
AlIlla!.1 qf (;Iariolog)' 22 1996 

c,; 1 n Lem a l io na l G lac io logica I Soc ie t \' 

The role of bedrock topography, structure, ice dynam.ics 
and preglacial weathering in controlling subglacial erosion 

beneath a high-latitude, InaritiIne ice field 

BRI CE R, REA ,~'\D W, BRI.\.\' \\ ' I-I,\LLEY 

,S'choul oJ G'eoscie!l[fJ , The Qjleell ',l Cllil'flsi{J' 0/ HeI/a,I!, 8 el/a,l! B T 7 1. \ : \ ', , \ 'or!hem /re/alld 

ABSTRACT, It is kn O\\'ll th a l regio ns o r \\'a rm- a nd co ld-based ice sh ce ts m odiry 
a nd p ro tect th e la nd sca,pc respec ti\'~ h-. I Il\'Cs tigati ons o n a sm a lll?la reau-,lO p ice ~ c ld , 
Oksfj o rdJ o kelen (+0 km - I, 111 no rth i\ o J'\\'a:' ha\'(' Indica ted th at thiS situ a ti o n ca n e" lst 
a t a sm a ll scale, ~Iarg in s of' th e pl a tea u, ex poscd h:' ice rc trea t sin cc ,\\) 1850 , pnl\' id e 
c\' ide n ce or a co m p lex basa l th e rm a l regim e: in so m c loca li t ies b lock fi el d s \\' it h 
pa tt e rn ed g ro un d a nd, in ot h ers, a bra d ed a nd q uarr ied bedroc k ro rel and s h a \ '(' been 
e" posed , [ " posed block fi c lds arc interpre ted as a reas cO\ 'e reel by co ld-based , no n
e ros i\ 'e ice , In a rcas o f' s liding ice , substanti a l qua n tit ies o r eros io n a re (:'\' ide nt. Loca ll y, 
bed roc k sh o \\'s three j o int sets inte rsec ting \I 'hi c h p roduce j o int-bo u n d ed bl oc ks, 
R emo\'a l o rth ese bl oc ks d urin g t h e Little lee Age has p rod uced sm a ll roc k steps a bo u t 
5 10 m lo ng a ncl I 3 m hi g h, Prese nL-dm' basa l sli d in g \'e loc iti es a t th e snou t a rc 10 \1' 
( 15 111 a I) a nd ice thi ckn css ()\ '(' r th e \I' ho le g lac ie r is < 190 Ill, Simple m od ellin g fCl r 
bloc k rem o\'a l sho \l's a d i reCl re la l io ns hi p Il'i th g l,lc icr-sliding I'eloc i L I' a nd i n l'l'l'se 
re la ti o nship \\' ith ice thi c kn ess, Preglac ia l ' \Ta th erin g is sho\l' n ro innu en ce th e size o f' 
remO\'a bl e bloc ks, 

INTRODU CTION 

It is kn O\\'ll th a t co ld-based a n d \I'e t-I )ased ice ca n n isL 

be nea th ice sheets a nd th a t Lhi s th erm a l diffe renti:tti o n 

m ay res ult in e ith e r prese n 'a ti o n o r m odifi ca ti on o r Lh e 
undl'l'l y in g la ndscape (Su gcl e n a nd \\ 'a lts, J 977; Kl em <l n , 
199+; J" lema n and Bo rgs trcJ m , 199+) , S u ch se lecti\ 'C 

e rosio n / p ro tec ti o n is sugges ted fo r Oksfjordj o kelen , a 

p la tea u-t o p ice fi e ld in n o rth .\'0 I'\\'ay, 

o ksQordjo ke le n is si t u a ted a p pro" i ma teh I jO km 

no rth eas t of Tro mso a t a la titude o f' 70 10' .\' I Fig , I " 

a nd COl'C rs ap pro"i m a te!:' +0 km 2 l Ge ll a ti:' a nd o th ers, 
1989 ), Bedroc k is composed or m a inl y Siluri a n ba nd ed 
gabbros (Kras uk opf, 1954) a nd Lhus is "m ec ha nica l!: '" 

