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ABSTRACT. Like ma n \' mounta in ra nges . th e Coas t M o untains of Briti sh 
Columbi a, Ca nad a, ha \'e und ergo ne bo th loca l a nd ice-shee t g lacia tion . Effects o f 

.i ce shee ts a re concentra ted a long major \'all eys a nd on adjacent spurs a nd passes whi ch 
carri ed st ro ng fl ows of dimuenr ice . Th e majo r \'a llevs are broad g lac ia l troug hs with 
freq uent roc k basins. Th eir slopes a re b ro ken in to round ed . stee p-sid ed bosses 
(\\' ha lebae ks) a braded o n a ll sides; they a re of the ord er of 100 m to I km long, a nd 
10 m high. In th e south ern Coas t !--Io unta ins, the distribu tio n o f these wha lebac ks is 
cons isten t \V i th a proposed pa ttern of former ice strea ms 1.0-2 .1 km thi ck, wi thin th e 
Cordill e ra n ice shee t. They a re bes t d e\'e loped \,'here geo logica l stru ctures pa ra ll el th e 
\'a ll e\' a nd thus the fo rmer ice-flow direct ion , bu t the\' a re fo un d on a ra nge of 
lith ologies a nd som e a rc tra ns\'e rse to stru ctu re. Th e ,,'ha lebac ks prm'id e a n 
im press io n o f glac ia l strea mlining, a nd occasio nall y gra d e int o roc k d rumlins, R oches 
moutonn ccs a rc ra rc in th e maj or tro ug hs, 

It is h ypothes ised th a t these wha lebac ks a nd roc k drumlins d evelo p und er ice 
streams of G reen la nd or Eas t A nta rc ti c tYpe, sli d ing ra pidl y o\'e r bedrock a nd 
exp loiti ng roc k wea kn esses to produce streamlined feat ures . Lee slopes a re a brad ed 
when thi ck ice suppresses bed sepa ra tion , even with ra pid fl ow; basa l ice o f low 
viscos ity wo uld aid thi s suppressio n. \ Ya ter press ures under th e ice strea ms ma \' ha \'C 
remained hig h , so th a t lee-sid e plu ckin g \\'as ra re; such plucking is mos t likely where 
pressure flu c tu a tes dra ma tica ll y, a nd es pec ia ll y when Ice ca \'iti es unde r ac ti\ 'e icc 
reach a tmosph eri c press ure, 

INTRODUCTION: MEDIUM-SCALE FORMS OF 
GLACIAL EROSION 

Studi es o f forms of g lacia l erosion mos t oft en foc us on 

eith er na rrow (st ria ti on , sm all roc he 111 0 u to nnee ) or 

broad (cirqu e, troug h) scales. Sugd en a nd J ohn ( 1976, 
p , 169- 173 ) re\' iewed a num be r o f' positi\'e Co rm s a t 
medium sca le, tens a nd hundreds of metres long or broad: 
stream lin ed rock drumlins, m ore symmetri cal whalebacks , 

truncated roches mOll/omlees, and Jb'ggbelgs which have steep 

faces e ither pa ra ll e l to ice fl ow or on th e lee sid e, Such 

features in Swed en ha \ 'e been reviewed by Rudberg 
( 1973, 1988 ), but th e co ndi t io ns whi ch p roduce o ne 
ra th er th a n a no th er a re fa r from clear. If th ey a re 
acce pted as tru e glacia l fo rms, th ey need to be rela ted to 
\'a rying conditi ons a t th e glacier bed , 

R oches mo u to nnees a re a brad ed up-i ce a nd a t the top 
a nd sid es, but trun ca ted by j o int bl oc k re m ova l 
(plu ckin g ) on th e lee slope which is o fte n roug hl y 
stepped, Th eir Icng th nuies from a ro und a metre to 
ap proxima tely a kil ome tre, where th ey merge into \'a lle\' 
steps . Considering la rge fea tures in the upper D ee \'a ll ey, 

eas tern Sco tl a nd , hundreds of metres long, Sugd en a nd 

o th er s ( 1992 ) re la ted bloc k rem o\'a l to hi g h stress 
gradients a nd flu ctua tin g wa ter pressures as ca\ 'iti es 
opened on lee slopes , Th ey hypo th esised a la te phase of 
pluckin g und er thin ice during d eglaciat ion , R ea a nd 

\\ 'ha ll e\' (1994 ) a nd others ha \ 'e o bsen Td nea r-con tem
pora ry plu ckin g under thin ice , 

