrls i;;’ ;
_ belng dellvered to the surface by ablatlon, the entlre moralne ' '
- L ‘
. length |s characterlzed by ‘a contlnuing englacial debrus supply.:””
v . -t -
P e '-Freshly revealed englaclal debrls (Sample N7) was samgled from .~
<l stake l (Flg. 33) The hlghest quantltles of englaclal debrls
5 L ' U S
g._ L are assoclated wLTh the area near Stake I Ablation medsure-,' : e
;vﬁ-t”\ﬂf?ff{ . ments at stakes 5, IO taken concu;rently wlth observatfon
LY : o of the cleared debris areas I\ﬂlcate that greater dellvery rates-'..:‘ﬁ,
K o “:.at Stake l are ot the result of. hlgher local ablatlon rates hutfﬁ
i f~.~bn; Q;*f'qffgreater gopcentratlons ofhenglaqlal‘debrls.g_;’ l]7f, '; S '.1{; '
: . . R ¢ - . ‘ k E I. \ [ . « )
\g . . : | o o . ) - | .
& '.“;'I .:“ K d ”.I ‘ . ot ."~' b l‘ _.
3 S L ‘ v L . L
" N [ . L' - ..:,...._:"' "
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) Dlscusslon° c . . '*" SUDER
' ( . . ' .
—— . llfl——Nature and D:strlbutlon of the Debrls Throughput
-~ and Moralne Morphology - e e
T :

The relatlonshlp between medlal moraln&s and prl'nary

debris generatuon sites above the flrn ,.llne is fdeplicted inhFl.gs.'."
SO, 2 and 14! Those medual moraines attaanlng suprag"lac"l-al'.'ex-‘

‘_ presslon lmmedlately below the reglonal snow l:lne can be related

to promlnent subaerlal bedrock exposures (e g. hedl | moralnes :

. 9/ . . . . . .
at the marglns of lce streams ¢ d d-e, e-f' mofaines NII, NII.I,

NIV respectIVely) , Medlal ’moralnes emerglng only in the ter'm'i;'na.l:*

zone;such as mo.raine(-.Nl. Iack subaerl‘alﬂ bedrock orlglns and
L . [, 4 . . " . '

->'mo.ralhe debris- is‘q'l{early:derl'ved at depth in the flrn bas |n.

t

: zone Is associated wlth the development of\an ce-cdr'e and in="

creaslhg .mo.r\alne:wldth. Upglacler mora:ne oreﬁ septa wldth re-'

ma.l-ns-- tonstant (Fl'g. Zh) and. englaclal debrls is’ only_edded to

. the. glacuer surface in small quantltles. lndeed"s‘ma'll supra-

glaclal debris’ quantltles result in acceleratq‘d ice melt rates

-

and a depressed surface morphology often occuﬁle_d ‘by .llnea'r

snow banks untll late in the melt season (e 9. 1964 -ae_rlal

photography, Flg l3b) Debrls.addltlons from an engAlac:Ial s

posntlon to’ the moraines are” not slgnlficant untll a te'rm'inal

" or near -termlna'l posltlon ls reachedl, The sltuatlon deplcted ln

Fig. 25,, curve B, ls _not. supported by evldence from medlal

[ 4

(Curve Y) E - o ) R : '.. e
‘ : Medlal moralne debrls of North Arm ls c?mposed thus of
two populatlonS' that pe_rp‘ov;ed ‘_fr_om the ba‘s_ln sulb_g‘lacla‘ll,y .bje,l.o,g
: » : ‘.. . o _..’; o . -:’ o
PR o |
A ’ {

-The release of deeply entr‘alned" engl'acia‘l debr. s in the term.-lnal;_

',‘moralnes of N(orth-'Arm and on Flg. 25 a revlsed curve’ ls preserited,;' '

[ U
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Léﬁ!gled ln the termlnal zone and that released/subaernally f.}'
‘—_————————~v—'—/ .'"

”"‘Is carrled near the bed

Vo

"’.whiLst engiaciai debrls extends throughout glacier depth in';“j

, . . ’ 0 .
. N . N N r * PR
o . . y . . P . <, B . . , N .
: N A . . . PN . /e,
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from upper unstable ice cover above Type .slopeS'ln the flrnlﬁ.f

basrnu The latter‘component is stili subgiaclally derived §J
however This element need not be universaily present in : , :g
. . : § -
medlal moraine sediments for lf the moralne lacks subaerdai ' '5
dercvatlon areas ln the firn basin (such "as moraine Nl) | A

moqaine debrls is only Jerived at depth and is evacuated as

ioaﬁ. Evidence wlll be discussed

:

deeply entralned englacuai

e i vt ¢ st
| .-

’

in Chapter 6 that indlcates that the bulk of moralne debrls

(l89h) but in agreement with Hess (1907 a, b) and Small and *j,:

Clark (l976), subglaclai debris is added to moraine sedlments '3 T

in the termnnal zone,. The more strlklng development of debrls
septa on North Arm compared with South Arm can be related to the',
e d e, LX

more extensive outcrop of Type i slopes |n the/firn basin. Evi- o
dence from both Arms substantlates the remark of Haumann/(1960) ) o

that the degree of development exhibited by debris septa is an

Index of the actlvity of extraglaclal bedrock slopes Ln the firﬁ o

basin Total debrls quantlties from thisﬁsoyrce wouLd appbar
T

however for desplte cumuiatuve ablation downgiacser.~.t

-
Do

inéreaslng

to be small

From the snow’ line septa wldth remauns constant,
wldﬂxls alSOprOhlblted by laterai containment of moraine dehris

.by longltudinal foliatlon (Flg. 19)., Ihgf\lt would appear thaf“.h
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“7;’ . "i{ - magnctude is‘intréduced Extens&on (positive) stralns 'Ebi'%;f“.?
. ‘.;; s occur |n the directnon paraiiefpwith the central mediai moraine ;;;f:.‘
T T : T e . AQwi : e

';f~“1;‘f “;;Q agreeing with strain rate data from the centrai stake Iine and
PRI accountlng for the deveiopment of tran erse crevaSses on 3'., VuhV

ST : L 1Y
?$3=';..~<';- o & LB

North Arm in the confiuence zone.; Ice emerging from the steep

T Smelatents e Aver e b i 35 =' o

ice ramp aBove the confluence (Flg 3&) |s undergonng severe - i .ﬁhf"ﬁﬁ
““ compressuon which may be associated with the ice hummocks N '3
at the ramp base fpg 93); Thls compresslve strain acts per- inﬂ

'1i?}f pendicular to the contact w:th South Arm ice. lF

”rthe;;evidenee;

-c'

s . N S e LN T e
,the two |ce‘Arms iSLﬁ;éSéﬁteoiﬁm

debrislbetween the'two Arms. This debris |s that formeriy

¥ B L . .. PP v a. -3










that unlfied flow of North a:d‘ |s establlshed S
i e . R .“a—-j
between stakes 2# and 20" f
the northern debrus band whlch demarcate the contact between o
North and South Arms ln the confluence zqge ~are not present
; It e o ) ;‘
downglac;ér of stake 2] one sumple Well marked contact zone U

Férther eVIdence that un:fled f]ow ls established hﬂm e F,J“AJ

P

o, I RS
Py

this area“e mes from the outcrop of crevasses.. Crevasses,

rren s oyt sy v s e

v

e

. Concluslon
St e Y g
Ice structures reVealedeun the

|nne confluence zone
I

-.,n-,~

‘lateral compression between North and South Arms may determlne

.V“.

the outcrbp of the northernudebrls band"of the moralne. The
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[P B \ - . , ' -;',1 . K IO o
AT °, ' e e 0 - ' - e ro Ve . L oo . r~ »
Y 2SR marginal debrls pool consistlng of englacnally Ingested ;‘x RN by
PR . vyl . el Tl ROy
T

e

ﬁﬂ'd .,l'ffi.‘lateral moralne debrus n’ the lnner confluenCe zone is clear

g m ‘ kel . ”‘Z.‘i‘*

v' . o S o

3

(Fig 35), shearing between ‘North and South Arms transports ﬁﬁ' o

. Y

i'-a and elevates debris to the surface. Distinct debrls rudges'f}l

L lares not found immedlately above the termlnal ice falis' all 1}7;”"' :
R englaclal debrls has been expended by . the tlme ice movés f A 5
T PR S I L S

- :i' - e, . £

through this zome ;Q.{ gg A llmlted depth of the sub- o "e” g

E T L P “3;\f,=';';;"p kN
) -marginalpdebris pool.L 'lndlcated N ey e : ,,ff
O A QH‘T- IR RS TE I
Lo ) 5 7 South Arm Ice Structures ;f <.Jf R PO VR S
S . J . N ) . PR S P ‘/ I L '_‘ -'v“g' ," ) o ,
Sy Ice sttuctures developed on South Arm ln the confluence ) “\,u_ ~g¢

zone provlde Further evudence of lateral compressuon b tween ,“; SN

North ahd South Arms. These structures are; only briefly deSMj ;'.ii;5?“;
:T? crlbed for they'are not seen tg impart persnstent morpho—ff_ '

‘e

logical characteristics to the central medlal moraine (central'

"

’ﬂ::i length is about 60 m wh chll?iﬁ%ﬁ ’oxlmete to‘annual velocity

'Naves become lnhreas ngly well defined 151;'

I SR ”5‘5; of ice |n th's area.

{h“tr,ﬁj‘{,iﬂzﬂ} : Y e . - Ya

feed U R aS‘they are traced towards the contact of Nonth and South Arms,

3 RPN ll'; ln the direction of increaslng compression'at the base..j']{”g

)’-‘ . "'I l' I'. 'l‘\l ' i ‘ “‘I‘: “ . ~,‘~\ e .‘“ “‘» L ColnT .‘1‘-\‘ .
lﬂ‘ . South Arm lcefalls,” Decreased serac width and transverse ‘;:Jm?Lfnﬂ'

.ff'J’; f”;”“\ﬂ“F;ll rldge spacing is also ob§erved ln thls area (Fig.v39)

i s —‘\-




./' Iong]tudnnal straln rates were determnned by repeated measure- o

-‘. : .

'ils clearly depicted by aerlal photography (Fl
\: . PR

. “ - .

ment &

'\5; duff:cult_xo~identify from the surface of the glacier butgf

e

N 5 A.

forms downglacier._ wave forms are most clearly deflned _'; HINAICES

|mmediately downglacner of the ice falls (waves k 5 and 6 N :“':F'

v . .

hS) A longitudlnal stake lnne was constructed and o o
. LI I

v

f - stake intervaIS' stakes were set in wave crests o
. [P o ' ;‘—t\\ , L - ,‘ :
(curves_A B, Figi hS) This basic stake llne was sdpple-"; s

.ﬁ

- K3

mented by addatlonal stakes set in wave ??Bughs, these supple- LT e
A‘/ i+ 1'.. \ *
mentary stakes allowed separate determination of strain-rates o ’

, -

.. S . o [y

over wave crests and troughs (curve C Fig.‘hs) Strain rates ‘ A_'“.‘
would appear ¢o support a compressIOnai orlg{n'for the wave ,

L oen

system though the relatlonship between sllgﬁT‘extenSnonal

[ * .

strains and wave morphology IS not,ciear : Certainly a strong {'f --«f

“‘ “a .u ¢

+ \_ L,

compress:ve tr* n):s seen to acq against‘

-3

Vs

ther eV|dence's

T, «v;'
‘e

|ce 300 m down

;."

ioe of the confluencevarea_and 60 m north of‘

terlzes tbe tce 5urfac

e d_(>
‘ '37'—"!

;»-“. E

The depressro

L 1 i : - - '. .

A.\.x

I . . + 1

1 [

13)2where the d:fﬁj”

B

hollow s occup!ed by a remnant snowbank

s A
.

bh;s area duning the early melt season of 1975.“ T e:skié~”“*

""(‘"t"‘i-, .o ]




ha; generate surfaeefhaldnng in adjacentglce oF North Arm.;in-ﬁnii-f\: .

. -:" Andeﬁ%dn (1979)-descr|bes ar numben of sm%lﬂ ant?flina] : '?7:$3{h-}ﬂ
foldshwith axes perpendlcu1ar to the’princrpal com;resstre ;.:';fii;i Jh\
atrain rate,from the’eohfluence area of Narth and Cehtral Q{ms il&d?ﬁﬁaig?
of Kaskawa}sh Glacier, Yukbn Terrltory .Thése ‘are: related to - _"". gi
‘tran;;erseslateralAcompresslon at the confluerqe;and‘ﬁceéofl fn-j'f;ﬁff,gg'
both arms, undergoes retardation of - velocaty at'the%tpnftueneeijf.:.;.ﬁ{?ﬁ

. . S P AT SRR
T o zone. :5 entered 'n " ‘:T. be”:?; ;;fb‘ ;f?’»{j—:h*"{ ifr fiél-}jﬁ
Y}j f'ﬁ i o X irJ.SOwth frm rce exhlblts a well-develoPed‘longitudlnal \ Jﬁt.'iii;i}E
?E’»:f; . . fol:atlon related to, deformatiom of prumar? s=d|mentary str:tn-‘
: fucation in the uhaer flﬂn basun (pg 43) - vere Iongltudlnay

‘cah;resston at the base of South ATm iee fa]ls:‘actlng at a

hngh angle to the\central medlai moralne éhjnd|cated by ‘.:ﬂﬁi

i

close"'

-on serac block

-_-‘

surfaces

this interpretatlon.”

crevasses lndicate that the.co' ant.betweew'the\tw%“A?ﬁs —:
™ L8 % I N I e . : l,\!" 1
. S

devuates from the ventical.t-Over-longutuddﬂhl di!tances of

% - I

. ST . : . foe aw s - , : RERIERRL
T 3-%gm a contact dtppung into North Arm,was obSenved Thds;isaa]g

not unusual at %he contacts of Ice arms undergol

. A .,‘_

ng latera1

compression (Tarr and Martrn TBI&)
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Morphologic?l criteria wave forms,,the ang}e of entry

o oF South‘Arm into the confluenee zone, a d!stnnct shouldem~~r N -
‘?;_~fl ’in.South.Arn aieng the eentact ane ‘lcngltudinal nce bulge\l‘%t f‘fyc f@
' N T, NG - REEE e K e o v b

-f}‘*"f n»adjacent North Arm |ce,|nd|cate Iateral cbmpressnon betwaen

”ifig: North eﬁd South’Armslln the confﬂuenEe‘area._ Strainérateg.*“

determlned from (l) an area of waveuforms amd (2) South Arm a

3;.. e' along the contact, whilst affordnng on]y e' ngle plcture

Cgy *

¢

-of”lce flow also lndlcate latera] compressnon between the two.““

f"

3

HOWever,

whulst
n‘ “‘.‘»...-' B .

lateral eompressnon between the"

: in determining‘%

;‘comptessyon between the two“anms plays no role

i PR R

moraine morphology.“

. mrﬁ $ar
.by”ﬂwteral

s

’...

ion and moraine mo;phology‘excep
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\;outlet valley glaciersfsuch ‘as. Namth and’jgydh Arm lce.;gln;:-~3 RECIVRTEE S
;uy thbs~model the naturp of‘lce flow exe:}s’ﬁundamenbal control g
on moraine morphology., On Berendo./GlaCier however whllst
irlateral‘tompreiglon'between ;" tWo Arms has been.demon-A~' - :
, . ir e n"qﬁ‘ R . : ~%,A
‘Wstrated and |ts lmportaA e; n determining the morphology of
Qhe northern debrls/ﬁ%nd suggested factors other than thef'““‘ fL i
nature~of Ice/fﬁow determine moralne morphology doﬁnglacier.o
o /’ \m . Iy R Do ‘,W-» . T.xA;' AN AN

The Natune of Englaclal Debris Supp]?’to the Centraq :"!‘f
Moralne.»tﬂ:;r;vwr.- 3 ‘

stakes were erected at each Iocation

large,Lto faculltate

B

f5_82 North Debris Band

, -; s r"‘
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Below the terminal lce falls site 3

'Zﬂpxy”
u":A

lvl I

. S medlal moralne- _JonslSt ent rely of supraglaclal debrns above

‘. A‘.... S e

€ Ly

Fpews N

'the termlnal 1ce falls and are only assocuated w1th the dellvery

of eng]aclal debrls to"fthe glacler surface In the terrnlnal al.:_'.ea:.,;.'ﬁi.f'

.