resis tant. Ca mp G lac ier (Fig, I ) is th e be" t e"a mple or th e 

re \I' loca liti es \I 'he re th e g lacie r m a rg in te rmin a tes as a 

sm a ll lo be on LO p or th e pl a lea u (aI'CTage bed roc k slo pe 
< 10 ) , , \ la rge inn er m o raine e ncloses th e n o\\' d egla c ia lecl 

f'o rei a nd, \\ 'i I h anu m be l' o r fragm en (cd o lder mo ra i nes 

o utsid e , Th e prese n t sno ut positi on is appro" im a tely 3jO m 

rro m th e in ner ( Littl e l ee Age, LI.-\ m ora in e, Th e fo re la nd 

cO\'ers ap p ro" im ateh- 0,1 km 2 a nd prO\' ides e\ 'iden ce or 

e"Le nsil'C su bglac ia l qu a rr\' ing , Benea th th e sno ut a ca l'ill' 
s l re lches somc 70 m ac ross- and 100 m u p-g lac ie r, p rOl' id
in g access benea th ice <::;50 III (hi c k (R ea a nd \ \ ' h a ll c l', 

1994) , Th e prese nt th erm a l regim e is a ppa rentl y co mpl e" , 

In so m e a reas th e ice is ac ti\ 'C ly sliding , e ,g , Camp Glac ie r 

(R ea a nd \\,h a ll ey, 199+), w hil e in o th e rs th e re is rc trea t or 

pro tec ti lT ice, I n th ese loca liti es of proteCl il'C ice , bloc kfi e ld 

cOI'e rs lI' i t h pa lle rn ed g ro und a re be i ng e"posed, 

,\ 1 presen t. ro ur n un a laks a rc locatcd IO\l'arcls th e 

m a rg ins, a nd rcp rese n I \'C r : ' sma ll so u rces or su p raglac ia l/ 

eng lac ia l m a te ri a l in th e a bl a ti o n a reas no supraglac ia l 

m a te ri a l is see n ), Thus, e \ 'C rn hill g fo und in th e pla tea u

to p m o ra in es ca n bc ass um ed to ha\ 'e a subg lac ia l o ri g in , 
Obse n 'a ti o ns in th e cal'it \' a l th e sn o ut incli ca te th a t 

su ilg lac ia l \I',1[e r is a l a ll11 0s ph e ri e press ure , Th e 

"ro ug hness" of th e fore la nd sugges ts Ih aL durin g Lh e 

summ er mon th s \I'h e n sliding \,(, Ioc i t ies a re greatest. 

ca\ 'iti cs \I 'o uld ha\'e ro rmed, .\'0 \I ',He r- p ress ure in fo rma 

tio n is a\'a il ab ic for th e loca lili es further u p-g lacie r. F o r 

th e fo ll O\\' ing a na lyses , basa l \\'at('l' p ress ures a rc ta ke n as 
zero, S uc h a n ass ump tio n is p ro ba b lv \'a lid (o r th e sno ut 
a nd loca liti es \\' he re basa l \I 'a te r p ress ures a re reduced , 

e,g , during pe ri od s o f' no rth erl;' \\'ea th er in summ er \I 'he n 

m elting is redu ced a nd th e subg lac ia l m e lL II'<1[e r s\'stem is 

\\'e ll d cn' lo ped, 
This fi e ld sit e p rOl' id es a n exccll ent 0 pp0 rluni t\, to 

combin e subg lacia l \I' ith p roglac ia l e ros ion C\' ide nce to 

e\'a lu a tc hO\l' this sm a ll outlet has prod uced substan Lia l 

amou nt s ors ubg lac ia l eros ion du r ing th e LLA , It sho uld be 

no ted tha t th e e rosio n is no t th e 1,(, l11 o\'a l o f' bl oc k~ e l d 

whi ch CO\T rS som e a reas orL he pl a tea u ) bu t the q ua rr\' in g 
a nd plu ckin g or ma te ri a l rro m co here l1l bed rock, 

SUBGLACIAL EROSION 

Bedrock fi'<!nure occ u rs \\' he l1 th e imposed s tress e"ceeel s 
[h e s tre ng th or the bedrock, Pluc kin g is th e re l11 o\'a l or 
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Rea ({lid " 'h({II~)' : SlIbg/({cia/ erosioll benealli a maritllne ice field 

b) 