R ock dru m lins and wha lebac ks show signs of cons id
era ble a bras io n , but plu cking has been absent, or not 

concentra ted on th e lee slope, in th e la ter stages o f' 

morphoge nesis. If' bed sepa ra ti on increases th e p ro ba bil
ity o f Ice plucking, symmetri ca l or st reamlined fo rms a re 
more like!:' to d e\'e lop when sepa ra ti o n is a bsent. Thick 
ice, 10 \1' basa l ice \'iscosity a nd \'e loc ity , a nd 10\1' \I'a ter 
p ress ure co uld help to suppress se pa rat io n . Consta n t 

wa ter press ure mig ht suppress pluckin g e\'e n if separat io n 

occ urred; thi s migh t be ac hi e\'ed if a surface la\'er of co ld 
ice was LOO thi ck to be penet ra ted by meltwa ter (persona l 
com m unica tion !i'om R , LeB, H ooke, 1995 ), 

\\' ha lebac k forms ha \'e been o i1scn -ed es pec ia ll y in 
Sweden (Rudberg, 1973 ), R ock drumlins (tadpole rocks) 

a re fo und in shale nea r Syrac use, New York , U .S, A. 

(Fairchild , 1907, p, 4 13-4 16), a nd in basa lt , sedimenta l' \' 
rocks, gra nite a nd g neiss in Qu ebec Canad a (Dionne, 
1987 ) , In cen tra l Fin la nd , roc k drumlins occ ur m a inl v 
a roun d th e edges of drumlin swa rms (G luc kert , 1973 ). 

Altho ugh a ll three types of medium-sca le form a rc 

lo un d o n \'a ri o us lithologies, it is c lea r th a t jo inting a nd 

o th er roc k stru ctures exe rt stro ng cont rol O\'e r th eir form , 
to th e ex tent th a t roches mou to nnees a re ve ry im prec ise 
indica to rs of ice -n ow direc ti o n O\T r upl a nd rid ges 
(G ord on, 198 ] ), In some areas of lo\\' reli eL it seems 
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Evans: 1l 'Iwlebacks developed ullder ice streams 

th a t roches mo utonn ees renec t limited glacia l erosion of 
ea rli e r rock hills (Lindstro m, 1988 ) . In mo unta in va ll eys, 
howe\'e r, ice nO\\' is strongly controlled b y r eli ef, a nd 
down-\'a ll ey li nea ti on is dom i na n t. Some mediu m-sca le 
fea tures a re found in tra nsnuent cols which have been 
d ee pl y erod ed (Li11l0n, 1972 ); they a re not e\imina led by 
the progress of e rosion . 

In thi s pa per, I foc us on the hig h-mountain env iron
ment of so uth wes te rn British Columbi a, C anad a . Here 

symm etri ca l wha lebac k forms a re cha rac teristi c of broad 
troug hs \\' hi ch ca rri ed ac ti \'e nows of d eep ice. E \'ans 
( 1990 ) has sugges ted tha t th ese fo rm ed ice streams in th e 
Cordill e ra n ice shee t. \Vh a lebac ks a re fo und on meta
morp hi c, \'o lcanic a nd intrusive igneo us rocks; roches 

111 0utonnees a re ra re in th e t ro ug hs. R ock drumlins a re 
not CO l11m o n, but one g ro upin g is d esc ribed . Fas t fl ow is 
CO l11l11 o nl y associa ted with bed sepa ra tion, ye t in these 
a reas th is has not led to plucki ng a nd th e fo rma ti on o f' 
roches mo u to nn ees . Attem pts are mad e here to explain 
thi s pre\'a lence of whalebac ks. 

ICE STREAMS PRESENT AND PAST 

In recent yea rs th e [ormerl y vag ue te rm " ice strea m " has 
ta ken on a more precise mea ning: a linea r zo ne within a n 

ice shee t fl owing a t leas t a n ord er of magnitud e fas ter 
tha n th e surrounding ice . Ice-stream ma rgins a re w 11 
d efin ed a nd h eavil y crevassed. I ce strea ms may merge 
in to "outl et glaciers". where mo unta ins on eith er sid e 
pro trud e abo \'e the ice . ]\J os t glac iological work has 
concentrated on ice strea l11 s of the Siple Coas t, W es t 

A n ta rc ti ca, feeding th e R oss I ce Shelf (Bentl ey, 1987 ). 

Th ese ha \'e \'ery lo \\' surface gradi en ts a nd a re littl e 
thi cker th a n surro unding ice. ;\1a ny o th er ice streams, fo r 
exa m ple in E as t A ntarct ica (McIn ty re, 1985 ) a nd 
G reenl a nd (Eehelm eye r a nd o th ers, J 99 1), a re fixed in 

bedrock troug hs a nd have stee per g radi ents; th ese a r e of 

grea ter relevance here, Since ice streams (including outl et 

glac ie rs) a re responsible for most of the ice discha rged 
from ice shee rs at presen t, reconstru c ti ons of fo rm er ice 
shee ts h<1\'e increasing ly recognised th e possible impor
tance of form er ice streams. 