53“‘3 mOI’Ph°|°gical development downglacler as moralnes :".“”.‘

formed above the flrn llne on Nort:h and South Arms and dl

SUSII S -'» -

g .' slopes, which undergoes sedimentatlon wl-t'h .seasonal snow

Fsmrevealed close to the flrn.

I-oads and




'

:Eis derlved from local debris*\hputs

into:the conf{uence zone

ls exhaustedf&ownglacler and band morphology collapses.;{ﬂf‘

)

- 4

*‘jjfff Thus the morphOlOgy of the central medtal mora4nofq£ﬁ:’:}é

4,». ., FEN (

o be more explicitly explalned

Hiasay £ 1 50

TR

of med!al moraine formation),

model other factors such dsw

:-s-"s;s‘ e '.c:r,ra:l-~':‘med:f:’é;l‘;‘?~fns>ﬁ'c‘,.a. i

and

.

large medPal moraines are often generated by merglng of.

“‘ablation-dominant“

\_.4‘

model

of med?al moralne formatlon: moralne morphology "1?

determlned by the nature‘ofqenglacial debrls supply. Other

poaee
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* :: Nearly all natura]:_éé'z,’t_::or:i'faﬁli'ns,;".'sAntla:"l.l amounts“df'fxnsoluble‘.._:‘;'";.'
| fragments of other ﬁ nefals and rocks whlch'range o ! i. '
. ."“rf’;‘lay partncles derived'from weétherlng and at“mbsphél;lcdust %all-‘f b
e :out tq ghbstantlal bouIders (Schumskﬁ'iégki'“' B
. s P C e .
”tﬂrep}esent sources of.salin;tionAand ATA&-,,
-H{Tﬁ‘ efficienéw;é absorptuon Fo: {ﬁég;}ﬁg radiant energy many actiési : é

e

'*centres of Iocallzed <¢e meit.f Partial melt;ng may suhsequently










‘-“ ) Y,

system such as subglacial lodgement tills or extragIaC|aI ;iffjf

(H oo o gt 4 -

va]ley»srde slope debrns““*:T)ﬁ?fﬁixilf::fiﬁﬁ%;%?iLlfwfQgi:T”ﬁi ?i?“
(2) Consnderatnon 6f the textur#l';eaatlonshlp betweén medrall‘w
‘f moralne deb:ls ;nd parent bed;ock‘;n order to. establlsh whetheriﬁﬂ
' o g ndﬁpendent relationéhlp exi;ts~j:;;ﬁm:ti"('¥',ﬁ: S

i:E¥eid”ﬁﬁdq§d@H§1;1B§f§pdoq Gl?;!grt.ﬁ

were made at.tWO locatlons‘




y ~ aIIbws ‘ext'enstl,ve‘ subglacnal ‘cawtatlon "':and ‘along the rrrarggln of
L . R . o, PR r"‘v e : -
a smal'l lce bodY ('Saddle glacierette' , Figs. 9, ‘lha—) ae an al—-'_-"' " :
- ':‘r»tntude of c.. I, 250 ‘m. é-.' R ‘
woll . Cleoat .-'u.a-,.‘ e R
“;.' - t:ermlnal South Arm lce rlow durectron : IS transverse to the ' /L 4
;*- . strll.c‘e of implacement struvctvores “ln the 'gr’anodlor!te stock ‘. | .
'~_ _’ . (Flg. 9 and Page lll ) Extensuve cav Eatlon is generated as . g i
i t:hln out act ve (Flg. 49) marg nal Iceﬂf“lows over whalebackf o e
| 'strlke outcr‘ops.A Ih basal lce, a, t_hln' (< IO cm) basal regelati‘on |

; .. : ». 4

R

. N layer could be dist-lngulshed from' much thicker (up to l 5 m)

',debrls layers (Flg.‘. 50)’ " Regelation layer thlckness accords

,-der.br.,;s Iayers a're formed. b

base of a small cquue‘glacler In Norway, related to=percolatung




.yt

‘ice can be traced on the front' hhhle lce thlc.ness ls generally

K Ly

less than 5 m and a pronounced debrls sole is present (debrls
d

. .'.

P lod .;amples 2NE h 8NE) Heltwater from. the glacneret e ls not
Y Y L A . o
'L{,;53 K urbld and ln coQJunctlon WIth low surface slope and thl{kness,

. 'E'.‘; ‘.' . Y N o . u .

!'~' coL frndlcates that sub&laC|al erosive activity cannot be great\ lt may

\ N ‘u“.-’

well be that~the debrls layer was formed by freeze thaw prlor to’~
5 - ,

the resurgence of lce cover, ln the’area ' A slmllar sntuatlon ls_,::]':' .f#

Lo .<‘|

‘dlscussed by Boye (1952) Granodlorlte bedrock surfaces wnthln o

i?‘:—.fﬂ...h'wo m of the lce front exhlblted Ja thln precnprtate whlch later f,f;.,_*gﬂ,iﬁ
i' K v ‘ L Yt . ¢ : N
: o e : . AT [0
_E'ﬁ, o anaLysls demonstrated to be calcium carbonate. Preclpltate Af A ,:»;jr:
1 A : o - P "‘x.. i

Tthlckness reached 0 5 cm and a laminar structure was commonly

. obSerVed.. Dlssolutuon by raln and ?now melt water may account

- ','\l .

‘“for the decllnlng extent of caﬂclte preclpltate away from the

Ly W o S o

y'flce front A bedrock leeslde dlstrlbutlon was noted and.am

g Q ;'i'i;i :subglaclal orlgln ls llkely

. L Lo
, . B - - . . o . ‘ L e - H L
I IO O T T
IR . ; . ) .

,lThe llterature on subglaclal calcnum carbonate prlmarlly des-f;”

.. cribes. Scandlnavlan 0ccurrences, the dlstrubutlon ‘of which: would
© “appear to,be more ;extensive than those™ descrlbed elsewhﬂre. LTl

.t Kers ' (1965) has’ summarlzed the’ llterature on Quaternary sub- iﬁﬂf:‘

~, . glacial Timéstones- (subglaclalt kalkstenar) “Up.'to 1945, dis- Sl

‘tribution in Scandlnavna was considered to be llmlted to. Atlantlc I
wcoast ‘areas ‘and- consequently was Up to that_.tlme: grouped with - T
‘stromatol'itic llmestones.. Following . the. theory ;of Ljunger; (1936),,
" KeFs . (l965) demonstrated a subglaclal orlgln. .Since that tlme -
f“new -glacler: proxtmal occurrences have been-- reported (Samuelsson,-. o
T1964) ;- ‘Nigardsbreen, 15 'km northeast of Austerdallsbreen . isione, "=~ .0
occurrence.. Ford et al, (1970) ‘report. calcite preclpltates ats ol T

. .. the 'soles of glaclers ln :Banff National Park.. Ford et al im=-. uu‘ﬂ‘:“;ii Lo
et 'pllcltly consldered that such deposuts were - formed from free sub-* Lo

- 'ngacnal melt'waters desplte Jow solute carbonate concentratnons

.. This hypothesis was rejected by Page . (1971)“ln favour . of. Kers' '

““~and: LJjunger's hypotheses of formatlon by. pressure melt water. ) RTINS
. Cofrosion by pnessure melt water enrnched wi.th (of e P derlved from. - e T
‘englacral co2" enrlched ‘gas. bubbles’ takes: place ‘on - stoss faces.»gi~*'.7, ’

N glmportantly. carbon ‘dioxide requlred for solution is: derived from Y
i.‘,",fossll ‘carbon’ dioxide:. |ncorpo zad Fh the lce.v As .a- result any L
T ‘radlo Garbon- deterTinatlons on ch precipltates will yield old.: ( 1.j.-“4

“+dates for the initiation. of calclte precipitationat that slte._u'; DT

_ _ “In"the Rockles Ford: et al report calcite precipltates restrtCted,‘;AL'f R

[ '“;'3‘ to limestone benches: . Occurrences In- ngard%breen reported by I

&1~'.;3‘@, Samuelsson are. developed on- basal Caledonlan gnelss.g..;“*gv':ﬁ N

o

-
B e T
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I i : A o gfjg ‘ A H
. : ‘. v : ' - f
- v R R N ' . :
' JT6l22: Preparatory Procedure'. ) - -
The'following textural analysls refers to the ~k 0 to ﬁ¢ 'a;f';%~
S (w mm to 0625 mm) snze fractlon. The mud Fraetuog (< h@ R "':;‘ .i%:
' '0625 mm) of medial moraine debris is” generally less than the _}L_ : ‘;
N lmlnimum needed for partlcle suze analysis of sult and clay,com- S :‘“'?[ﬁ
S , : = A T 4
o 7T . ponents (Folk 1968) Slnce particle S|ze distrlbutxons are com-yﬁv 4
'§i SR pared statlstically thns dictated that the same suze class befi .
'y : ‘used for other elements of the debrus system.~ ln a. few inﬁ f;,' G
‘%“ ' stances mud fractions were retained for analysns of clay minera‘a ‘ ; ‘}
: "f‘ .kmv (<9¢,‘.002 mm) but these results will not be dfscussed.fh::" K

‘\*‘l_
L.fj‘.

"I_",-; " 'l

”f;ﬂetall

Were thed- the l 2~¢ ( 5

.statlsticaf parameter%

method rather than-by'the method of momenbs.

. . A N
-~ - 2t s

o e L der Lol ﬂfﬂﬁﬂ'ﬁ* ‘
ln the Iaboratory all samples were wet sueved ﬁﬂp" C

o a

remov.'orgdnlc materlal Dried‘samplesu(about BOOAg) wﬁre sleved '7
--/ s B |

accqr Lng to-standard methods (Folk 1968)

Sample fractlons

“

25 mm) slze fraction was retalned ;j;?“ﬂ

n U

f\or

lecannlng electron micrOSGopy of lncluded quartz grains.h.

.‘l‘. .t

partic\e slze and frequency curves, and descriptlve ) _
~ " v ' ".).' . e ' oo .‘.'.'

(all four moment measures, mean slze,~-s'ﬁ

:plotter (mode} 9862'A)“in'

hlcb k;%ﬁﬂi‘

Inltlal computer 5;W?,f5

.
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for different debrls elements and EheSe WIII

g

i

be consuderedn

i

8
o collected from the termlnal zone (53, 5;<
R "'ro' . ,-_5,'-4,- ey
flrn ba%ﬁn derivatlon sites (Typs I*sl pes'y:sample nos'f‘
"1 LT \ - .*
. IZ.,Flg lﬁa) The same scheme |s employed for moralnes Sl

elow .-

derlved

'yand II

a 5 ‘7

ff”,5:$ North Arm,

';;'r~511tstoneu‘v:

l

Moralnes Nl,

K

eSS

DG respectlvely)

“1f.f. Cumulatlve particle

.,

from volcanic tuff ln Fig 53 (Samples 55,

.

o ' -., ll . . L. hj t. b N ,‘ -:; .;F . ._- .:-l" 4'
a . | ’ . . .. o0 Lt oL C oo
PR g e R NP R R R
R o - * L S .
N i K ‘o - LU
- ° - H . " e "f , ]]5 .
e . * P ‘.3‘“ “ I B
. ‘ “' e R < o
. thesi's: refer to thls fraction. Computer pr:nt~outs presented 5&{
T ' L. DO - R . V
e, beﬂow desc ibe: howeVer the distrlbutnon of partlcles in the'ﬁjmi
" -. . B - . N N @ . ’ )
to h¢ ,size range. : Lo oD L
. 6 23 _Data Pﬁesentethn o R ‘, A - ) | .

’ =??' Cqmulat|Ve partlcle suze and frequency curves and a . T
BN y o o " Ve ¢
hlstogrem showing the dvstrlbutnon of pertncles tn the:-3 tO'FU

"! h ﬂ (8 mm = .0625 mml/ibze/fr&etTﬁﬁ“EFe7;Fese;:ed for all debrls

.n;"samples ln Flg.‘Sl.-~0n the same flgure t&xtural statistlcal 5
parameﬁers descrlb ng the cumulatlve partlcle s:ze curve are o '
deplcted Grouped partlcle snze curves heVe been constfuct d o

from thls bedrock source are grouped ln Fig.,5h (Samples NI ; o Q.
NZ,,3, 4 6r 9, 10 ‘ll I3, Ih, ]5, 6) uedlal moralne PR

-“.-an .