Fig . 1. (a) Locatioll of OksJjordjokelel/ . ( b) T he sllolll 
(.\) (J/ CamjJ Glacier is just n/Josed. The L illle lee Age 

inller moraill f ( 117 ) is dear[ll visible but thefarelalld (f) iJ 
st ill (o/ Iucd ~)' SllOll·. 

ma te ri a l p rod uced from fractu re processes , o r th e remO\'a l 
of p re-ex istin g loosened o r j o inted ma teria l. Fract ure is 
mos t o f't e n assoc ia ted w ith th e Ice sid e of bedroc k 
obsta c les wh ere th e 11 0 \\'-induced stresses a re highes t 

(r,[ o rl a nd a nd Bo ulton , 1975 ), shown by th e plucked lee

side faces of roc hes mou ton nees. Th e ex istence o f cayi ti es 

reduces th e efrecri\ 'e streng th o f' th e bedroc k, IIl creaslll g 
th e po tenti a l fo r fa ilure. 

R ea ( 1994a . b ) im'es tiga ted th e po ten tia l fo r ca\' it y 
fo rma ti on benea th Ca mp G lac ie r. T he res ults of th ese 

ill\ 'Cs ti ga tio ns showed th at ca \·iti es co uld ex ist in th e lee 

sid es of sma ll « 8 111 wa \'c1 eng th ) bedrock obstacles 

(w{\ \'e lcn g th /a mplitud e ra ti o 4 : I ) . Using th e sa fe ty
fac to r equ a ti ons from Bo ult on ( 1974) , R ea (1994a , b) 
fo und th a t th ere was no like lih ood of bed IZlilure from 
11 0w-i nd uced stresses a lo ne, H 0\ \ 'C\'C 1', ITmo\'a l o f' ma teri a I 

is kn olV n to haye occ urred . so other fac tors such as 

st ru ct ure and squcez ing o f ice m ust bc consid ered . 

Effect of structure 

Alth oug h oft en mod e ll ed as a n iso tropic ma teri a l, rock 
has a number of di scontinuiti es thro ug h a la rge ra nge of 

sca les : 1 ~IL"ts, j o in ts, bedding, fo li a ti o n , cleavage . At th e 

sca les to bc d ea lt with in thi s pa per, j o ints a re tb e mos t 
im po rt a nt. Th ey a m'c t th e respo nse o r th e rock mass 
espec ia ll y at pressures be loll' 500 :--rPa (:'I1o rl a nd , 1974), 
i.e. 10 1' pressures ge nera ted benea th a ll kn OlV n te rrestri a l 

ice masscs. On the pla teau, threc majo r j oint se ts a re 
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id enlifi a ble. T wo of th ese a re sub-ve rtical a nd the third 
su b-ho ri zo n ta l; th e th ree se ts in te rsec t to prod UCE' j o i n t
bounded blocks whi ch fit toge th er to ma ke up th e bed 

(R ea, 1994a ) . The shca r streng th of th e j ointed bed roc k 

ca n be ta ken to li c be twee n onc ha lf a nd on e third the 
va lue of th e intac t rock (jaege r, 1959, 19 71 ) . Using th e 
la rges t poss i ble red ucti on in stren g th, R ea ( 1994a, b ) 
fo und th a t, fo r th e reco nstru c ted LIA ice d yna mi cs, no 

qu a rr ying wo uld ha \'c ta ken pl ace benea th Camp 

Glacier. Th e fac t th a t th e j o ints break th e bed in to 

bloc ks is, howe\'e r , signifi ca nt. If th e bloc ks can be 
plucked , subglacia l eros ion can still proceed witho ut 
acr i\'e frac turing of intac t bedrock. 

Subglacial plucking/shear renlOval 

Fig ure 2 shows th a t th e bloc k a t th e cres t of a step can be 
removed by shea r di sp lacem ent. On ce thi s has been 
removed , th e block behind is ex posed to th e same shea r 
disp lace ment a nd rem O\·a l. This shows how a headward 

re t rea t o f th e lee-side face co ul d occur. From Figure 2 th e 

to ta l res ulta nt shea r stress (TRS ) a nd tota l norma l stress 

(aN ) acting on the bo tto m face o f th e block IS gIve n by: 

TRS = cos eT - sin e(17 + B \\') 

0'" = sin eT + eos e (17 + B w) 

(1) 

(2) 

w herc E is th e c ryos ta ti c load , T is fl ow-i nduced drag, Bw 
is th e we ight of th e b lock a nd e is th e a ngle o f up-glac ier 
dip of th e roc k step. Fig ure 2 is simp lifi ed a nd ex tra shea r 
res ista nce from th e sid es o f' th e block will provide add ed 
resista nce to th a t produ ced a long th e bottom face. 