In non-moun taino us a reas , former ice streams ha \'e 

bee n recog ni sed b y wa rm s of drumlin s o ri e nted 
differentl y fro m th ose a ro und (D yke a nd ~Io rris, 1988) . 
In mo untainous a reas , reconstruc ti on of fo rm er ice nows 
requires co nsid er a ti o n o f e ros io na l fo rms, a nd th e 
bound a ri es of former ice streams may not be easy to 

establi sh. In this pa per, th e h ypo th esis is proposed th a t 

ab rad ed streamlined rocks in mo unta in va lleys a nd passes 
are cha rac te risti c of the form er presence of ice streams, 
T hey a re fo und in zo nes where ice was thick a nd veloci ties 
\\'e re g reate r tha n in inte rvening a reas . Two such a reas in 
Brit ish Columbi a a re now considered. 

THE LILLOOET V ALLEY INTER-LAKE AREA 

Fig ure I shows th e southern Coas t M ounta ins of British 
Colum bi a , from V a nco U\ 'e r nor th wa rds. Areas of stro ngly 

scoured rocks \'isi ble on a ir photogra phs occur betwee n 

the hea\'y lines, a nd often have sha rpl y d efined limits; 

10 

th ese d efin e th e poss ibl e form er ice streams. Away from 
th ese, in th e in te rior of moun ta in ra nges, eirques a nd 
troug hs of local glac ia ti o n show littl e effec t of ove rriding 
ice, a ltho ug h th e grea t majo rity of summi ts were covered 
by th e Cordill era n ice shee t (C lague, 1989 ) . 

Th e Li\looe t vall ey is lo ngitudina l to th e ge nera l 
north wes t- southeas t trend o f the Coas t M o unta ins a nd is 
not a n o bvio us ro ute of o utflow of ice fl~om th e inte ri or of 
British Columbi a . N eve rth eless, th e surrounding moun

ta ins ri se to ove r 2500 m, a nd th e pa ttern of stri at ions 
shows th a t the vall ey was fo ll owed by majo r ice fl ows , 
\\'i th tra nsflu ent ice gained from th e north eas t a nd lost to 
th e south wes t. Both Lillooe t La ke ( 128 m d eep) a nd 
H a rrison L a ke (282 m ) a re deep rock basins surrounded 
by steep tro ugh sid es, The la ke surfaces a re a t 195 a nd 

10 m a ltitud e, res pec ti vely. East of Lillooet La ke, th e ice 
shee t overrod e mountains a t leas t 2300 m hig h , a nd 
wha lcbae k a brad ed fo rms a re fo und to 1300 m . A t 
max imum , ice was pro ba b ly a t leas t 2 100 m thi ck ove r 
th e north basin of Lill ooe t La ke, a nd 1900 m thi ck ove r 

th e Lillooe t vall ey between th ese two la rge la kes. 
D ownvall ey from Lillooe t La ke, a nd down-i ce, the 

\'a ll ey broad ens in a reg io n o f stro ngly ice-scoured rock 
ove r 6 km wid e. Spurs e ither sid e of th e mo uths o f R ogers 
Creek a nd Gowa n C ree k we re strongly modifi ed by 
o\'e rriding ice; Fig ure 2a illustra tes wha leback fo rms on 

th e stee p eas tern ba nk of th e Lillooe t, a bove Skookum 
chu ck. On th e south wes t side of th e Lillooet va ll ey north 
a nd sou th o f th e mo uth o f Snowcap C reek, streamlining 
of bedrock was p ro nou nced u p to 1300 m a ltitud e: 
streamlined forms a re cl ear up to 1700 m a round Fire 
M o untain , but th e la rger fea tures a re below 11 00 m. 

M a pped in Fig ure 3 a re 239 streamlined forms -

wha lebac ks a nd fo ur roc k drumlins - in the a rea 
be twee n S kookumchuck and th e head o f H a rri son La ke. 
T hi s fi gure is based on three shee ts of the prov in cia l 
I : 20000 map , and onl y fea tures a ffec ting two or more 
20 m co nto urs a re includ ed. Th ese a re in areas identif

ia bl e as sco ured rock on a ir ph otographs. M a ny of th ese 

feat ures a re incomple te "ta il s" or " noses", a nd m a ny a re 
benches fa lling away o nl y on the valley sid e, so it is 
diffi cult to d efin e th eir heig ht. It was more feas ibl e to 
meas Ul~e th eir leng th , excep t fo r a few whose limits at onc 
end a re unclear as they merge into th e va ll ey sid e. 

Nl eas ured leng ths ra nge up wa rd from 140 m , since 
sm a ll er fea tures a re diffi cul t to recognise on th ese maps . 
There is a ta il of hig h leng th va l ues; hence , for T ab le I , 
medi a ns we re used to summ ar ise leng ths fo r different 
li tho logies. 