,}ﬂ.samp}es from Salmon Glacler are derived from the same bedrock and 4”..:




o ’é'ir".g included ‘.lri'i.Fli'g.-f."‘."".Slii,'(S».'a‘rvnple_s'.}'.b:l';q';':' ‘1‘ 13, llo)
.A'”:l r - "”‘._": . .'."' /ﬂ. ';l_ , ! iv~:"” j"f.w.o. :."‘:“_' . ,;\ . ‘-\——"’”"'/ K
DE. R ””“,,e P
Conflugnte—Med4a4—Morarne“‘ﬂazleton assemblage.f volca

R

“s conglomerate and tuff \ihLy A W
\ :'_vu K a g R A

l
ic.
,‘ .
|
I

o

The moralne ls composed of three debrls bands OFlgu 3h)u

The oentral\and Southern bahds.are derlved from upper Soueh‘xrn‘ : .
o basun»}debrlsmsamples collected from the uppec”rlrn baS|n (Flg.‘lka)
.;-arefconsldered ]n;Fle. 55\(56h 8 lSoand 14 513 C :fzi‘k 5,“‘€'pf
é 7,-16 q16 .]i‘: A‘ﬂurther debrls band”'a tuffuoutcrops only. '
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éH the termlnal area and lS lndluded |n Flg. 53 (Sample 03) The "<=”
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Northern debris band |s composed pf debrls from valley slde slopeswﬂé‘jlly
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'f,of Nor;h Arm above ﬁhe confluence (Flgs.lkb 35)tand belng
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oL T Accordnng to the élassnflcatron of Folk'(1968) medlal}-~-,‘i~ RO

,§ @‘i:.:‘ﬁz'f moralne detrls.can be generally clasSlfled as a sandy pebblei‘;erff,jf;gyg
.kiﬁﬁ:% ?;*l gravel moderately to ooorly sorted Jstrpnélyh fjne skewed WIth | - 'f_
| ) e a mean slze'varylng fnum érmuﬂe to coarse”sa%dTQ ze lh mm to:ﬂ“ {';
Partucle size:dlstrlbutlomsvdo;not eﬁhlblt‘ odal ?; ,g-ﬁvu‘ J?
R f }-deficlent size fractlons.u_ " K
. M : o o L ' LI il s [
h;%yﬁ,f; testural varlety (varxlng from moddy sandv1pebnle\gravels
gl‘&:‘ff!‘ﬁ.;’poorly sorted ‘strongly\flhe skewed ‘to graqular“or sbb
f; ;is.iﬂ by med . 'ésBa very poorI§=sorted andgstrongly flne skewed Q:tm o
f " ”'“'_‘;ammean slze inAthe coarse to medlum sand fractlon (l 6.to 0’25 mm)
N . - R T I Nt el
l;f;:ﬁ';fnf%T:“Dlstlnct modes or deflclencneslof partlcle size'fnactlonsware agal%
‘.;..‘, ' ; : ™ I \ 'i l)‘ ; N s :

'*Qi“;;ﬂ_absent.5~The glacler debrls 5ystemnas a mhole'doesﬁn:t eontalniLj

“‘.‘ v LI RPN - b
gﬁf': hlghly variable'debrls
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Nhllst a dPStlnct medlal moralne,debris type cannot,be

Analysls of clay mlner logy reveaﬁs the expected domlnance of
chlorltelllllte ln the g aclal environment (NcKenzle.l9709)‘







Pass;ve englacual transport from derivatlon sutes |n the uPPer‘ﬂ:"fhmﬁ
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flrn basins us substantiated by scannlng electronamacroscopy Zf w T
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%Of the 1'2 ¢ (0 5 0 25 mm) QUartz sand fractlon.. Textural ' j';'T
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dlscriminatlon cannot be made between medral moralne gralns e T

.lifrom Berendon Glacler and Austerda]sbreen uhsch”exhlbit texturesié=“‘ 72\
.‘;Ltypical of primary reieaselfrom bedrock and‘which despite'jii:}aﬁi;{f.ig
glacial' appearance (Wha]ley and Krlnsley,197h) Ca" be C°“;‘” ol ,§
ftrasted generally w:th grains found ln subglacual debrls soles dcwl‘a ?t
“;exnfbltlno.teuturee‘rndlcative of greate: commlnutxon._ ROthllS‘.ntj"'i;
;:berger (1968) has commented Jhat basal englac}al aonés.Jl yﬂ}z:::f‘;?”;;{
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Efproxlmnty to medtal moralnes are sites of enhanced bed scour
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'ibor?'by‘meltwaterﬂ




syne 0 ol ot
N te -» A : ’ N
. A PR
, - . g
SR PN K B
t M ‘
o L -, ' 4
T , - - o
; '
- 5 ; ', . - N - .
s AL i . ‘
a\. . . (3N PR > t
.. N . N ¥ . N .
- .',~ N . zl‘ . . ’ . N

[

5 as

.¢7g';-2‘11~’4_r. - i - ) s 1 ool L

p s

e

\

~‘deserfﬁed‘as a crushlng type of graln snze distrlbut|on

\supraglaclal tt!lgdmowever may not have the crushung type of%;,?

Athaw and scree debris) have been plotted In additlon graln-5e

::siee data oﬁ~freeze tha& daughter producte derneed‘by laboratory. 3

nexpertnentatlon were abstracted from Nnman (1953); Mart|n|(1967) -{“TE{%}
and Potts (1970) Gratn suze data‘reiat]ng to talus, tlllS "lglif{dﬁ§

w[th rockfall debria‘and sol fluct|on t lls were derlved from foff”m' g

- e
P AN
,3

(Elson 1961) As a result oF Ioss of flnes dur:ng transportu7f

grann size dlstribution' (Elson 1961) and he deplcts typlcal“

curves of ablatlon and lodgement tlIls (Flg. 6#) ln Flg 6h

a " -

a number of graln size dlstr:butions from Berendon Glacier _fﬁx"

(derived’from medial moraines,.subglacial debrns soles, Freeze-
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subglacual lodge'ent tl‘]S“

s:fnPuffchent to allow the deVelopment of matdre commlnutiof
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"m;minutnon of clast snze partlcles

transport dlstance and extended commlnutlon, the texturenof tllls;Qﬂ{f;

r'*;1qgica| and mlneraloglcal cbmponents

glacially comminuted bedrock products of Berendon Glacier may be f”.Jy

tance frqm the sounce gfows larger. recbrding CTbaSiﬁg com= *"nﬁd‘i

I

Thus,_FolIow:ng c0nsaderable'iie?g]

‘e . .~
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ref]eqt 'the crushing eharacterlst es of the domlnant litho-ii*'~ﬁl .

:(Derbyshlre 1975)
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That these texturab:
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due to several factors.” For example. tnll samples may often wlq“}“‘ .L
be texturally snmllar because of varled llthologlc components and - L
mgxlng of blmodal grain slze dastrlbutlons (Dremmanus and Vagners,

\1971 Slatt 1972 Karrow,1976)"':
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‘l? " f'ﬁ%; whereftexturad evolution of the type discussed by Dreimanls and
E‘ Vagners (i97l) ls precluded (Slatt 1972) lnltial commlnution ' ;\
rzﬁni Jwi‘ of bedrock produces a wide range of particle slzes irrespectivelofl"df‘ﬁt
i'%'d ‘h.'n:bedrock llthology. For example lchikawa (1958) examlned the tex-ﬁfﬂftjjﬂi
*%.}i ture of debrls in the slze range -8 to 3¢ (256 to 0 125 mm) re-<" oy
‘&éll“ * leased by valley side/slopes and 1andslides.u 0ver thlSrlarge grasn-*i

:% ~T{,;&?¥f. 5ize range,lxon'inuous dlsintegratlon was recognlzed .a wide "Uti-i"uﬁf

¥ Ax§?f;lffr;range of partlcle sizes were produced.' Siatt (1971) considered ‘”lﬁvﬁi

_‘fﬁg/::xture oF 26 sedlmept samples from |ce cored deposnts at

the termlni of ten Alaskan valley glaciers erod ng metamorphlc,\3

ﬂintruslve,_extruslve and sedimentary bedrock terrains.“ The {'N:Qﬁ}_}.

st e

L ," - i

sediments are the products of primary der;vation processes.s“

8
h

Slatt indicates thatfﬁprimary sediment formlng processes .Q,@

—l

_etrital

particles'of

PR

\'k' -
limlted transporg” "The results suggest lnitial or limlted

a commlnutlon of rock whlch results in till consisting of an

.,

~interest1ngiy‘ laboratory experimEntatlon by
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'”; of sednments, assocnated wnth blockflelds |n Northern Scandnnavna.

?hfaccordung tO rockbypé a refleCthn of rockemechanlcal character-
4frst|cs. The same S|tuatron is found with Berendon Glacuer basun:
iFor example- volcanlt conohomerates produce al large block slze,.ih
lAtyplfled by medlal moralne SIV ln the termlnal zone of South

‘fGlacler.; ln contrast, on North Arm, arglllltes and snltstones

ﬂﬁThe surface of South Arm below the flrn llne lS marked by a t{;ﬂ::?

":?ls large ( \fif_l d' meter) and lsvderdved from volcanlc con-v, ﬂﬁf‘“"

*hfreeze thaw) produces a wnde range of sedlmentary particles
‘7of supraglaclal debrls blocks was observed on moraine SlV and

'?fhclose to the firn”llne such debrls‘has been&
'?~tralned and ls most llkely der|ved‘byxrockfalxw
tltthe rldge dlv:dlng Hestern and Eastern flrn baslns.

o Glacier, ‘Alaska was" descrlbed by ‘Nielsen: ‘and. Pos't (1953) The‘fé:{i;vﬁ;

?,rock Splre.
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‘1ment was detected'by Stromqulst (1973) from partlcle slze analysns

et -

., H . .
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Tgenerated by secondary weathertng (malnly freeze thaw) of prl-kf‘hsr

mary derlved blocks.: However, inptlal block slze zfrled

S 2z
-

“ oy
|, .o

'Arm lce,.where boulder snze |s the largest found on Berendon -

i’ -
K .h,,.‘ - Coe

il ‘\.. ' -,. i . K e

'break down readlly and large blocks are not prodUced

e
it i .f..,.‘)_‘
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:

A

‘ln situ, secondary Weatheflng of clasts (probably by

.
¢ ST Sl

.glbmerate:

T
»

(samples S3, Sll ‘Flgs. lha,459) Further ln sltu commlndﬁlon

=

.lprobably occurs over the whole glacler surface.5 By lts POSltlon «,i:

' .I.,.n ft'he.

1 An extremely’unusual medlal moralne' on the: surface of" Castner

“moraine: abruptly ended in, the downglacler directlon and was con=
-s.iidered -to. have been generated by lhe sudden collapse of a e
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-k ‘ S marglnad area of Berendon G]acier, the recesstonal monalne dated at
‘..¥¥

N\

_{‘l -'188h'A o (Appendlx IV) is composed of the same debras type and

-~ 2

'

o,

.-_;j :{“us consudered to be -al 'dump moralne formedgby slidnng of supra- o
L AU '\"‘-' . . A
glacial Ioad from\the ICe front.,, T 'k:‘ .'f.

, i = . R = i
,ﬁ%:z ‘On. Adsterdalsbreen, there is much evidence of rock mechani-
‘f‘ - R A LT N

l-:g, N ';can characterustlcs as a determnnant of the nature of prlmary

N debrls |nput lnto the glacter system. Austerdalen transects

~’ 1

v e T,

tures whlch serve to dlvnde the vajley sude walls Into a sernes

¢ 'uv

'
P

;

thrust features in gnelss from the Jotunhelmen,.Norway n]

dditnon Austerdalen exhubuts ma*Pr_evidence of pressure re-\‘

K TR .“,4“..- . .. Tl

lease and the development of valley Jointing (BJerrUQband Jor-

stad 1968) whnch by

lntersecting features of possible thrust

:a 5|milar sedlment body composes the recessional moraine

‘\. ¢
\

vhdated at 1909 (Klng 1959),‘formed ln the same Fashion as the*n

e
3

'i moralne dated at 1884 A D.,around the margjn of Berendon Glacier.-.'

Lo Bonal o Yoviroekfalls. (Norw}’Stelnsprang) and - rocksl.ides (Norw.. Fjellskred)ﬂ'
ol e Rockfalls are derlved mainly from: rock surfaces"slldes such as .
L Sales 22Tl thaton, the .glacier surface and marglnal area of; Austerdaisbreen
are more deep seated. - AW C e Y S

(r5-1""'. apparently southeasterly dlppung, massive pseudo beddlng struc-:“- fﬁ

of steps, whlch accord wlth the descrlpt;on by Battey (1960) of :ghﬂ

A et st

}ngﬁiffw}'ﬁﬁé Bjerrum and Jorstad (ISGBX?stressithe importanceuof distingumshing ﬁ;T
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‘“ff?1d S assoclated with a dlstlnct medlal moralne sedlment type Thusjfﬁsf Ty

;‘fy; t:lﬂ s suggested that no dlscrlmlnatlon can be made between the EE 3
f?én: ;" ; 'JFEharacter of debrls caused by medlal moralnes formed ln dlfferent S
'lg:h‘ faShioﬂ though thls statement must be quallfled |n that partrcle-gw
Alg f. l size/analysns has‘not been carrled out” on debrls from Austerda]s-
: , o : . , R - ,
:7;-- breen. ‘However,*as dlscusslon of the relevant literature makes )
?;g‘;'-' :Mxv ' clear,.products of prlmary commlnutlon transported by}temperate B
Zfi"’ ‘valdey glacuers, generally are veryvpoorly sorted and charac- : : 3
; o J:terlzed bY a. WIde range of partlcle SIze |rrespectlve of bed-/ ;_ S f

rock type.: Thus the arguments stated here are llkely to, be ‘,, e

widely applicable on other temperate valley glacaers.J i‘ j. .

’ (h) Throughout the glac]er debrts system partlcle;Tanﬁy'“]g;“ﬂ :
5;1.5|ze dlstrlbution ls found to be lndependent ofAfarent bedrock o )

. "f}-components,zls not encountered,.empha5|zing the short dlstances ‘
of tranSport and llmited commlnutlon assoclated wlth temperate"‘ :
: v'valley glacuers.. Immature prlmary commlnutlon tllls predomlnate. -

L e '(-5)- L . |

-1 oot ' - e,
28 . . bedrock may determine the character of_prlmary debrisﬂp pubﬁ,such y

i ST i\ D Ly ‘

*ﬁ:, "“j';i_ asjb]°°3 SIZe,Ilnto the g;&Cler dehrls system,-secondary weatherlng
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v« . o i,
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S U . ai:ffiii
- T - ">‘ -w” Conclxﬂing Remarka i?l . ,;’T
, _ ‘ _'Two models oﬁ medial moralne formation, ‘.i::lfi‘
.i’ . ‘;Jdomlnant‘ and.the ;ce stream lnteraerlon X ;?éff}
':; ‘ structed to exe¢ain the development of med:al moralne m r ' ,iﬂ‘t
if N h ' phologY exhiblted On temperate valley outlet glacuers. ' '3%
fﬁl j: __" (A) The ablatnon domsnant' B Iffi;
;. 4 .“$‘I hology to the narure or englaclal debris supply and o'ﬂ ‘;E, '\~'?¢
s‘ ;ﬂin ‘ abasis Lwo subtypes Lwere. formulated.“#(f) above firn, o - X 'ﬂf%
?;;‘f - ;h?Formatlon‘and ( ). helow firn line:formarton.:.;;;% ‘ ' }; _ﬁ; :ﬁ
. y,i,f,' (1) Hhe»e moraanes are’ for;ed abore the.firn“fi: : f?ej
Sl ;ifdebr:s releasedvfrom rockwalls IS precnp;tated nnto thf;zA - ' -
‘ o ”ffisurface where t undergoes sedlmentatlon with‘seasonal sﬁow-;“ | ﬁ:q

.'37“_‘f,fl‘fPfall As a resulx debrls extends throughout lCe depthL;r”

'cJ

‘ tt':g;he glacler su?#ace to the bed“
" L .'.. ._'_ < , K ._.