Fig . 2. Clyostatic load,jlow of la over the bed and lateral 
forces from adjoining blocks !Jrovide forces which ca ll be 
resolved 10 give shear ( removal) alld resistive stresses 
( 17 = CI)lastatic load, T = flo w - induced drag , and 
aL = la/eral force) . 

Th e Coul omb- i'\ a \'icr law can be used to gi\'e th e 
limiting res ista nce to shea r (T,. ) a long a j oint pl a ne 
(t-Io rl a nd , 1974) : 

(3) 

w here jJ, is th e coeffi cient o f' sta ti c fri c tion , a nd Ti c is th e 
j o int cohesion . The " cohesi\'e" shea r streng th of th e j o int 
(1Jc) is a fun ction orits ro ug hn ess such th a t a j o int can still 
suppo rt a sh car stress even a t ze ro norm a l load , Equation 

(3) desc ribes th e situa ti o n w here j oint-bounded blocks 
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can be remO\'ed li'o m the bed , prO\ 'ided that tb e g la c ier 
can exe rt Cl shca r Stress a t th e ice/ roc k interfacc lI'hi c h 

exceed s Tr , 

Th e removal of blocks a lo ng th e cres t oC a roc k step for 
ho ri zo ntal a nd \"C rli ca l j o int-co ntroll cd surfaces h as bee n 
m od e ll ed !J\' I I'erso n ( 1989 ) , The conditi o ns modelled 
II"CIT 10 1' situ a ti o ns o f stea dy o r slowh- cha ng ing basa l 

wa ter pressures so th a t water press ures in cra cks rem ain ed 

equi\ 'a lent to ca"ity \va ter pressures , H OIIT \T r, in thi s 

a n a lysis basa l wa ter press ures a re a ss umed to be a tm o
sphe ric a nd th e stoss sides of rock ste ps ha ve a sha llO\,' lIP
g lac ie r dip, F o ll o lI'in g h e rso ll ( 1989 ) , R ea ( 1994 b ) 
reso lved the forces ac ting o n a block at th e cres t o f a 

subg lac ia l roc k ste p fo r a n up-glacier dipping sross sUI '[ace 

with basa l lI'ater pressures ta ke n as a tm os pheric. Th e 

up ward fri c ti o na l suppo rt from adjoining bloc ks must first 
be calcula ted in o rd e r to d e te rmin e th e total shea r 
resista nce , \\ 'hen 

(4) 

whe re A is th e contac t a rea in the :r , y, z direc ti o ns, th e 
bl oc k is pressed o nto its bo ttom face a nd bo tto m fri c ti o na l 
res ista nce is regis tered, 

'1'\\' 0 in eq ua li ti es a llow e\'a I ua ti o n o r th e rem ol'a l 

po tenti a l o r sp ec ific bloc k sizes fo r a n\' ice d yna mi cs, bed 

co nfi g ura ti o n and j o int cha racteri stics , \\'il e n th e up,, 'a rd 

fri c tion a l suppo rt fr o m th e sid es is exceed ed ( i, e .. 
In equa lit\, (4 ) > 1) a nd fri c ti o na l fo rce is mo bili secl al o ng 
th e bo tto m hlock face , 

TRS > {WN + (2Av/ A:) [(T jc + rU7L )( l - {i)l + Tje (5) 

Wh en th e IIp\l'ard friction a l suppo rt from th e sides is no t 

exceed ed 

(6) 

U sing Inequaliti es H ), (5 ) a nd (6) an e\'alu a ti o n o f th e 

plu cking p o te nti a l be neath slidin g ice is poss ible , 

EVALUATION OF SHEAR REMOVAL BENEATH 
CAMP GLACIER 

Deterxnination of variables 

Lnili a lh, I'alu es fo r Tic a nd !', a re take n as 3 ,79 x 103 i\' m 
a nd 0 ,66 , res pec ti\ 'e ly (Jaege r a nd C oo k, 1979 ), \ ' a lues o f 
e will be \'ari a bl e but can be m easured in th e fi e ld 

slIbg lacial ly. o r o n fo rel a nd s as is th e case fo r this 

resea rc h, A reaso n a bl e a \ 'e rage fr o m m ea surem e nt s 
ta ken o n th e forel a nd 0[' C a mp Glacier is 13", Th e size 
of th e block in qu es ti o n contro ls th e I'alue o C A ,t" A il' A o ' 