La rge r fea tures (a ro und 400 m long) a re on the Ea rl y 

C re taceo us volca ni c-rela ted rocks of the Brokenbac k Hill 
Forma ti on (G a mbier Assembl age: sometimes metamor
phosed to greenschist g rad e) (L ynch, 1990a, b ), espec ia ll y 
th e sla te a nd la pilli tuff; a ndes ite forms a re somew ha t 
sma ll er (T a ble I ), The Cenozo ic gra nodi orite in trusion 

eas t of Fire M o unta in (Fig . 3) is not so conspi cuously 

streamlined , but d es pite its quite different struc ture it 
d ot'S have numero us ellipti ca l a brad ed forms a few 
hundred m e tres lo ng . U nd a ted m e tavolca ni es a nd 
g neiss, res tri c ted here to th e eas t ba nk of th e Lillooet 
vall ey, have som ewha t sm a ll er wha lebac ks. The sma ll es t 

forms a re on diorite a nd volca ni c conglom era te, which 

may be th e ha rd es t rocks, but Ill a ny of the diorite fo rms 

https://doi.org/10.3189/1996AoG22-1-9-16 Published online by Cambridge University Press

https://doi.org/10.3189/1996AoG22-1-9-16


51 °N 

49°N 

Emlls: I1 'halebacks dl'l'e{ojJed II l1 der ice ,l/rer/ll7.\ 

~ 
122°W 

" 
o 

\ \ Ice stream 

J Generalised flow 
If direction 

50 0 N 

I 

kilometres 

Fig, /, T he ,Iolllhem Coasl ,llolllllaills o/ Hritij /i Colllmbia, j/101l'illg .>111(0' areas ( Figs 3 alld 5) alld ill/erred ice slreams ill 
Ihe Iormer C:ordillerall ice shee/. 

a re a ro und 1600 m altitud e on a mo untain no rth 01' 
Sno \\'ca p Cree k a nd thus cl e \'e loped und e r thinne r ice , 

Fig ure '~a prO\'id es a sec ti o n crossing so m e fea tures 

with a re li ef' o f 100 m , th o ug h th e more clea rl y g lac ia ll y 

sha ped ridges a re sm a ller a nd so m e o r th em e ,g , on the 

north eas t ba nk ) a re not ca ptured by th e 20 m contour 
int en 'a L This a nd th e o th e r t\\ 'O profil es are essenti a lly in 
bedroc k, On e roc k drumlin on the \\ 'Cs t bank north of Fire 
;\[ o unt a in co nsists m a inl y o f a ncle site; an o th e r is 

g ra nodi o rite \\'ith a tail o f la pilli tufT. Drumlini za tion of 

bedrock was f~l c ilit a t ed I)\' stru c tures \\ 'ithin th e G a mbi e r 

Assembl age, s triking broadl y pa ra ll e l to th e Lillooe t 
\ 'a ll ey , :'\a ITo lI' linea r trou g hs a rc up to 2 km long on 
sla te, but a re fo und also, lI'ith th e sa m e trend , on th e 

Cenozo ic g ra nocli o ritc intrusio n , Th e\' cl o no t [o lio ll ' 
m a pped r~lUlt s o r bound a ri es , but m ay re la te to late 
s tru c tures, 

The G a mbi er \'o lca ni cs a nd sla tcs fo rm \'a ll e \'-sicl e 

benches \\'he re streamlin ed lo rms a rc close I\- sp aced , 

Fo rms on th e g ra nodi o rite a rc m ore ro und ed , fa irl y la rge , 
anci \\'C II spaced, Th e features o n gnciss seem 1I'C l! sp accd 
o n Fig ure 3 , but th ere a rc smaller int e )ye nin g \\'ha le
ba cks, see n in Fig ure 2b, Th e scc ti o n in Figure +b, 20 km 

d ownstream (,-o m that in Fig ure 4a, crosses this area eas t 

o f \\' hi ske\' La ke: m ost rid ges ha\'(' less th a n 10 m reli e f: 
but so m e wh a lebac ks sho ll' up as s tcps in th e pro file, 

DO\\'n-i ee , (he no rth e rn pa rt o f H a rri son L a ke is in a 
d ee p tro ug h, It broad ens OLlt a t th e m OLlth o f Big Sih'cr 
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Fig. 2. (a) II 'haleback rocks ill grallodiorde. alldesite alld 
slate 011 a ridge-end 011 Ihe lIorlheasl slojJe of the Litlooel 

River l!aIL~) ' . above tlte 1'ifLage oJ Skookllll/chllck. ojJJ)osile 
Ihe /1101111, oJ Snoww/J Creek. fee flowedji-om lefl 10 right. 
(b) A jail's of l('/wleuack rocks ill glleiss and diorite 011 ({ 
logged .llojJe east of JUliske)' Lake ( Fig. 3). lce.J7ol('f(1 
from left to right. These ,fI{wllerfeatllres are less e1'ident 
lIllderJoresl cover . and 011£), aiI'll' are cajJtured ji-Olll ma/)s 
with ({ 20 III cOlllollr illlm'a/. 