'TlaVatlon takes place.

i }, ) :tlnthvertncal Column of debris, a medlal
%f° ) "wseptum, is generated with cumulattVe ablation downgla6|er

the qqantity of supragfacial moraine debris Jncreases an
.Q;;“ ;Jvff assocuated wnth an ice cored Pldgedqmorphulogy The MQralnew

) é . . . -

'*‘ﬁrﬁzﬁv";_f :5 characterized by a contlnulng englaclaf‘debris supply -
ST S . : - S
N T e downglacler and an importan& subglaclal debrls element ma o

. e . ‘__‘..;‘vr

R bl

cq, EEON
beoadded to moralne sediments ln the terminal zone.?.
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N
";lll;.".. . N
sl o - : Cae
;ﬁ, ‘ ?gls attenuated further by the Nnckunng of lceaﬁﬁfﬁégﬁpngaf_;”:»ifgiﬁ&t 3?
s ) TR' hﬁo.;ompre551ve strilns at “the kce fall basff,‘c}eéaSSé-i;h’r;ﬁl.'::aii;‘“y
. ‘ .bound-debrlslls revealed downglaC|en and an lce cored moraune' : -
-'. . / « o . . :
) ) 1“:r|dg&ls gemu%téd w:th the cessatlon of englacual debrls sup-x-; . Pf
o ply as crevasses ablate out mora ne morphology eollapses._. ) ' f?”
R , . L ' L
L 4hls Is.. ln contrast go the sltuatlon where moralnes are :~;'._" ‘ ,vy-
. - ‘.forned above the flrn liheiyﬁu':’ ;’T7" .'; ‘if“ “‘1 "fit.b.i o .éﬂ
) (B) Med al moralnes are. generated many lnstances u1.§~'f~f_g£%$:
below tHe flrn llne by thelconfluence of large valley outlet iAy: 5s§%iﬁ
_ gl AT
S glatlers tranqurtlng lateral moralne debrls.i Medual moralne' ‘ ; )
: hndth ls seen to remain constant dohnolacler untTl the terninal.xfrflifiig
ol ,I;zonells r@ac%ed An‘ |ce strean “r ctlon'"model oF mora[ne~uif’
R | L Formatnon related unchanglng moraine‘uudth“to lateral com~?5:;ﬂ _:4'

ln %ﬁe

'ablatlon domlnant' model)
PN \ . ',. N 9‘.‘”: .

and oh Berendon Glaclerr.Brltlsh Columbla (above ﬁurn llne

- » > .
. « g ~ L e -
»'l PN * . N -

subtype) The4'lte stream lnteractlon “model could also\"“l

B

be tested on Berepdon Glacrer for the glacler trunk l

A
.

forMed by the con?duence of two large outlet arms below~the

flrn line, transportlng a

ey .A‘ s ‘c‘ . - - :

results were obtaIned e .
" Aus te'rda i'sbre en;. bel ows f.-ltrn

:;result of moralne debnls belnd derIVed sub

. . ) I - » K

EEEN




'r-':‘-'k.-‘"-_,.:' . - RN v , . . :: .. . ' . L ',“.". '.'_L‘.:_" , s * -.' ¢ v
. R N T TR AP, A T R PN RN v
s ‘ . | . \33 : ." . ' . ; . f ) i . ‘ <. ,- }_- B
o R T : ' TR 130 4"
; R * ‘.". . ‘, ' = AL . ’. a oy ¢ " . . z .":
';”.'.vzy‘ R ‘.:”ﬁ,u; e i AT
—- /l" ' Y ‘ : 1 ’ L ) . . ! ‘ v : ‘
ﬁ . . “.h the confernce zone and belng preclpltated snto crevaSSes.. ,ﬂ
Lo e L 2. : ) i
: --y . -~ 1 .
; R - As a re5ult of the termlnatlon of englaclal debrls supply v
sl e , ) - S ; . o
. . e oS
! dOanlacler moraane morphology collapses.'.‘Annual}land Ct it
i b g [ i is . . L, PO

.
it i
o )

erennlal' lce cores c n be reco 'ed. e E T e ]
p P . . . .o B . T . r

LY i -.-. R c‘- ”1'4 . 4.' : "."o N -". ‘- < '._,.'.:x ST T " A i
. ;* | * Berendon Glacner, aboVe flrn llne subtype of the !?Bla¥19nf. }a:;l3¥h,'?fb

._’. oo ) domlnantt ln\ofdel . , 4;_. ‘. "i " : .‘,:",‘, | ’;

% ,‘*H:"f -1~ - On Berendon Glacler englaclal movaﬂne debrls #s Found Y;_ %“ L

;é:iz‘iz;f"li' to exWend th oughout |ce depth and medlal.moralnes are foond h;l;i{it :ghf

:Efzﬂ ﬂf;a:;ﬁfn to be assocnated wnth a: conthulng englaclal debrls supply in
r.{fﬁ f' the teﬁm}nal zone. Subglatlal debrls ls also contrlbuted to

- .‘ y.“»'. . -8'.- . . o ) 2

R morannes—un the termlnal zone.‘ The dlstrlbutlon of englacual"o.geg ‘

Lt '.," e 14 "',15 . . .",'.-:,-. .
';L; Zd brls wlth depth ls not constant and the bulk of moralne ,tbﬁ'j
N S e . . : .I',. » -’ > Vo .'.'
debrls ls transported near the bed and ls only revealed ln 7.
Goea Lo e I _ )
the termlnal zone where lt ls associated wlth a developlng I

cored morphology..~An lce core ls not present upglacler,

supraglaclal debrus quantltleS'remaln |ow and moHalne wldth 'JH‘"?QJE';
'.--’ -' . LIRS ' ) '_ ,”.bl @/‘ .o Lot
remaunst}constan:. Thls ls related to‘the deqllne n the\--,_‘

i Loewer v .- a, s v
f

o quantnty of englaclal debrls above the bed iThls upper.i&_,‘?”i'l~ffi! _;

N A N
debrls,fs derlved entlrely from extraglaclal rock slopes ‘fi
and upper lce carapaces* the clarlty wlth whlch medlal moralnes ‘:;;“ 3
SIS T - 3w
¥ ‘vand debrls septa are revealed lmmedlately beloﬁ\th‘ flrn llne ;i"_{_;

'33; reflectsahe rate»of eroslon ln these areas.,, ‘;;,ﬁtyfs"

oo ,‘o. L . . . . . ,
., 1 -, e B y .'..<'.>_

Berendon Glacuer 'Ice stream lnteractlon Hodel

'“Ig On Berendon Glacler the lce stream lnteractlon'model e

- only substantlated In the lmmedlate coanUence area of two.. '}j
'L?' I ' " “'";fi.
o large valley outlet arms., Unchanglng moralne wldth and the R
‘ ', Lo o ) . ., -,’.' . . . o - R . i ,/ ) ) . :‘,"'.A‘l--”', .
: ‘ TR Dl ;
‘. . f%; I
SRR
o
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DU ,‘ugl’f'?j.absence of n lce core can be related ‘to" the absence of englaclal
N T ' A AN A\ - (" P . R ke
I S : ~ T
Tt ‘ debrls suppl whlch commences only ln the termlnal zone. Horalne
[ " ! 'e “ B .- vt
W e ot ' . R
#’%f TT\ ﬁ_ﬁj i.morphology s} ore clearly explalned by reference to the above: EERERE
-ju-*t~; ‘- flrn llneasub t'pe of the lablatlon dominant'*model slnce““ P
LL . M ".-" L ‘ : . . Nt l. CU
SR . L B SNy . . '! .
B N ﬂ..” debrls septa contrlbuting to the lateral moralne load of the ‘_g, e, R
Pl s T arms are formed above the flrn llne, V§~u~”s'ﬁt11 R 2.‘~~‘lﬁ ‘-i-
o .‘ HMA“ "~; : \,: w,“',‘ ST e e e
) :”. -t PR .x- ) \ > oo J ':' ) - ' : '\l. :' ) ": N - g
Moralne Sedlmentology : wﬂ-‘.;_ :\‘~~‘ IS gJ N :g-,‘ L
. A dlstanct moralne debrls type ;annot'be dustlngulshed N
| ' Lo
on Berendon Glacier On the basns of partlcle slze dlstrlbutlon ‘ﬁ S
lm the range -h to:k Q (l6 mm to'.0625 md) The elements of N *
S e 531 ,;' a s e .‘ - \ . _~.".~- . ""v.
the glacler debrls system as a whole are characterized by non-'ff:ﬁ‘” N
= e R 5"
:modal'graun size d str butlon a wlde range of partlcle slze AP
‘ " ;h”» MO N 5

!-~,.,_~ v Al

..\

l%;f {”3ﬂ~;fﬁff temperdte“valley dlaclers-‘ Dlscusslon of the lltlrature makes“”ﬁ;3.j3f"

R i . - i " A Y B L

?E@' ?lear that thlS may ‘be. a general case on ;@f et
glacners: Asfa result\no dlscrlnlhatldhf ?
th | " . S

dlfterent fashlon.

and Clark had related the_morphology of

Small

l

htowenglaCIal debrls supply, the moralne ln thls case

Y )

‘f‘two 'ic'el’ 11 bl th Firn)
‘ a s_ e ow e\ rn 4~¢

o

;ehe cohfluence [}

Y,tances of transport and lelted commlnutlon assoc ’ed;wltq Ty SR




A moralne*'formed by t;‘he confluence of late(al moralnes

e'r.';
',l

'

(1970) but\.had ‘not been examined "

-y

'»ql)

morphology to eng1ac;la.1‘debr‘ls,‘dl-strlbution may.be appllcable
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BT Appendi.ces :,‘l‘i.t:o' R “ f‘ '.,.; e s

fn,Vgﬁe;eﬁaaﬂféféeféf.; Recession CharacterIStncs and Granduc MFII J:J ;};':f{f
; E*;j'f1ffi' Berendon Glacler termlnu§ lles nu'n:n.ZDO m of the Gran-:'?ﬂf'
o dua aacaas tunnel portal and proceasing %acl]ltles.~‘The Ice Tiﬁﬁl;;ea

o , R RN Ty e

Li . front~|s receding at present.n Unterstelner and Nye (1968) On l&ﬂ‘f{f ff ‘

if:iuﬁi;the basls Of éood“deal of'guesswork' estlmated the change o )
SR : |n mass balance requlred Fo? termlnal reahvance.¢ It was’ con-‘?}:ifﬁ |
: cluded that even allawing for drasf a‘climatic’deterlonaffon,'.:£;£Q° : g

terminal:readvance reachlng Granduc facllttlesﬁis unllkely

s
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L between 1750 A D"
aj ? ' The following
R moraine

‘|ndlcators of terminal

.,f:

stare of mass balance

The outer marglnal

and tha mid

area of

N :

N

rldges orlented transverse to the dlrectIOn of

Ice recesston,

‘stdce the mid~

o A‘!

1950'

Berendon Glaclerq

is descrlbed

|n Appendix;{fﬂ
|s‘an analysus of a.flne series of m:nor

:

"

«

an expression of the

1950'

deglaclated;

|ce flow.;
that occur\:n an ace pFOlea] positlon (Flgsﬂ 66,_67,,68)

lnter-
pretatlon suggests these washboard moralnes have formed wuth an
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. Nhlle minor moraine rldges or washboard moraines have ‘”;
. been Well described from”areas |nfluenced by formeriy\ex- E

'ff-tensuve glaciatlon, descrtptions of the generation of such o

v

forms at themargins of temperate valley glaclers are not

{ numerous. Elson (l968) has reviewed the llterature,concernlng S
. Lo ' “»:
~the orlgln of munor moralne ridges associated WIth fOrmerly '
B S §f"more extensive ice cover and presents a forum for discussnon B . i

of presently developing washboard moraine: sequencesu .CrOSSjV

. N
.f' . = alley rldges at the margins ovathabasca and Saskatchewanddigjﬁvg,'fyp}
'; : ”f;Gladiers consudered to be of an annuai origin are descrlbedA'zv??FF?ar/iﬁ'
R ﬂihfby McPherson and Gardner (1969) .Douglas (197OJ has des-f}};?:i?;i/{'th
o Adrkcrlbed sxmilar moralne rldges of true annual occurrence near’ ?@Ei'}’hfhnhz
h”the snout of Austerdalsbreen.4 Andersen and Sollld (1971) con-ﬁufffjih”
' f‘%sudered that ‘at well-defuned suite of washboard moraines.in:;’ﬁﬁhi%ﬁgih' .

'the marginal zone of Madtdalsbreen, HardangerJokulen,‘was of "T¢~ﬂi__?“*

NE N JE

hg“:}:jf';an annual peruodicity.. Minor moraine ridges near the snout

Yo .J

'“{:'fof SkeldaraJokuli have been descrlbed by Thorarlnsson (1967)

and an annuai origln suggested on the basls of thelr regularityl?.f:"h.:ﬂ

S SN ;fgmffWhllSta strict chronological analysis on the basis of terrestrlai
| L -and aerual photography allowed Horsley (léfhl to reach alslmiiar .

: AL 'ﬁuconciu53on regarding a series‘of m nor moraine rfdges in front e i
1 S o . LS ot
&‘_"dh’h}'j;'of Aust;e Okstindbreen.. ln all the cases reported above glaciers -
ii‘ .m-“df :Hare experiencnng reefsslon, the partlcular pattern of whlch ,;if;ﬂrf' ﬂ{?
*1 ffi marked by annual winter still-stand or slight re= advance‘con- T_‘ . “;%;
i “TE:; dltlons.' Norsley (1974) has dlscussed the relatlonshlp between< jrjxfibﬂf
ﬁf‘ éf':;.varying seasonal ablatlon conditlons over the ice front and I
; h% Amass’balance and the consequent nature of glacier activity.gﬁi' \
gﬁ .ﬁ_ ? r 'ior washboard moraine rldges in the lce proximai\ '
i :w lnal area of Berendon Glacier are well deflned belng llmlted :

Ll ' :

7y
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‘sz‘ to a lodgement tl\l surface}(Flg 66) tThe latter |s dema}"ii~.

. g o 2 g | \
R ',cated on the eastern or |ce dlstal margln, by a’lfqgéTIROTth: w e
A-‘i é “).\ fouth granodlorite bééroc;/tlll contact.u Easter”;embaYﬁegts‘ ”?
LI “a o ” ) = : : ] :
o L in the bedmck oqtcmp are’ lnfil]ed by fluvloglacia' gra"e's L
. :flf; and ttll mtnor moralne r;dges are absent €F°$ these areas.“fw"} : “é
‘_ ;_,:x The' elevat|on of'the |°dgement.tl]1 surface islapproximatélY. “'é
: v »constaﬁ‘thiovh?r the-length of mor-ame ridges, a: tranSVerse Sl}°‘Pe . %
*L?E‘ x~£‘*, b'~i$ ;PParent from ?20 m. a s lf'at thé\|éé dlstal bedrock mar- ‘; c Lg
i ju L :"{ gin to 710 ﬁ;'a 5.3: at the 1975 lc; f;oqt“ Hanor.morﬁine.. I Y'g
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‘,ridg€§*of the same orlentatlon occupy ng Inteﬁmmralne ridge_‘.