0\'(' 1' 100 bo u ld e rs we re m easured o n th e inn e r mo ra ine . 

a nd a \'e ragc \ 'alues [or th e thrce m aj o r o rth ogo na l a xes of 

a parti cle (a, b, c a xes ) \I 'e re ca lcul a ted, Th e a\'C rage 

\ 'a lues a re 1, 38 , 1,00 , 0 , 74 m = 1,02 m 3
, F o r simplicity, thi s 

is initi a ll v ta ken as a c ubi c block lI 'ith leng th o f sid e 1111 , 
w hi ch equ a tes to a bloc k 0 [' a bo ut 3000 kg , 

Th e I'a lue or E is ta ke n simpl y li-o m th e cr\'os tati c load 

(Pigh ). a nd T is th e drag impa rted o n th e block by ice 

flo w o\'e r it. Th e so luti o n fo r a cuboid is complex 

Rea alld II '/w/{~)' : SlIbg/acia/ erosion beneath a maritime ice jield 

(Uiboutry . 1979 ), H OII'el'er, a s a iirst a pproximatio n 
th e drag impa rt ed o n th e bloc k Ll ce is infe rred I) 'o m that 

fo r a sphe re , F ro m Llibo utn' ( 1979. 1987 ) th e drag IT ) 

impa rted o n a hemi sph e re \I'ith ca \'ita ti o n IS: 

(7) 

(J. IS fo r th e co nditi o n \I' here \ 'C loc it\, fro m pl as ti c 

d efo rmati o n and rege la ti o n m e ltin g- re fr eez ing a rc 

equ a l. i, e , a t th e tra nsiti o n \I'a \'C le ng th (\l ye. 1969 ) o r 
contro lling o bstac le size (\\' eertlllan, 1957 ) , A c uhi c block 
lI'irh leng th o r sid e I m li es lI'ithin this ra nge , 

H o ri zo nt a l la min a r n O li ' is ass umed , such that th e ice 

no \\' is direc ted pe rpe ndicul a r to th e (,), I'os ta ti c load as 

5hOll'l1 in F ig ure 2, In Equ a ti o n (7 ) th e cross-sec ti o nal 

a rea is g il'Cn bl th e term 7rR2/ 2, Thi s I,-ill be re pla ced by 
th e e rIe-n il'e cross-sec ti o na l a rea (E csa ) o f' th e bl oc k \\'hi c h 
l ~l C C S \'e rti ca l'" up-g lac ier , i, e , E es" = (.l'sin B)(y), Th m 
Equa ti o n 17) can be re\\'ritte n 

T = Ecsa ((J. + E) (8) 

where 

(9) 

(L1ibo utr \' , j 979 ) , 

A reaso na ble minimulll fo r th e la tera l stress O'L I ca n 

be ta ken as 171// (1 - 1/) wh e re 1.1 is P o isso n 's ra ti o ( ~O , 25 

ft) r stro ng rock; h e rso n . 1989 ), IIhi c h gil 'es O'L = 1/ 317 
a nd a reaso na bl e m ax imum \'a lue o f O'L = 17 (R ea , 
1994a ) , 

R ea ( 199+b ) und e rtoo k reco nstru c ti o ns [o r C a mp 

Gla c ie r fro m its sno ut pos iti o n o n th e inn e r LIA 
m o rain e to th e ice di\ 'id e using a n itera ti\ 'e m od el firs t 

used b y S c hilling a nd H o llin ( 198 1), An inte rpo late d 

subglac ial b edrock topog ra ph y lI'as produced I)'o m ice
m a rg in a l bedroc k a ne! nun a ta k he ig ht s, U sing thi s 
bedroe k pro[jle th e basa l ice para m e te rs \\'( re fin e

tun ed initi a ll\' to fit th e 197 6 ice surface , On ce a 

sati sfac to ry [It ha d been ac hi e\ 'ed, simil a r bed co ndi

tio ns lI'e l'C a ssum ecl fo r th e LIA and recon structi o ns 
complc ted, Th e ma~imum ice thi c kn ess \\ 'a s 190 III and 
th e maximum sliding \ 'C loc ity a pproxim a teh ' 15 m a I 
(R ea . 1994b ) , 