Creek, a \'a ll ey in which erosion has exp loited fault s a nd 
th e fo li at ion of schi sts. Around th e so uthern pa n oC 
H a rri so n L ake, ice exp loi ted th e fo li a tion of 1\ Iesozoic 

volcanics, sandstones and schi sts. Streamlined rocks a rc 
found on both ba nks. bUl a re lo nges t an d mos t 
pronou nced o n two la rge isla nds (Long a nd Echo ) and 
on the Cascade Pen insul a , 

THE CHEAKAMUS V ALLEY AND HOWE SOUND 

In th e heart of th e so uth ern Coast 1\lo untains, ice 
conges ti o n in the Pember ton area was suffi cient that in 
additi on to fl o\\' dOlI'l1 th e Lillooet \ 'a ll ey, la rge quantities 

of ice took a more direc t route to th e coast , up the G reen 

Ri\cr \'a ll ey and down th e Cheakamus ( Fi g , I ) , 
Na rrowing in th e Whistl e r a rea, thi s proposed C hea ka
mu s H owe Ice Stream \I'as reinforced bv ice from th e 
Sq uamish a nd Ashlu \'a Il eys, from th e Garibaldi area a nd 

from th e Tantalus R a nge, a nd it eroded th e Oord of H O\lc 

Sound ""here water depths current ly reach 290 m, Ice 
ove rrode thc adjacent Goat Rid ge ( 1762m ) bUl proba bl y 
no t the summit of Sky Pil ot .\!founta in (2031 m ) : hence, 
maximum ice thickness in this pan of Howe Sound \I'as a t 
least 2050 m , plus th e thi ckn ess of la ler sedim ent in the 

Sound, The Cheakamu s \'alley fl oo r nea r D a isy L a ke 

(Fig , 5) is at 360 m a ltitud e, and erra ti cs a nd stri ae 'a rc 

fo und a l 2 190mjust to the sO Ulheast UVf a th ews. 1958 ), so 
th e ice th ickn ess reached a t least 1830 m in the middle or 
the \'a ll e\'. 

R ocks in th e \'a ll ey aro und \ \ 'hi s tl er (Fi g , 5 ) a re ice

sco ured, but no t vcry linea ted, Around Call aghan C reek, 

cros ional streamlining reaches the surro unding ridges, but 

is espec ia ll y ma rk ed from 1250 m d own to the \'a ll ey 
mouth nea r 500 m a ltitud e. \\' ha lebac ks tend to parallel 
foliation in th e Early Cretaceous Gambier Assem b lage 
roc ks of \'o lcanic and sedimentary ori g in. Th e section in 

Fig ure 4c crosses the 11 km breadth of \'a ll ey mos t 

affec ted; \\'halcbacks ha\'e a re lief o f up lO 100 m , and 
some a rc se para led by closed depressions in bedrock. 
D ow n-i ce a ro und D a isv L a ke th e \I'h a lebacks a rc 
transve rse to structures in dior ite a nd quartz diorile. 
An onh op ho loma p (shee t 3 or B,G Specia l Proj ect 

80,0 19T.0 ) sh ows th ese strea mlin ed rocks espec ia ll y 

\I'ell. Only the la rger ones a re sho\\'l1 in Fig ure 5. 
S tream lining is \'ery pronounced o\'er a width of 5 km 

a ro und th e Cheakamus Canyon, w here se \'e ra l whale
backs in quanz- diorite ha \'e a reli ef' of over 100 m, 
F ar th er so uth near Squamish , Sta\l'amus Chief' is the 

la rgest of se\'e ra l spec lac ul a r whalebacks in g ranodi o rite, 

rising 620 m on th e t ro ugh sid e and 320 m on th e other. [t 
is a compound feature 2.3 km long, 

H owe Sound broade ll s o ut o n a n eX lensi\ 'e outc ro p or 
Cam bier rocks, On Gambier Isla nd the pronou nced 
g lac ia l stream li nin g is clea rl y transverse to rock strik e as 

mapped by R odd ick a nd \\'ood sworth ( 1979 ), On Bowen 

I sla nd , it is o blique to the strike o f th e Jurass ic Bowen 
Group (g reenstone) , A width of 20 km was stro ng ly 
a fTe cted by streamlining a t th e mo uth of H owe Sound . 
near \ Ves t Vancou\'e r. 