'H;J.“u"of vegetatlon, colonizatlon by Salix arctlca (Arctlc willow)

‘( \ '- . o .‘ . , }. ‘,
|s apparent only in the~furthest ice distal areas ;jjg“ o
,J:i{g{ _ge of Hlnor Horalnes o ;in"‘:

. ¢ e +e R
| 1
beoe ot “
i ' e . .
- . . Ay y—— b s ae |
v .
‘
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" LA .
v e . }
| “
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) i .
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g ¢ AT l

‘hthe jce front bearung no clear relatlonsh p wlth lodgement tnll

'r e ~ ’;.

s LR P4 . - ) '

corrldors.‘ All minor moraine rldges are For'the most parh hré%

. :u-;-« L ' u' ‘ “e ot

The easternmost mlnor moralne rldge, deflned on .tsheasfarh.<

. N A ]

A 6

llmb by a north south stream, displays small morphological ',w§y[

T

characteristics not typical of more recent minor moraﬁne ridges fﬂ.;'.ﬁahk

Vv .
v

a

further west 5

jdges to the wast.;_

" . n,,m
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i.season"by Brunton compass and paoing
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A prlmar{base”ne 80 m‘ ' long was constructed at right

angles to the present ice tront to pass through-'the 1956

tlnct (transect A-B. Fig 67) Rldge to rldge 'distances along

" .
7y
'

thlS transect are recorded ln Flg.,69._, Flve transects,

N ¢

Ty

normal to the ice frpnt, covering varying surface slope and

-

rudge condltions are recorded o Statvstlcal comparison of

.. . 4 . '

A rldge to ridge dlstance along these transects allows thef,

. N N - ‘l.' 4 . .

nature of glacler recessnon extendnng over the 350 L

or N

south |ce margln. and a maxlmurn tlme period I956-1975, .t'.o be~:'

.
Rl
By

n_" . -— 1...

|n all

relatsons are obtalned cases except with transect G H.

'.\5|~:‘. : e .',..A"'

'(‘ «D. appean to be time equlvalents.‘
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vs not Ilkely that more than one ridge Is formed seasonally s

.

Rldge to'rfdge distances (Fig. 69) yleld 'annual'

: decrease until

when dramatlc

lndlcators of termlnal ice

R ,‘ -

s
., e B

it imposslble to prove annual

The
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- PR Sy ot

PR

:an«expreSSJon of the state of mass-balance since that date.

-

e

\. (~.

I nc reases OCCH F.

:'., oy

:'-ffrom 1_968 to 1971

“], and the number of years that transect represemts (19

3:[.and\:;;?TEEﬁce Is felt ln ascriblng an annual origln to these

rsiJ{’ly,;“ b'ig f 'jf‘ Pf*qv' Jg‘i” del o ’ ,
inter-moralne distances are; assumed to be Sensltive-‘“‘},

recesslon slnce 1956 and thereforefil

'

1956 to 197l¢)

1'_: I ]

o

mlnor moralne rldges.. Nonethe\ess,'as Price (1973) has pointed

.“

2

v EF S /

recessnon. B

¥ - .

._for thewperiod.ISOO ISOS'and-kss myr ‘?

Formatlon'simply on-the'gli%T'“
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g . R "sincepI967 %y Glacnology Drvlslon of ln1and waters D rect%rate, IR
N IR P S oy f et R B
ok ) Choh ‘.9-.‘ PR . o
s ~f e 'xEnv ronment qu%da, lndlcate Aa: sllghtly posFtIve net“BaIanCeg o PR
Tt P R P
L ) n ;ontrast to negathe balances before tbab da¢e.A Th!s may T
OO - -‘ : -,; . Lot K ,';‘.' .~ ."
o g i T AR CERLE N R ERRIENE
T{A - be reflected inft%e decreased r{cessnon rate apparentpfrom;.;'- S
Tt e 2o o 1 A T S e
LA ' mnnor noraine rudge spatlng jg,ltﬁ,.;,. g n{%.-~“«'. S '
i 74’ f{; HoraLnes constructed after01972 are small and 'll‘ }- L]
deflned one factor Is certalnly the decreaslng quantlty oﬁ oo f;
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"of moraine'rldges has been replaced by continuous year round

Hltrend ethbited by .the Stewart and Juneau - ‘¢limatic-record” ts ‘c\i

f"Ux xd.hhc-n - b‘r M-

a [ 2 W - + . .
lodgement tIll avallable fOT moralne conétruction.. l\ ls,also L L
5 ‘. - . ke \- KIe . - / - o »

probahle thaL consequent upon year round reldase of Granduc 5;d R

o
Y

)

4
{

processing mlll water (Pg IHQ wnnter stlll stand and generation ’

\

]S|Mple statletical correlatlon with the mean temperature

.possible. Still-stand conditions associated with the 1956 R
moraine rldge may : corre1éke wlth declinlng temperature means
to the early 1950'5 (Fig 86) .ﬁ;oml'..:._ o
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AR R Y "." cect T "'”'.;y7
_72.0 The Effect of Granduc Mlll an” the Prasent, (197l-l975)
:,1: Recesslon Charaeﬂerlstlcs Df Berendon Glacler:”u?' ”'1?
::_.;; '_ .". -*‘e,“-{;ﬁf L :"".

'i-%?if The dlscovery of- the Granduc ore body and the.development

fj;:f‘mlnlng and processnng facllltles hSWe been described by

walsh (l963) Mamen (1966) Benson (1971), and Grove (l97l)
(e 7

Dlscusslon below wlll focuﬁ on tha effects of the release of

'_\,, .

o 'warm waste mllﬂ water from lhe prdcesslng snte at Tlde Lake

¢~£amp\|nto the termlnal sub marglnal water system of Berend&l
Glacier. aTo the'wr ter 'S, knowledge*thls is the flrst des~'f,

\

geherate a new mode of recesslon

“i~tens|ve lce calvlng from fr;\ial lce‘cllffs and posslble cessa’

.l', .!,'.' o

Termlnal lce of

' " -
',. ¢ \ .

S water' North Arm lce ls less severely affected

o . |... *x
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O obstructlon of gIacierIrow éy the granodiorlte rock barrIeJ PR
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lcession sImlIar to karst development 1n IImestone terraIn.‘ , ,
SR T ‘ ’ ‘ Ao cod ‘ T &
Ion. the release of particulate matter In'mIIJ».°“‘ S

T ) ! "l." " .
' B ! - A e . o .
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channels formed by extensive roof collapse ‘and. massive ice_ ‘fﬁ‘ Ll '; L

Y . :. ,.. N

v

fall actlvity*from terminal ch cllffs. Such activlty can - {I
be convenIently discussed by reference to a model qf lce re-

L .
) . . -
o oa

. t

i

. :

. . - v A i
.sedlmentation. The Immediate termInaI area of Berendon GIacier '\\\\§

.’ . . o,. ' % .
Is charac;erized b extenslve shearing activity ) Arcuate~ . S L
shear plane outcrops can: be traced ‘on the giacier surface and T -

are - partICUIarIy mark d on North Arm where they truncate :f

medial moraine Nl (Fig.\32) Shearing is activated by the ;-

’

of’ the Salmon/Bowser watershed more northerlx“flow In thevj“gv'kf*

. - s W oo e R ""i
lmmediate termInai area in recent yeers has aiready beep T T .

CugiditeisA e ,-u-aaa-,;.i\..m‘_.,t ,...“Iia—“""‘""(“""

Lo L e t RS

?'NOté; IPQ 58) and ls also related to subglacial obstruction‘ ‘iti“idLQA
:'of flow qu thlnnlng termlnal Icew Shear1ng actlvlty has {“>‘ﬁ"ﬂ;4'?‘}ﬁ‘
,_been a feature of the ice front sinoe'at least 1964. On f';llt'dt;o-. .:ﬁ
aerlal photographs ofithat year (Figull3b) the central medla] {thj :f
_ moraine efperiences a rapld increaseJIn width as.the rock :"ﬁ?:‘;vi: ;;
- barrner ls approached and areas of. moraine dehrIs appea; to f"@?,f ' :
vbe defined by shqarnplane outcroﬁ% At the present (1975T -T,Qdi:;
egtenslve marglnal sedlmentation of - Granduc partlcuiate out-' ‘} .
fﬁfall is taking place,.waste i water (from the COpperl . 'f
'flotation nrocess) Is dlscharged ea’r round at’ 30 %, ‘
_A the rate of . 3 000 gallons ‘per mIn te, 3 350 tons of partiodlate :’f‘p-‘c”
ﬁ“ 'matter predominantly fIner thantmedlumasand Is released . X 1':I
dally. i? Jurcic, Acting ChIef GeologIst Granduc Opereting ﬂ;%s o
y T [P oL e . ER e
L g g ' ;i‘}‘ ng



. }. . ; bv”:”‘ R :JTWT%%WT:WM- v ;~~.~;“w~ ij- . A ;;T;
,.f“:’. ‘f-’- . c;mPaAY;)éeE;- comm.:1976), Suspended sedlment'lbad is de- ." -
:ﬂ,';; t——*~— pOSIted -a’s’ the mlll stream encounters the'lpu gradient”of ‘:;? lf ?ﬁ;;
AT e etk veake T
”"ﬁf;:' ? . “l~¢f:'.“Shear'pfanes‘on Nornh Arnnielevate subg]acial Granduc'.T'gung}}n;”
‘i' sedlment t° ‘the” glacler Sur?ace‘wnere lt is mixed witb‘medial ;5ii“;£;'
i moratne debr;s. Medial mora}ne debrls ln proxlddty tb shear:{ CRRE
:lf"?@{"vf J.;P]a"e OUtCFOPS exhlblts a dlsthct partlcle size distrlbutlon 1
.t y J-l 2:?:{ cbnsistnng of a dlstlnct mode, generally/ulthln the 1"5 to ‘}:ff;fft;”{i{
j;}‘ Eﬁf“"‘ 30 (0 35“ t° 0‘25 mﬂ (medlum to flne sa d fractuon) in harmony B .
R '“U‘ 'Shear Plane and Granduc sedlment AF g.\ 71) Mlll sedl-"‘ g ot
: L .‘.t; ment ;ﬁ& shear plane debris oecupy a. dis lnCt area bn . plot RIS
:;é:t?t,.':ziy “e? mean slze and standa’d deVEatlon (Flg. 72) Separate from f ‘
.i hﬁtif?':‘ subglaciad lodgement t|l1s fgund'ln the termhnal zone.: Sduth | .

Tj;b(".. Arm ice,front exhlbits stacked and |mbrlcated englaclal H:f;ﬁ‘gf:f_"tzﬁ_ﬁi

"'fﬂiﬁi medlal moralne debris but subglaclal debris Is not e1evated ' f@f%-rfi i
o from the bed (Flg..73) The upward trangfer.of shear plane ﬁ*'f:f*_i'i'fff
v _'\;__ . ':.‘;. CL . i L )
"“'_ debris .on’ North Arm has resulted |n the generatlon of ex- . o
Bk tensive 1ce cored t0pographv (Flgs 31b).a " ‘
’ xf"f. 244‘ Horphologlcal Effect en}Acee}eratedﬁ]eefneft:ﬁatee?ijfufijﬁipi“
. 'lﬂf‘ ﬁ"The terMYnal lce west of Granduc s taillngs dump (Flg. 66)

's characterlzed by a, gently sloplng'margin.b Melt watenvu'

fiijil‘ :bfi} d'alnage ln thlj-sector is lateral to the ice front with A r[pf@4;ﬁff

2 BN : LF LR
e Sl e channel often cut Iin lce, prior to subglaclal penetration (at SRR

g?r.ﬁf'f.}a;f'fX} Fig. 66) Dralnage from lateral oralnes add the dlvlde ’ .

.i“ B s ,u“ '. -‘,u." . y W . U x

iibfllé . ytya area between the Salmon and Bowser{dralnage baslns also utlllzes Cn
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b ;_,j 75 m to the north a subaerlal channel between,nce-:.‘ vi:. f‘j 'h R

zfﬁ“ emptles onto the sllt floored marglnal area recently evacuated S

[RNY ‘

The maln subglacial melt water outlet of Berendon

a
@
B | \ .
. -
h - eyt
A i
.
2
,
e
°
i s et e it oo

. e o . l‘ u"?"‘ M . .' \' - - L . R . N -
Glac1er lies on the western,margln of’North Arm terminus and S T

i 4 <oy / L R
remauns unaffected hy the entry of warm waste mlll water.d“fﬂ,ﬁ',“ -,

warm mlll water enters the glacier system to- the - north.-ggll’& v
::} of the talllhés dump and enters tolthe glacler bed Thick l
’ layers from the shh waHs of the large Lnleti;unnel-arekactlvelwif'
s exfollatl‘ng . A T A R U R P

N T . .u f . . N 1
R B

fge t . ' L.
. . PR o1

'_'cllffs, commences a northward run of 300 m. to where (t .
: -‘:.’_ . . :

5

+d, B .o

by NOrth Arm lce.: Channel sudes to the west ate of aetlve ;
ff lce whpse depth decllnes from 30 m ‘in the south'to\Z m‘at .Cil¢i..j;;*:'i:
”SVthe-far northern end of the channel The llmlts of the channel ',h
‘{:to bhe east are determined by the sharp break ln slope between 'h%ﬁaﬁ:y
.hthe granodlorite outcrop of the Berendon/Salmonlduvlde and ;}ﬂl}jfﬁff§**§f

> . I

'ﬁﬁj the glacler bed the channel is. orlented along and agalnst'”i~fA":f{;;‘@

the 'toe' of granodlorute (Flgs. 74 75) e\lower bedrock S
slope IS marked by a frlnglng berm of ice l5 m wnde and of '

slmllar depth lsolated from actlve glacle lce. Hhen )n--ﬂ“”

.

spected toward the end of the Melt season (1975) the channel ' S -
was unobstructed except for a roof of thlnnlng debrls covered ,';j

lce, adjacent to the termlnal outcrop of the Iarge medial . ﬂﬁ o
‘f moralne present along the centre llne of the glacaer. Thev ,j”:f:s.‘

L :",‘ e

channel has clearly formed through the actlon of roof collapse bﬂﬁf&

te

P
o . . . vt

over a subglaclal tunnel.’ .«\w ‘-“ -"_" : B

1‘“;
il
§
3
-

v. IR SR -

:r- The channel‘lntake 15 a ]arge amphltheatre,bounded bV

lce cllffs qndergolng basal sappnng by warm water._ lce falls




v

are common. On the surroundlng lce surface a concentrlc IR

-, : .; - R * - .

crescentlc crevasse pattern (Paige 1956) has developed

ot 2 ,:,...... .t pry—

P
transected by a splaylng crevasse systeml fallure of rec--i*"'hl- ‘ ‘
:l tangular lce bfocks results.izThe inner marglns of thls un— ::if*f? ' ”3:.
‘ roofed cavern are markedlby a chaos of fallen lce.‘ ’ | ' ‘
R The frln ing lce berm ls connected wlth actlve‘glacler .’f 1“.’ iﬂ

'-.-,

Y .

E]"ll 2 er-' (pg 153) Thls ls the hfghest annual recesslon

‘fij rate slnce 1956 .lt may be that basal,melt and recession con-~'

’

lce only ln the south where lt adjolns te%mlnal ice of South .‘ff f. a

Arm on whlch promlnent medlal moraines outcrop (Flg. 66)

-uv:‘ i . s . . . .

The marglnal area of thls latter lce Js marked by ‘a.. flne

*series of "annual" moralnes (Appendlx I) Annual recesslon

rates are presented ln Flg.69' : Recesslon rates were derlved Uu' Zla'An
by measurement of rldge spaclng along a transect normal to"

the lce frOnt (p lho) Dramatlc lncreases ln annual rates

'

V. N

3 B ey P

. . : . - |.- . -
,A . . : I N ‘,,

occur after 197l 'fﬁflfnﬁzifv

Moralne rldges constructed after 197l are small and”

‘..

lll deflned 4 The present recesslon rate of thls area'i

.

"\

tlnues year round as awresult of Granduc water outfall

e ..._' MR

Generatlon of rldges before 197l ls consldered to have'taken"

place durlng wlnter freeze up and stlllstand .‘-y'i;;ffi{f”laj

Analysls of aerlal photographs (l96l-197b) and observa-

t'°"s made ‘" the f‘eld '“ l975\ Perm't lnterpretatlon of karst;fﬁf*”'”

..\ . —

;- .
features found ln the termlnal area of Berendon Glacler. The

. t'. . \,

analysls 1s: of lmportance slnce contrary to analysls of glaclal';wm

o . L]
P T . - ot

TThls flgure is"on. the basls of a- 16 week recesslon perlod
from June to October (R J. Rogerson,upers. comm. l976)
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T"'|<a.r_c.tvmadelelsewhere (Clayton,196k), Berendon karst features
5have deve]oped ‘on actlve glacler ice,‘;-'tﬂigl:F:giﬁyﬁ:uﬁf};:}iw‘dgj't
196‘ aerlal ph°t°9raPhY (Flg- 76a) depicted a lobate ﬁ;eidﬂ;lﬁ
front durlng the helght of the melt season Summit Lake_i:ffﬁ':

,*overflow water In Its passage northward Into the Bowser Rlver

maintalned an lce marginal course. Subglacial penetratlon

'Q " .only occurred near. the large central medial moralne.' The :
fffg . Treﬁ’marginal channel has produced local steepenlng of the ﬁ,‘ 1

Ice front.- Pondlng Ice marginal water was a- Feature of the. lf*~

VP e
~a

2%3 Ice front at th|s tlme. ,No ice surface depressions can beA'u
Egi.'q?_wi:'i*ﬁiqaﬂi‘- 196h 1968 and 1969 (Flg 76b) aerial photographs de-f?.}tﬁ?¥5k},?
- ~g{: '}?}:fpict'lce thlnnlng and termlnal recesslon away from the grano-~t' . i; :
ﬁf”:ﬁEdlorlte dlvlde arean, Subglaclal penetration of SUmmIt Lake fff'f . _;
fﬁja.ﬁ”}water i& suggested at the tlme of 196h photography by the : f

'r'ﬁabsence of thermal erosion of the lce front by marglnal melt
~";"stream\g;.;' By 1968 Summjt Lake water has been diverted by fzgﬁji:%kﬁi};i.ﬁ

m'!J.Granduc constructlon, mIIL\productlon commenced In-FalJ 1970

g

By 1972 (Fig. 76c) marked depressions 75 m |n diameter

Y oy

. land attendant concentric crevassnng are apparent.} 200 m )

O B f.ﬁ"bl:above the termlnus and to the north of med!al moralnes of :
- L. £ . . ) .' . :”l,"‘ . Doet A_ f L K e ."
K v ;“PSouth Arm Ice. lntersectloﬂ of concentrlc and radial cre-fﬁ

..‘-',_ A f.. ~ .
4 "'L'vassing has taken place. A l!near depresslon 50 m wldefex—“

f,tends to the north Thls termlnates ln an area of intense 4

'“:1crevassing near the central medlal moraine,.taklng the form

*Aofﬂan oval depression in’ the lce surface. -The subglacial I

Z'Eglet of mlll water (Frg. 66) ls marked by localizdd recession ﬁ?t;]'“







f?” ? 431 RS co - ;u;
é ~ graphy and concentric crevasses marked roof collapse of o :?
‘;§.. o ‘i‘subglacial tunnels., Haefeli (195l) described ‘entonnolrs‘ or': | '§
‘”uf;j “\?1 funne;/sh‘.ed holes at Gornergletscher., NlelSen and Post h:_fru," X %
nﬁé' '.;h (1953 r%:Zrted sink holes in the terhinal areas of Castner,thiar,f:;*:f
ff¥f Eel and Canweli Glaciers, Alaska.rﬂdf. - ,l,iz: @ L e :g
d,? . . . Stokes (1957) descrlbes channel formation by i. :x.}h F: .:‘- é
'i' :3ﬁ i” cavern collapse from FlatISen, Norway. clayton (196k) con-j'i “;
; L | sidered the topography of stagnant glaciers ln terms of a ﬂ.‘ ;
g e karst cycie. "Ice sinks' fonmed by roof collapse of subglaC|al
fﬂ_g"j-f{' ﬂ"d VcaVerns,.natural brndges and blind valleys are described on
';'-;\“ji'&u i~Stagnant ice of the Malasplna and Hartin Rlver Glaciers,.' ta - %
.??}d:'ifﬁ.» Alaska..:He suggested that for such features to form, glacierA ~.i;; 1
?:,A; E il }' ice must be‘stagnant and debris—covered' the absence of glacler B
% - e thgmouement and a protective debris layer a]lOWS karstic develop-'~ ff .
_ . “jkhehtt. Lliboutry (1965) descrlbes circulan concentric cre-l '
ié_ ) T vasses from the Glacier Juncal sud generated .on. the margins ; :?.thﬁ
?%j ' ﬂ of subglaciai‘caverns. Hashimoro et al, (1966) describe snmilar }x ff_
:Z%@ erevasse patterns from the . Antler Glacier, Alaska.f | .
Qe%. P . On a’ large scale,surface troughs and vertical displace-}dy." o
‘§ ::H:ment of the dCe surface have been asSociated with the Grims-hg
f:é katn glacial outburst in VatnajBkull where thermal actlvity f:
:: and accelerated basal melt have produced the Grlmsztn de- 5
;i ?71;_;;_ pression, which was 35 kO km in extent ‘when reported by R
N ijl‘ / Thorarlnsson\(l953) uggests that Grimsvdtn can be’ con-

sidered 'as an area acterlzed by a very spec|fic glacial

v

- regime uhere ablation primarlly takes place from below' ’ ‘.'- ' f;k,):'

[T B e

e

o Hougin (l93h) réported glacier surface depresslon associated
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-

with the 1892'Glacier de Tere Rousse outbursc near Mont Bianc.xij tiﬁf{;

Hhere surface depressions and concencric crevasse(pat—iiu':f;;'w é
terns are fOUnd in terminailareas thinning of ice roofs“may CE ‘7
iead to coiiapse.' Paige (1956)fdescribed.can;;ns Ql*if;i f\‘{i';fﬁlqif
uterminai ice of Biack Rapids Giacier, Aiaska.‘ Tnese canyens ;k:ﬁfiﬁj}ﬁf
margeu'tne iubaerial exits of a large meandering 5ubgiacial Z;;;{ﬁ;i ;k
.stream.i:Thermai eroslon by meit water was strongiy iocalized .f “;f:lﬁ‘
withln crescentic meander patterns‘ﬁ Roof coi[apse generaied o i?'“in

F
ok
.i

manner of recessnon as being unique Iandgprf

é meandering canyon form with sidewaiis 2& 30 m hlgh 'J?:i:ff~fﬁ

Upglacler where ice composing the roof was thicker,,surface-f-}i&w' SN
expression was less marked Copcentric crescentic crevassei:‘

w

/

patterns reflected subglaciai thermai erosﬁon along the i;
f . . o o
stream course. HcCali ;reponted in Paige,

« * -

W ' vt

'subgiaCiai stoping' oru’biock caang
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'.3 0 The Nature of Glacler Kecesslo 1975 :A»"{f{f::f_'f
o . .l . . te " o V . .. L j o “,. f~ ) j_ . et e

e

Recessfon of South Arm Ice front over a twelve week :" :5'3"

perlod (dune-September;

. y
t H I’ s

1lne$ andrconsequently by a

\ and cover values.

.,‘.

5 cm- Qckets up to 20 cm thick could be Iocat::

ff'i" ﬂ.slte was establlshed where ice is least crevasse

.....

»

Followlng year round dISCharge of waste outfall from Granduc

mlll A serles of small Iunate debris rldges about 15 cm high

.,.__ [

ifg can be tdentlfled near thewgresent Ice front and may represent

\‘.~

/.'
0

temporary recesslonal stillstands dur]ng the wfnter of 197h/75

71;3"1 The ace front'is recedlng from an extensive body of .'YY-'

"f*{fl:ilodgement tlll whose upper surface sloPeS genfly towards the

S tce front. The lce dlstal edge of the till surface is de-
: ’ : ( Jh

......

was mon[tored., The |ce“front‘is.'-eﬁ.1’

[NUPRES

B ;"” 'Horlzontal ablatlon was detenmlned by reFerence to ‘a bed-~~§‘f"'

tRecession data |s presented in Flg.-7fsﬂfo§;"§ff;h

e B S S SRS




i e e il
. :::"'.““":' l‘ ;
“}3.tl'”3f;d%; s]ope steepens'near the recesslon slte, granodlorite outaliu' J
T ';crops protrude through the lce‘pro;lmal edge of the t:ll ‘ 8
surface. The ice front is therefore well-defined ' el a
;. Medlal moralne debrls,,derlved'from vo1can|c tuffs andjhf“ i K

-

BARC conglomerates of the Hazleton assemblage, Is added to the R
R ;.'.. X R RS
LT 10dgement till surface Mrs]ldhw from the lce front The re-p: -

B e S a1 2 - S g e ami i an

v cesslon site |s bounded to the north and south by promlnent 'f:f}:%‘ o
£ ‘ crevasse fllllngs extendlng fromfcrevasses in actlve glacier N PETR
f Ice as rldges about 25 cm hlgh and l m- wlde, normal tq the’gg“f:e;~ :
. ice front. ' ‘ Sy
A f Heasurements of receSSIOn were made with a steel gaﬁéi :
LI MLM: PR ‘:’,'.23._';5;'.';"7' and 3 and during"i i g e S f
AT e s T G ) T 5'/ T |
Yo e The mean”recessuon rate was 0 6 m Ej; (Fig 77 ) The horizonta} ' ;sz :

veloc(lty of the Ice ls 28 zsm""'~ (pg 59 )

. ” ) .:‘ -': ,:'
of the T e‘“ .
. e

measured short term (less than I day) horizontal and vertncal

PR

~a steep

Clowfge:

‘,a

|ce amounted to Iess than 2 5 m (from graphs presented i

Lelgh 1972)

from annua! moraines frlnglng Berendon ice F?ont

[y

.

ice front has been

‘slopes

. fluctuatlons at'the te mlnus of Storbreen, Norway o Whilst

X n

ln additlon, yearly recesslonal data derlved

.

lndicate

T t

x" 5

fi;AnalySIS of ai r photOS from 1956 to 1971 demonstrates that

v

K

In termlnal areas may promote greater debri

in existence during thls time'*u'

o e e

s"“
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‘compared.
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© ~recesslon:
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Gr
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n

d'dec

v

reased
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farm e B et L

By

¥he annial recesiion rate of.11.2.m & year: Uy

t oth eave ra ge v at determ lned fromlas 6 t
m:" Ta'year;: pg-] } l) A '- sugg est;ton t hathish rates -\
ssTon, sInce 1971 are die- ‘to snhanced isai melt,
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FELf clal Accekératjon of Ice Melt Rates., Determlnation ET“

“‘ﬁ.jﬁ%'t6¥///ltical Sediment Depth and COver Values - '}_ ;“‘ _

: e T B T e AR T

;“ﬂiégwokilfkif;jtiﬁ Artificial enhaneement of‘ice melt rates was considered/as .
fzf - o almeans of controlllng the actlvity of Berendon Gfacner }ermious ) :'

’ Do ‘5|n the event“ f“readvance”fPlots.on the glacler surface were odn- K4
‘;:f fi{f€;ﬂt:\ strocted to examlne the relatlonshlp between superlncumbent .;' : f '
:?{;iéﬂe;fﬁzz“-odebris depths, and resulteo{'iee melt'raées.;.éueo“w;sk‘}eoli-eﬁ}g :

f} ;{ }g’ e;t;& and extended experlments ;ondueted on. nhe,surface of 1} }2 iﬁj;gr :

) ‘} G ‘3“*' AR fivi;
}{2;f The decay of sea ICe along Inshore navigation~‘ Co

Ei;_u. 5‘£oa|.dust,'added‘to snow, has.oeleased 'ﬁjsf"”

}%H’b o j molsture.cdhdltions (Bensln 1952), freed snow-and-lce bound afo :
;;Qf "?3ﬁ . fields and broken:iee jams on rlvers“(wllllams 1970) Avsiuk g }Q

;%ﬁi_ | (I953) reports inVesthations |nto methods of increaslngfthe out-ﬁiﬂ‘ s

ii;J; Rk put of hydro electflc fécﬁlitles by dusting cootr1butiog olaclerlzed \

'EITSQI: ;;;‘. baslns.. Colbeck (1974) consldered artfflclal dusting,of.,.' ‘f-: i
%..T »3:1 ’ lac1er ﬂce ln a projected lnfraglaslal open plt mlJe s ‘
é:‘} | \'Vmethod for the removal of leev, lce dustlng has also beenlcon-~{ 