Throughout th e rou te of th e proposed ice stream, 

g lac ia ll y ab raded , lin eated rocks ma in ly of whal eback 

form a rc found on a \'ar ie ty of rock types, Th eir sid es 
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Fig , 3, "lajJ of streamlil/ed rorks ill /he ill/er-lake area DJ Lillooe/ Ri/'er Nille.)', a a alld b b ({re the lilies of cross-sec/iolls ill 
Figllle 4, 

[01101,' structures \,'here th ese are orient ed close to g lac ier 
no\\', but a re (rans\'e rse to stru c tures that are a t hig h 

Ta ble 1, Lmg/hs ( Ill ) oJ streamlined abraded rocks 
(wlialebacks alld rock drumlills ) /11 Ihe LiI/ooell'alle..J'. 011 

1: 20000 lIIaj} sli eels 92C' ,089 , ,098 alld ,099, Rock ~)'jm 
ordered ~v mediall Img/h oJ ji-a/lIre 

Rock {J'IN .\ 'lImber .Ilediall ,\ lill i- '\/(/1/-

ilium lIlum 

Lapilli tuff (G ) 17 420 220 >760 
Slate (G ) 32 400 160 

Granod iori te * 43 330 140 

Volcanic lastic sandstone 48 320 170 

(G ) 

i\ (e ta \ 'olean ics * 11 300 200 
And es i.tc (G ) 42 290 100 
Gnei ss 24- 265 140 
Diorite (Late Jura, 13 240 120 

Early CrCL) 

Volcanic conglomerate 
. 

9 220 150 

(G ) G a mbie r Assemblage . mainly Brokenback Hill 
Form a tion; Early Cretaceous, 

Age un ce rtain or \'(ui ed, 

Geology is taken from a map by L ynch (1990b ) , 

1160 

1720 

1300 

940 
1300 
.170 
520 

340 

ang les to nO\l' , Similar \,'halebacks and strea mlining arc 
founcl, on a smaller sca le , a long the o th er ice strea ms 
proposed in Figure I, 

ICE-STREAM GRADIENTS AND VELOCITIES 

lee strea m s " 'ithin these mountains ,,'o uld not ha lT bee n 
lik (' 1('(' Streams A to E. ,,'hi eh k ed th e R oss I ce Sh e l[ 
[i'om " 'es t Anta rctic a, Th e lall er ha\"(' \"tT\ ' 10 \1' surrace 

g radi ents a nd dri\ 'ing stresses . \'e t nO\l' rapid'" because of 

low basa l friction clue in part to deform ing IIT t sedim ent 

(Bentle y, 1987 ), Rath e r, Cordillcran mountain ice 
streams \I'ould ha\'e been like those or East Anl a rcti c;) 
d escri bed by \lc I n tyre ( 1985 ), '1 'hese a re 66- 86 S a nd 
most a re O\ 'e r 10 km wide and 2- 3 km thi ck, Th ere is a 

s tee p ste p in th e ice surfa ce I"h e re Oo\\' cO Il\ 'e rges at the 

ice-st rea m head a nd accelerates ( 0 ol'er 100 m a I , I ce 

surrace g radi ents below thi s arc o r th e o rd er o f 0,0 I , 
At 69 i\" in \" es t Gree nland , J a kobsha\ 'ns I sbr;:e is a n 

ice s trea m so m e 85 km lo ng, 6 km w ide a nd up to 2600 m 
thick: inland it slopes a t 0,0 I, increasing to 0,03 nea r th e 

g rounding zone (Eche lm eye r and o th ers. 199 1). It nOl" s 

ill a deep bedroc k tro ug h. at s t ea d~ ' speed s, e,g, I km ,\ 1 

50 km inl and \I'here ice is 2500 m d ee p. 5 km " 'id e and 
surfa ce g radi enl is 0,012; there is no signifi canl seasonal 
\ 'a riation in speed or in basa l ,,'a ter pressure , This ma\' 

\lT ll be the bes t mod ern-day a nalog\' to g lac ia l maximum 

conditi ons in th e so uthwes te rn Coast :-lo unta ins, i\los t o l 

th e ice is co ld (rapidl y adwctecl lrom hi g h a ltitud es). but 
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Distance (hundred melres) 

10 50 60 70 80 90 
I ! , 

20 
I 

30 
I 

40 
I , I I I I !! I I I I I , I I I 

13 

12 

10 

H.W. 
(c) 

Section across the Cheakamus Vattey 
at the mouth of Callaghan Creek. 50' 3.6'N 
Orientation t24' From 92J.005 

13 S.W. 

12 

11 

10 
(a) 

Section ac ross the Lillooet Vall ey 
at 49' 58.4'N 
Orientation 051 ' From 92G .096 

o I i i i I , I I i i i 
o 10 20 

I 
40 

Lake 

H.E. S.W. H.E. 

(b) 

rsec1ion across the Lillooet I 

Valley at 49' 50.3'N I 

Orientation 057' From 92G.069 
i I 

10 20 30 40 50 

Fig. -I. Sectiolls auos.\ the Lillaoet ( a alld b) alld Cheakallllls ( c) 1'([11~)'s, ill areas with culIsIJiCllolIs strmllllilled hills alld 
rocks. COlIstl'llrled ji"olll 20 III cOlltollrs 011 recellt 1: 20000 scale lIIal).' I)/(blished ~J ' the Prol'illCf rif British Colllmbia . 

th ere is a basa l tempe ra tc laye r \I'hi ch defo rms ra pidl y 

a nd thi cke ns LO II'ard th e centre of the tro ug h (I ke n a nd 
o th ers, 1993 ) . 

. At 50" N nea r th e Pac ifi c O cean, m ass balances today 

a re \ 'e ry an i\'c . E\'e n during g lac ia l maxim a, tUrIl O\'C r 

\I'a s probabl y much g reate r tha n in th e East Antarc ti c. 

S\ 'a lba rd a nd " 'es t Grcen la nd today, a nd iec tem pera 

tures \I'o uld a lso ha\'C been hi g her. -" eith e r oC th ese 
d iITere nces 1I'0uld ha I'e p r('I'e n ted the I() rm a ti o n o f ice 
stream s in th e Coast \rounta ins, Acco rdin g to Boo th 's 

( 1987 ) reco nstru ct io n , \I 'hi ch d oes no t take ice strea ms 

inro acco unt , a t th e Cordill cra n ice shen m ax imu m so m e 

15000 yea rs ago ice g radi eIlts in th e Cheakamus- H o lI'C 
Sou nd a rea wou ld ha lT been about 0 .006, co nside rabl y 
less th a n in the lo bes d OIl' Il-i ce . At an ear li er s tage lI'ith ice 
cah-in g a t th e mou th of H OII'C Sound nea r \ 'a ncoLl\'C r , 

so m e 20000 yea rs ago acco rding to C lague ( 1989 , fi g. 

1. 23 ) , th e ice-strea m g radi e nt co uld ha \'e bee n 0 .02. On 

th e Lillooe t H arri so n Ice Stream , a surface slope fi"o m 

2600 m near Pembe rto n to 1700 m a t th e so uth c nd 01' 
H arri so n La ke lI'o uld be aro und 0.0 1. 

T hi ck nesses in both cases lI'o uld hal'e reached th e 
o rd er or 2 km at th e m ax imum p hase, a nd less a l othe r 

times , Dural ions arc uncerta in , but th e g lacia l maximum 

is though t to hcl\'e bee n short-lil'ed , with d eglacialion by 
about 11000 ra di ocarbo n years ago (Souch , 1989 ) . 
According LO Boo th ( 1987 ). the Puge t Lobe en te red 
" 'ashin g to n State fo r o nl y 4500 yea rs. 

T hc Lill ooc t \ 'a ll ey ice fed into th e Puge t Lo be, 

wh ereas th e Cheakamus- H owe ice pro ba bl y rcac hed th e 

] uan d e Fuca L o be o f th e Cordi ll era n ice sheet. In 

reco nstru c tin g the Puge t L o be sec tor a t max imum , Boo th 
( 198 7) suggested an ELA or 1225 m in W as hin g to n Sta te 
aro und 48° N , wilh a n ice I'e locit y th ere o f 660 m at, o r 
wh ic h 98% was by basa l sliding (o r sedime nt d e forma 

tion ) . :',,"e rage \'e loc iti es in th e acc umulati o n arcas 

furth e r north \I'ere co nsid era bl y less , but we re s till 
es timated a t hundreds o r metres per yea r b\' Boo th. 
with o ut co nsidering the co ncentra ti o n o f'di scharge into 

14 

ice streams. Th e proposed ice streams wou ld th e refo re 
ha l,(, bee n in "fas t-n oll'" m od e (C la rk e, 1987 ) a t th e ice
shee t max imum , and may ha l 'e nowed el'en fa ster durin g 
th e bu il d-up ph ase w he n i ce - s urf~tce g radi ents IH Te 

s teeper. Th ere is I'ery littl e el'ide nce of sedim en t o n 

these \ 'a ll ey sides: th e liul e sedim ent present today is 

concen t rated in th e middle o f th e va ll eys. H e nce , 

mo\'C m ent O\'e r the \ 'a ll e \' sid es wou ld ha \'e bee n by Ice 
d efo rm a ti o n and slidin g O\ 'e r bed rock. 