,

4

K

1,

—
o -

'jsidened for controlllng glacler lce

i

)

in a, potentlal nlckel
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éﬁgikéigffirh; Herﬁent kl. Norler Egigg.comm. 1975) .Ld;.?%?PZf;gfi::ifii;ff?;:'{'H L.
;ﬁﬂigsaﬁi" j?;:isi.v,f gbﬁie additlons to’ glacler surfaces may e]ther_retacd :i 7:{47"~l
:" _:;:{'HF; or‘enhanceleblation rates (ﬁstrem, 1959) a critlaal debrle ) i } 3 é, f'
ie}”&fi;;fl;: depth :e apparent abOVe whlch rete/ﬂatlon of fee mel£ occursf : .
-éﬂ}ﬂj;ffiﬁ}uiiand below which enhanceﬁent.ﬁay take place.n The relatlonshlp hz?j::{i]-ﬁu
T.‘:?éth Ebetween sqrfaee lce abletlon and'superlncumbegt ﬁéﬂ}is dep;h f;:ikﬁj.?l:):’"

e:...“:..,' 'l ‘. '-- ". ' ,,” . . . X "f, . ) ) ‘.;..:: ‘;H“ v N (.. - . . ,.“.:._
SO .¢/,,=|s depicted ln Fig 78 .g;-'gg {;:c ﬁ* ?f"'i i . e Ee U

ot The debrls can be of a wlde partlcle size, fromrvalc nlc fgp; {;55'.
R W LT T

c e

'-and loess, to maJor r0ckfalfs and slides affectlng laf_ei-

. ; i
a eas oF glacier baslnva The albedo of bare glacler lce ii:‘ . E
) . A -'u.v_A g L. i Coe - .; ° .
“”EIL;?  \\ determ]nes absorptlon of short wave solar radlatldn. : 131 ‘:"g'v"{

"

i A,




Ry

eld experlments were carrled out on ﬂerendon gl aci en

\

. ":', v NP
. SR ‘. . F

e duflng the fihj.lweek(of August 1975 t:)determine crltlcal ;vﬁtih%;g::;;{;
'?get.sedimen{ deptheand'ereln‘size‘requlred hor mod}f{eetlon ofut ‘“ ngifhij{l
”;j;ﬁ ::;'anedo Values of Ice and.coneogléent enhancement of ahlet{on?'ﬁ? | >? {iiﬁ
l l rdteél ‘%1 . | ;“ i [b ‘ " ;‘n ‘h‘ D o t‘;;

; e Weather condltions varyléfeetly ovec Berendon.Glacier'fﬂig*;“: '*Et
'fgi:; gny scheme propos!ng to utillze antlfnc)a] enhancement bf ) | ' ?*

' ; ; ablatlon rates’mnstlcon51der this factqr.: In the present fﬁ:zgiﬁi;gnzﬂﬁj

P o S ‘ RS N
oo albatlon over a duratnon of one week Such determinations I .
3'1“;”1>~are Integrals of varied Weather conditlons. Further,”the i ¢f~Q$k;“3*}f§E
;,fﬁ”f4.»portance of the availabllity of g]aclal deb?ﬁs-of sufflcient : Ef
L ',‘:‘3.', s“‘:. .. R ; ' !

e

i X Hf gentiy sloping ice surface, 100 n :
il g j" ?
cl s‘\" 2 "" . 9 .

) ;Eleven 1 m ) square plot were ) "

wlde was left aroqnd . :

| \
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- ‘Two debris@types were seiected for experlmentation'::n'

e . e -

;”tained by - hand sieving of dried sediment (finer than 1 mm,,”‘

* pioyed (502 and IODZ) at three-debris.depths

\

di res cone debris from mediai moraine Si and recentiy dumped:

} .; .
T

subgiacnai tili% fJom the ice front.f-ln this way, /ﬁort

expended\in hauiage by hand was reduced Tiii was utiiized'

.

on plots A to G incluslye. Three size fractions Were ob--"i"

- . " . \ . N tLe

l

;l to & mm,’ h to 35 mm) Two debris~cover V@iues_were em=- "’

o
L

- d . Y .

I grain) .Depth cover andﬁgraln-sizendata fOr respective }'_

.
CL

plots are presented-ln Tabie 3;' . .. P LA

- ., R , - TR b . . e I,

T L7 D|rt cone debrls was fiot” siéked superincdmbentjdebris'
depth and cover were varied over four piots (H,'l,uJ K)h T

Debrks was applied bv hand Plot J consusted of dirt tone )
. e .
=debrls appiied wlthout any cover or depth change and was con-"

[
de

sudered a sufficiend controi on'e¢perimentat|on.’ Mith sub--
. 4'} : Rk ;- o .
sequent abiatlon dirt cones deveioped., T ’ |
o o- ca’ ' .

Abiation stakes were drilied into each piot in.;ddition

-

to a-stake recqrding ablation over bare ice. The debris plots

% . - ]

were iaid out on August 1975 ‘and the experiment was ‘ 1_f

terminated on“August 7.31975 ,1“:'-I :».:f ‘»:f ..: e

Y . AY
S :f. .Intensive recording of meteoroioglcai/varlabies during

b

thlS period was not attempted theuobject of the experimeht

-

A being primarily to determine sediment depth and cover vaiues

‘ ' f , . ‘s . L B8

"‘generatﬂng the greatest enhancement of’ abiation rates under

. |°‘ o
at‘the same height from 0 [ (overnight 3/& 8 75) to 2 C (over-i”
f < : »

. rl ‘ - .»' ‘.‘I‘ o . ~ ':“ “‘o , ; \
! . - ' " Y ) 3 a
N ._F." R H 1 = . . ' \ ' o’ ' : '
* : : co ‘. [ '

‘varying weather conditlons. During the week of/observation
- . S rd ' u

L

: maximum'temperatures ranged from 21°C (5-8- 75) to" 7°C (7 8 75)

-

at 10 cm above’the ice surface.‘ ﬂinimum temperatures rdhged

o’

.’Ojs cm; and’ “‘,j

s

‘v

..
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dover values on Austerdalsbre'ln July/August l97b (Fxg. 7).

‘.e\’ " ‘. s vs . . o
' ~ / \ ~ : ' \’
’ . T ' i }‘,} \L [ ]60 %
1 . - \ r ]
4 : ' . ‘ S !
S ' ’ ' C R o
e nlght 5/6 8 75) All days durlng the experlment ‘were wnth ) o
; T i rain except for ‘the- 7th nghest ralnfall was’ recorded during
~.l.': i i N 5
‘?%,g' AR jcthe hth The slgnlflcance of ralnfall ln tefms of sedlment m0ve-
A H - . . - ' . \ s B . c . . '
; ment is dlscrlbed below.,r , S T '. 7 A
i ;. R A _ . ’ -
) e L . : L .. : ;
£ et ey - y%tal ablatlon recorded at the end of the week was an S ¥
‘—“ v : L 4" P ¥
LV b lntegral of many weather condltlons. Ablatlon rates were deter- ;
. - N ‘ 3 S &
.;~?:;- Do mln—d'on all plots extept J, on seVen otcaslons at time |nter-;w_',. f
. ':'..l E -. ‘. ~". A . | A ' P R - . " - .‘A\ .A ‘
e o -vals of 11-35 hours. The error‘ln ablatxon readlngs Ls.cbnr S
: \\,'T o 5|dered to beﬁwlthln 2 mm.~ R ' SRR D T
Lyt TR A v : .. ' ' ‘ ) , : Do
. R VTV-‘ o ,; . ST ~ . .
S . k2 Results .“ L f" o . B
e RN - §\‘ :' Ablatlon rates are presented ln Flg. 79; totalaablatlon?‘
Q. for bare Ice OVer the seVen day perlod was 33 cm, a dally
oot R s, o , K]
o ST average~of s 7 cm . nghest qumulatIVe ablatlon was reported
e tet -~": at plot H (#3 3 cm, an increase over bare fce of 302) HA;:.' E o
IR : N o\ . R
“;: stmllar figure was obtalned uslng comparable debris depth and ' lﬁﬂs"
e

”{'_‘,‘. . .‘ Total ablatlon rates for all plots,,except J are shown on ch.

‘ﬁv.' . R 79; Penoentage |ncrease ln,ablatlon over the,bare ice Valye-ls

' : . . .. e “r -

1

m?_ .. also recorded _ : , . .
S . - .

A :..~ ) On plots F, G, and: ; lce melt rates approxlmated that

‘ Lo -0 over bare ice for the seven day perlod The lowest ablation .
i M .
3 C AN total Nas’ recorded at plof’D tofal ablatlon at thls plot how-
; R ever is . only 1. 8 cm - below the value for bare ice” (Flg. 79) Ceh
; Coarse debris (h mm to 3.5 cm) on plots F, G afforded no -
v , f . .
g‘) _\- protectlon to underlylng lce°'a slmllar.result was obtatned on
C ‘Austerdalsbrelln 1974, Dlrt cone debrls fromlmedlal moraine "
Vo d 'ifﬁ,5~y'l is derlved from dark-red volcanlc tuffs of the Hazleton o '-7\'1
EN P ) - i . / ' V- ' _..' ¢
L a Semblage and consequenrly has a IoWer albedo than tlll derlved Lo
. [} . / Ve - : l . o “ '- . ‘ . i i e ., . . . “
S fr‘m granodlorlte. ;é P .j;_ T e ‘.f, v . R
] ) ’ - \‘ 1 ' - l\" ! ‘ L o . . ' B i Te
1 N : . . Ny ? oo
¥ - ) . ] ’/ ] o K] K ‘.\. .- . , . . i ' . ‘ . ) _’.. . )
o et e e s ' s, '
D ;< S T b e NI R N TR DY YT TNY S
~ ; - GEER ' [ Y L
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Vertical polarold photographs were taken of each plot at

L,

B i e e
. ) .
Pl
L]

the commencement and fourth day of experlmentatlon (Flg

.

B AR Gt #&,m.-_—\n'..‘y_\_r'-e{.t e

:; 80 ). On. those plots with debris cover’ values of 50 “and 252_' :vtﬁf‘-u

't(EjJF, H, K) debrls dnsper5|on over the Ice surface of the

N

plot can be assessed

Ralnfalllls an lmportant dlspersnve force.‘”At~the.

end of seven days dlfferent debrls.cover values on dlrt cone

4
. T e e e il e .,4,.._7?...,_._-.-_:_m—1-... 2 abn .

L

' ,; . plots cannot be dlscerned' IOOZ cover has been achleved by

debrls dlsperSIon (plots H and K) Debrls depth was reduced"

oo v

Crredy A e . L

el s e et -

b over;%hese plots,_ln»tlal cover values may therefore only be .

o o 'Aimportant in that theyldetermlne how much<debrss is available ‘

._for sqbseﬁuent dispersion.

g

4.3 "Interpretation and Recommendations

:Eiperlmental'plots of.varying,sedlment depth, -partlcle' R
. . { 1, N . .
gISIZe and .cover, value ‘oh the: surface of Austerdalsbre, Norway'and .

-
. s
.

Berendon Glacler. B.c.. support the suggestnon that thln debrls
thlcknesses (less than 1 cm ) lncrease ice ablatron rates.v.f

.

Haxlmum enhancement (302) was achleved in both glacialuen-

. . . K .
' « . 3

vnronments by unsleVed dlrt cone debris applied ‘at’ an lnltlal

T T PIE W v S,
t’w“:* : v&&'ﬁ‘.«"'—ﬂ_’:?"ﬂ s -\'f'k‘,,r",.'lvr::..t‘,.r,.,,:1 PO
- .-

am e e g

cover value of 50% at an’ average debrls thlckness ‘of about

- g

tflf . 9'cm. lt is not known whether the same debrls depth 'and

.; cover value ls appllcable to ablation enhancement of SNOwW ﬂ'
é;tf" L cover; experlments‘on Austerdalsbre and Berendon Glacler

P N N )

iﬂ;' *'f o "were not made. above the seasonal snow llne.' Slaughter (1969)

| Lel R

P e gl -
- - L *

has revlewed literature on/sn0w albedo modlflcatlon. lt

} ) S 1 would appear hOWever that experlmentatlon utllizlng the same debrls-
. .’ PR St "

. Vlj“;,g-depth, type and.cover.values.as.recommended~here ‘might be -

. " N . ' . . N ' . o b ‘

- s
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PRissimip . -

~

QOES]

yedarvomseee
a bl

.that sedlmenr depth type and cover value, suggested here-on
) l"'fhe basls of fleld experlmentation, QJ utllized ' Uslng readily
avallable medlal~mora|ne debrus,'w:d:spread appllcatuon to
-the glacier would beﬁrePatlvely lnexpenslve.; Disnension of
debris noted durlng experlmentatlon wlth 1 m mgots 197h
.and 1975 may suggest that the re appllcation of debrjs to the ‘h¥-ﬁ
‘ ‘:gla ler surface is needed -“JﬂéQ , ? oF J.;g S 'ifif :
- 14710 .Fi.n.?l__(;omme_nt'_.‘ - oo P ' : :
zo The effectiveness of increasing ablatlon rates by 9'"' o
; appllcatlon of debris to the |ce surface has been shown;‘:dey-f:_-
ﬁever it is IlkeIY that the effect of warm water’mill outfatliii
‘ ';'.in accelerating glac:er recesscon by lncreased ha;af melt .
'-,(Appendlx II)Is‘more effectlve than acceleratlon of supra-‘dk

......

. ,
S
s LR

proTitable over fargeianeaefoF,ﬁhefgleeJér'éurfece_helon ﬁhe':

'

I"r

snow llne.‘, oL ERE wﬂ_i\' o

Highly,crevassed areas would not be amenable to. such

‘fapplicatlon. Af such w0rk is planned it |s recommended

glacual ablatlon rates. R .':‘: ,_" .._" ) qi')
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s.q'7 The Recession Hirstory of Berendon Glactier, 1750, to 1956 A.D.

The fdllowing discussion is an attempt to'reiate'the.

'

recession history of Berendon Glagier to the greater north-'
<western North Amerlcan chronology The Following analysis s

tentative, .a more detailed attempt at dating the recession of -

I

:,Berendon Glacier iS outsnde the scope of this thesls.i Howeverq

.medial moraines and other debris elements of South Arm ice*hasf

as is discussed below, ‘the magnitude of debris removal by_

¥
. .
. »

A

ﬂ‘not'been constant in time. " The anaiysis of debrls deposition ex=. \

..hibited in the marginal .zone ‘of .. Berendon Glacner complements

\\
.\"'

'moraines. Thﬂs transect (AB on Fig 81) is considered ‘as

: fand extends studies of debris movement ln the present glacier

“the present ice front. The ‘marginal area has been mapped from

'\border of the area under conslderation (Fig 81) Recessional

[moraines are well-developed and ‘wibl: be consldered along a

' Belng representative of . moraine deveLopment.

-

. e

.debris system. The,marginal anea of Berendon Glacier can be ;6.-

defined as that area between th outer terminalimoralnes and-

fa|r photographs (1956-197h) terrestrial photographs of sporadlc'

age and altimeter traverses conducted in the field (Figs. 81, ' .-LQ

82) wThe marginal area underﬁconsideratipn Is iunette shaped ’ o

.

=8
1

(1. kmzhin area) A promlnent bedrock ridge upon whlcht.

=

Kid and’ Glav\sﬁrvey stations are sited constitutes the norbhern

T

A
s ~ e

transect from the present (1975) ice frong to the outermost

3

The compiex nature of recessl0na| sed@mentatlon ln the-ﬁ

marginal zone of Berendon Glacier can- be attributed in part,

. . L . R
P e ) N v ' A . .

L '

% Do
N

B

. . R . . 1 N f
S A i b, - s ey qu,é*‘%' N R AR t;:&u&'xm.ﬁsmu:w \
v - £ . . s o Lt N i Vo . St ot
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% l 3 ,’ !l X .'-I'}.}

;' ' 6' '™ - y I6l| g : .
s " ~ {
T “to bedrock surface siope which being toward ice. fs'typTCai n i :'
i [} k

% Y of conditions more freqbentiy encountered on giacier iaterai . 1

,f 'margins. Much sedimentation is morphoiogicaiiy kamiform T

§ - A (Embieton and K ng,1968) A long history of pro-giaciai meit i,

'nwater ponding ('aumann 1960) and iceemarginai drainage by
Summit Lake o erfiow water isvoiear.m

The marginai area'can-be conveniently divided Jnto'tyo .

S e Y eae e

v S :areas; on . the basis of air"photograph anaiysis a moraine‘ .
N L. Ce
i T o dated at 1956 divides an outer margiﬂhi zone extending to the'

LIRS

outer terminai moraines and characternze& by sporadlc moraine

.

building. from an inner. zone characterized by a. distinct moraine.

3
"
o € e BN R e i e T T
ot 3 . o,

s type of apparentiy regular formation. Moraines of the inner
' “h i T .‘ .
’ 'zone are considered to be of annuai occurrence, the nature of.

< , .

e

. p e . » )
' sedimentatioﬁ over:this inner most recent'marginai‘area of

L . S . .
N . .0 . C. .‘

Berendon,_lacier has already been examined in Appendii'l.i‘As

.

s
.

it P L Pigarait TS

ﬁ:'- far as couid be determined by surface observatsons'*moraine
% ‘ ‘u‘ ridges of both inner and outef:zones are not- ice—cored
ﬁ ‘ ) ct : S [ .}j , AR R ' o7 i
'E'. : S,i Past Research . * ]
‘% T . . The pattern of recession exhibited by Berendon Giacier o

: R ) .
= ; - - as revealed. by the_character of recessionai moraines in-the.
; ’ . marginal.zone, hasﬁnot attracted“detaiied research ~ Haumann
iﬂ. O (1960) discussed the significance af Berendon Giacier activity
1- e L " . - . K
} in terms of Summit Lake overflow and considered that the outer=- - '
. ST .most moraine system had been occupied in 1850 A D.. This

: suggéstion was made on the basis of his experience of recessional
.moraines dating from the mid nineteenth century giaclai maximumx

'f;‘in the European Aips. McHechan (1975) mapped the marginai zone,.\

. from air photographs and suggested a datf of: I750 A D.. ¥
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12 er the outermost moraines In accordance wlth recesslonal patr . ’l'
gz ) f:tenns ln North America and Europe. Moralnes of l905 and 1956 ‘%
‘gﬁxl_h ' 'age were ldentlfled from Boundary Survey Commlsslon ohoto-' | %N
'i - graphy ‘and recent aerlal photography | T -ﬂ..:‘ N i;
.?I ~S 2, Northwest North Amerlcan Glacnal Chronology 'gt
. ,_The-followlng discusslon,rs limited: to northwest North E
';t’ “America;'sﬁmllar trends are.evident\ln-the European record 'fs-ilf..'i
xg ‘ylﬂll ;o , follouinglthe\retreat'of:late Hisconsln‘ice (Porter_and;_ .- .. . u.ia.
:i ; bentontl967):.,The bresent'dlstrlhution of icé bodies'ln H;,f‘ | ”'l

| : inorthuesternrﬂorth Amerlca is determlned prlmarlly by cllmaticf ["\J %‘~
: events'of'Neoglaclal age.x Following leconsln deglaclatlon,~a7%%+~ '1i§t'

(c. 8000 years B.P., ’natﬁews 1951 ; Capps \931 Kulp et al.,1951), ﬁ f‘}

E zamelloratlon of climate to a post glactal maxamum mean tempera-?.“ "}ﬂiﬁﬁ
é /{. A“ ture warrants usage of the term Hypslthermal Forithfs perlod ‘;5_: ';fgﬁ'
g’ \ il(Deevey and Fllnt»1957: Porter 1966'~Porter ;nd Denton l967). o li
Q?. l_g- Between 7000 and 4000 B Pq mean annuaP temperatures in Alaska éu
}? Y g were about equal to those of: the present (Goldthwaat,L&ﬁ&) j‘
%'h - Rising freezing-levels resulted ln thlnnlng and retreat of f‘ 31

L% ~low-neve glaclers ‘(with some" uhlckenlng of glacler ice at PRI

%: ! " high altitude;'Hlller.and'Anderson l97k) Hldespread retreat'

;i‘ | | of valley glaclers,ensued the: culmlnation of late leconsnn '..:fg
i?" KJT'.lideglaelatlon (Uorns and ﬁoldthwalt,1966 Denton l97h) L
i; Alplne glaqlers predomlnated durlng thls perlod (Kerr leB)
tg ) Encroachment of forest lnto glaclal valleys ensued (Heusser

i- e ' 1952) . Burled forest horlzons |nundated by subsequent ‘W;ﬂﬁn“;'“

e . -. : glacienlzatlon are descrlbed by Russell (1893) frdm Yakutat°'f:‘ o -
;d-;' } . . Cooper (1931 c.) observed forest remahns at Glacler Bay ;ov'«. ‘ -

. . 5 : Vs o L . . . v °‘, ol . f




'?,‘...,: "_": . ' S L ;_ oL i.:,"_. ‘eﬁﬂf'i ‘; :““if";l66»“? :

P ., . N . !

~Glacial outwash of the TaISekweaGlacTer'fnfthe‘faﬁulRlver.

; ) u.Dlstrlct contalns fbrest remalns (Kerr,l9k8b) attrlbuted to f,l:' ~%
'é SR .early post glaclal tlme.‘ Further evidence of lntekstadlal 2 %
: -”condituons is prov:ded by sedimentation rates durlng perlods.' ;
- o , 4
'of delta hullding |n deglaclerlzed areas (Kerr l936a, Hansen - g
;, L ~’193h), by pollen analytlcal studles by Hansen (19h7b) and . b
SUN 3 45 Lo :
‘ - 'jreports by Borns and Goldthwalt (19660 of loess activlty '.Evi*.“ N
: dence: of glacner retreat until _around 3 500 Nears B P., i 'clear.f; hhl“:'w
Peat'regrowth and'exten5|on of . muskeg (Heusse l952, 1954),.' .i:‘
ug.: ”5.‘”;H aépearanCe of Alplne fir (Hlller and Ander on,1974) and glaclal o I_;
e;,# . ;i’: lake formatlon (HansOn 1932) indicate’ decreasing temperatures’u}' o ~§d
R 'and a return of freezing levels to low. altltudes. Resurgence of : .';.
, e .-h glacaer valley systems commenced about 3 500 years . B P HcKenzie ‘%J
':f L0 (1370) has documented the pattern of early Neoglaclal glacier | !
f* | . actl;lty |n Adams lnlet southeast Alaska; forests'were overwhelned .
gy 'ﬂ"‘ by shlftung outwash deposltlon accompanled by glatlal lakelforma;u
%i' ;:.tLon and tlll deposution Grove (1971) reports the flndlng of
:é,~‘ yellow cedar (about !, s(g,years old) in. glacler ice from the d -
}%A ;northern valley slde of the Bow5er Valley near Berendon Glacier. 'T...n T
hz.' ' "'At presedt yellow cedar grows Iocally only on the'coast .and . this :
}E ‘_ dnscovery suggests that yellow cedar prevnously grew well inlandl,
géi ét 500 years B.P.. Resurgence of lce cover culmlnated in af )
;‘ ) oost Nuscons:n maximun of late N;oglaclal tlme (c. 1750 A 0. ) | .
%f;' ’ although there is” evldence ln Adan' s’Inlet of Iocal retreat'pf‘.l o
%‘ '.{,”r ‘ice between llSO - IBQO Atbl, the” so called Littl thlﬁumu"“

'(McKenz:e 1970) Local glacler advances of short duratlon also A
. .9 D - . N o F
-‘compllcate thns slmple plcture (Barendsen et al,l957), € .
B R ’ A L . ' I
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giaciai advance about ISSO A 0. is described by:Goidthwait (1966)

f", The nature of the post 1750 A. D. glaclai activity of

t

|

|

i

!

I |
:! o ': Berendon Glacier is discussed In detail below.j Literature‘

\

“k‘ - K descrlbing glaciai aotivity subsequent to I750 A.D; ln*soutneast-
Aiaska is summar|2ed in Fig. 83.. . ' :,.“._t- N ”..-f'_yf

‘-o

735.3 Recessional Moraines of Berendon Glacier i750-1956 AL D

, v

t oo W' ! - H o - c ! PR N . 'n
'u

Tree ring counts were made durlng 1975 on Aipine firs .
','recentiy cut by Granduc 200 m inside the outer moralne ridges f;"

Lo 5" on a minor moraine ridge southwest of Clay survey station.‘ Five N

l P
~ pe
’

tree ring counts ynelded a maximum of 169 years. Allowing

.

for,an ecesis period of” i0 years (for the establishment of

vegetation) subsequent to degiaciation, a date’of IBOQ A D
‘is suggested for this ridge which wili be referred to as the }“d -
" o i800 A D moralne ridge.‘ Haumann s ascribed date of i850 A D.

E for the ouber moralne ridges cannot.be supported butMcMechan s;. i
‘%;“' 1750 date can be. 4, | . | ‘ . ’
,%fl \ From the Juneau Ice'?ieid .fahrenee (1953) reporte“re-: V”
~'%‘ . cession from a maximum iate Neogiacnai extent commencing in ‘ f
%' ”.@:‘ i769 (Mendenhali Giacier) and 1783 (Eagie Glacier) Heusser. ' ﬁ
i?n .jji; ﬁ”:-andearcus (196h)-dated initiation of recesslon at 1750 A D.,
{f 'ﬂ;. (Lemon Creek G]acier, S. E. Aiaska) Dates such as these are 2
%;gil : | widespread not oniy In North America, but Scandinavia and o
'R I lceiand (Faegri 1950 Thorarinsson 19h3) . The error in-as-“‘
ii? - criblng'a l750> A Dtgdate to the outer moralne ridges of: E
' Berendon Giacier is not iikeiy to be great therefore.’fﬂo;;_i'
» . - . RO ,1$ﬁ§L .
;;%'; v T VA T P

. ]67.:.,.
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. . . . . . NS . "‘, ‘ . .\{h:" . . i‘
attempt is made to resolve the;double arcuate character of

I

§.
i

T T I T ot o g e B A iy s e s i
N B
. P .

\tthese moralnes though double arcuate moralnes datlng from

RO -,,

K this perlod are descrlbed by Klng (1959) from Aus;terdalen

_and by Albrecht (1972) from Storbreen. Okko (194) and

M-.;L,..__;,.,.«:,;...:.-_:~ -

Andersen and Soll ld (l 7l) report f'rom Iceland and Norway

departures from a simple terminal moralne at tht

date 5

Up to seven subdued moranne rldges occupy the mtere

.

mora l nes

At A7A VAW b 2Dt i lunad
= " "

‘venlng marg mal area between the outer 1750 A D
; and that rndge dated at. 1800 A D These can. be. ldentlfled
? B ! from alr photographs but fleld identlflcatlon ls made dlffl- S
\i § - ult by absen‘c'e‘"of vegetatlon”dlfferences betwfen lnter"-lv: )
| - - moralne corridors and moraine ridges.' Northeast of the l.8‘00‘ ".

A D moratne, two melt water channels, leave Berendon Glacler

- :

B : - . i
3\ basnn and contlnue 'over to Betty Creek ' These were probably B ) f
) L \..:’.7 ‘occupied by ﬂerendon Glacler and Summlt Lake melt waters ; . s
E: followlng withdrawal o-f the lce front from the outermost :
:.-; .',‘ 1750 A, D moralnes. The 5ubdued moralne rldges do not- possess
% "'-‘~-'—-—an' obvlous. relatlonshlp wlth these channels yet are clearly of
. 'i;, s.'l‘:nu ]aér age ‘ . ‘ 1~ '. . ’
\1 \ ' Boundary Survey Commlsslon photography. and air photo-
‘ - graphs allow posntlve ldentlflcatlon of . recesslonal moralnes e
;i formed ln 1905 and ln 1956 (Flg-r él) Determ'lnatlon of the ©.
g‘ ' wldth of Tnter- moraine corrldors along the - transect AB (Flg.; o
Zg : 8|) allows recess(on rates to be calculated Recesslon-rate-s‘ 2 »
fj IaA""'; * | away from 1750 moralne(s) to'a posltlon dated at 1800 A D. . ii
; " by tree rung counts are hlgh~ 5 5 myr,. :l_;-. This j_/the _hlghe:st.-» A

I

®

Interpalated rate of recess l‘on evldent from l750 to 1971

! . ,

(Flg. 8‘4), since |9'7I the rate of recesslon has been artfflclally




LA ﬁyz?f‘pidges. whose formatlon is demonstrated to be of annuai o

Loy

P ] v:..h',ma—...,,.,,_,,____,.‘___‘” |
- " - . "

XL ?3~I'-occurrence, ailowg more preclSe measurement of annual ve- . 7

v .4&.“:7'

‘} f'.‘; ‘fﬁﬁ ‘:has been evacuated by glacial melt water.. On the northern

. : ' e
it o -
- - . . e N
‘a
4 . . X ) ' .\-'1' )
- . oo . L . . . e : L. . A e ) s Lo 3 :
N T Dol e LT L ;169
. S . I L . - . . s u . .

N B SR I T ' S
.,// g '\accelerated Between 1800 and |905 A. D.,the margln of
Berendon Giacler receded at a mean rate of 3 |5 myr'gquitﬂmf ;}“

v

<

N

1:During this period Berendon Glacier constructed four prominent N

L ]

;qf‘~moraine rldges. The recessiqn rate between 1905 and 1956 is'

-thh h 89 myrh less than that obtainlng from |75W to¢,

L :?._ 1800 fA;h., but greater than that o?"the preceding century ﬂjz'
.; e :Following 1956 the me%n recession réte has decilned to a. fff“
L flgure .Lower than ‘that: obtaining since 1750 A, D. For the ’ ;
ﬂsé ; ;,_i,}.y:f:perlod 1956 to 1971‘; SUIte of we;l-deflned termlnal moraJne : f:
A Lo ; ' wo L W ENEs ' ST

S g el

Lo ;cession rates. (Appendixl) ,;~~f ;_f;A-thff Jh,;e:']j{y L TR
‘§ ' Total recession adong the transe;t AB 1950\to 1971 ,”f ,ﬁ“'
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