DISCUSSION 

D es pit e th e clea r impo rta nce of structure , thi s a lone 
can not be res ponsible ror the dis t inction be twee n rock 
drumlins, \I'ha le bac ks a nd roch es moutonn ees . A g lac io 

logica l hypo thesis is requ ired, R oc hes mo utonn ces ha \'e 

no t been d el'e loped u nder thi c k, fa s t mo\·ing ice in th e 

areas d esc rib ed abO\ 'e . Th e asym m e tr y of roc h es 

mouLOnnces ma y d e\ 'e lo p Ivith lee separation und er thin 
g lacie r ice, as no ted o n D eesid e in Sco tla nd by Sugd e n 
and othCl's ( 1992 ) . Pl uck ing d epends o n ice 11 0\\' g il' ing 
di(l'r- renti a l pressure o n up -i ce a nd lee slo pes , I t is 

proposed h e re th at a sy mmet ri c ( le e-sid e ) plu c kin g 

requires either a ir-fill ed lee ca l 'iti es, as und er thin ice, 

o r Ice c<l\'it ies w here wa te r press ure \'Clri es as in th e mod el 
o r H ooke ( 199 1) a nd I\T rso n ( 199 1) . 

A furth er proposa l is th a t, u nd er th ick ice, lee p lu c king 

is unlik e ly a nd wha le bac k fo rms d el'e lo p. " ' ha le bac ks ca n 

d e\'e lo p und er ice a re \I' hundred metres thi c k, but a re 

la rger w he re ice was I o r 2 km thi c k. Exte nding Oow in 

th e acc umula ti o n zone is like ly to bring bo ulders to the 
g lac ie r bed . e ncouraging a brasion ra th e r th an plu cking 
(p e rso na l communi ca li on [rom H . R b lhli sberge r , 1995 ) . 
Abras io n on lee slopes requires lha l cav ili es close for part 

of th e lim e. If bot h p luc kin g a nd Ice ab ras ion a re 

infreq ue nt o r s lo \I' processes compa red \I'ith la te ra l 

a bras io n . tapered Ice tails m ay d eve lo p a nd ca\' iti es 
may be elimin a ted, g i\ 'ing rock drumlins. Asymme tric 
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plucking might be ex pec ted locally during d eglaciation . 
This depends on th e ra te a nd na ture of d eglacia tion and 
o n th e topog ra ph y. Durin g rapid d eg lac iat io n, ice 
\'e!ocit)' may d ecl in e before ice thins suffi cientl y [or air

fill ed ca\' iti es, or cayities \.\·ith flu c tuating pressure , to 

d cvelop . 

CONCLUSION 

In hi g h mounta in a reas inundated by ice shee ts, rapid 

flow will be concen trated in major \'a ll eys with a ppro-

£ V([115: /1 "jwlebacks deve/o/led lInder ice stre([ms 

pri a te or ientations. This \\'as th e case in th e Cheakamus 
a nd Lillooe t \'a ll eys of sou thwes te rn Briti sh Columbia. 

The cros iona l forms d e\ 'eloped there, und er d eep ice 
d efo rmin g a nd sliding ra pidl v o\'e r bedrock, a re ma inh' 
\\'h a le bac ks \\'ith o ut pro n o un ced as), mm et n ·. R oc k 
drumlins a re sometim es found , but com plete ly asvm
metri c roches moutonn ees a rc rare. 

It is pro posed that sy mmetri ca l \\'ha leback form s a re 

cha racte ri sti call y de\'e loped und er d eep , ra pidl y fl o \\'ing 
ice strea ms. Ab rasion a fTccts the \\'hole fo rm , including 
the lee sid e. This has impli ca ti o ns fo r the natu re of lee 
separat ion a nd \\'ater pressure \'<Iri a tions. Lo\\' pressure 
o n th e Ice side may be required. a t least inrerm irrenrh ·. to 

permit asy mmetri c plucking a nd thus th e de\'e lopment of 
roches mo utonnees . The cxtcnt to \I'hi ch thi s pressure 
must be lo\\' in a bso lute or relat il'C terms requires 
illl·es ti ga ti o n. 

Furth er information is a lso required on th e dist rib

uti on o f' roc hes moutonn ees, \\'halebacks a nd roc k 

drumlins in re la tion to probable fo rmer ice thickn esses 

a nd I·c loe iti es. Although ice thi ckn ess is no t as importa nt 
in abrasion as Bo ulton ( 1974) pro posed , it mal' be much 
more important in relation to pluck ing . 

Fina ll y it is noted th a t th e reso lu tion of curren t models 
of ice shee ts d oes not pcrmit good represent a tion of ice 

streams a fC\l' kilom etres lVide, as in man y m ountain 

a reas. This is pa rti cularl y unfortunate where most ice 
di scha rge is concentratcd in icc strea ms. Some o/" the 
consequences of ignoring ice strea ms a re di sc ussed bl' Iken 
and o th e rs (1993 ). 

Th esc id cas should be ap pli ca bl e to Norway a ncl 

Patago ni a, as we ll as th e Coast ;'[ounta ins of Briti sh 

Columbia . FlolI's in th e maj or \'a ll cys of the Alps mal' 
halT had compara bl e effects . 
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