R esults 

Us ing th e \ 'a lues gi\'C n a bO\'e . an el'a luario n o r th e 
up"'a rd li 'ic ti o na l suppo rt o n a bloc k fro m th e adj ace nt 
bloc ks is required, Fro m Inequalitl' ( ~ ) . if' O'L = E th e 
up"'a rd [i-ic ti o na l suppo rt is ne\ 'C r > I a nd fi 'ic ti o n a lo ng 

th e iJo ttom (;\ce is no t m o bili sed , but if' O'L = 1/ 317 it is 

> I be nea th ice thi c kn ess> I05 m , 
Bo th In equ a liti es (5 ) and (6 ) are required to el'a lu a te 

th e IT Ill O\'a l po re ntial fo r Il loc ks, In neith er situati o n is 
sllfli cie n t cl ra g prod uced by ice m o\Tlll en l a round th e 

blocks to Cacilita te sil ear remO\a l [i 'om th e bed, Th ese 

ca lcul a ti o ns are a t best rou g h a pprox im a ti o ns. but th e\' 

d o show th a t th ere is littl e c ha nce o f the IT m o\'a l of 

hedrock Ill a te ri a l be nea th C a mp Gl ac ie r. H OII'C \'e r. 
eX lensil,(, LIA erosio n is kllOlI'n to ha \'(> tak e n place, 
Proglac ia l a nd subg lacia l o bselTa ti o ns sholl-ecl lh a l Illan y 

o r th e j o int s \\'ere iro n-sta ined a nd had thus bee n a ffected 

bl' so m e fo rm of preglac ial wea th erin g , 
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Rea and J I 'It(dl~)I : Sllbglacial erosioll beneath a maritime ice f ield 

EFFECT OF WEATHERING 

The valu e of Tic ta ken initi a lly of 3. 79 x 105 N m 2 from 
J aege r a nd Coo k ( 1979 ) is fo r " mod era te ly ro ug h 
surfaces" . There is no inform a ti on on how wea th ering 
will a fTec t thi s va lu e. It is likely th a t it \I·ill increase th e 

j oint-roughness coe ffi cient, i. e., (i'om th e preferenti a l 
ac ti on of weathering some minera ls will be removed . 
N o rm a ll y a hig her j o in t-ro ug hn ess coe fli cient wo uld 
increase th e streng th o f th e j oint. H OWe\T r, wit h wea th
erin g a nd removal of crys tals, the sur[ace may lose shear 

stre ng th because exposed c rys ta ls on th e surface will ha \ 'e 

littl e support a ro und th em a nd so a re likely to fi 'ac ture 
a nd ro ta te more easil y. Thus, in th e absence of a ny 
p u blished d a ta, Tic is ha k ed . to 1.895 x 10" N m 2, ta ki ng 
acco un t of the weat hering. I t sho uld be no ted th a t in 
places on th e fo reland a nd in a reas of "imma ture" 

blockfi e ld , bl ocks can be rem o\'ed fro m in situ pos itio ns by 

ha nd. In such situa ti ons wea th ering has redu ced Tic to 
ze ro . 

Results 

F ro m [n equ a lity (4 ) th e late ra l stresses will be ove rcome 

for ice thickn esses> 37 m. Thus, bo th Inequ a liti es (5) a nd 
(6) a re req uired to evalu a te the removal po tenti a l for 
blocks. Fig ure 3 shows th a t beneath ice o[ a pproxima re lv 
< 50 m thi ckn ess, blocks may be rem o\'ed [i'om th e bed . Tt 
is inte res tin g to no te that th e potenti a l [or remova l 

increases as the ice thins (th e sno ut represents a region o f 
hig h po tenti al erosion ). This effect is a res ult of th e 
decrease in norm a l fo rce on th e bo t to m, face of th e bloc k. 
and o[ th e fo rm drag still rema ining hig h. Fig ure 3 shows 
that, in certain c ircumsta nces. shea r removal of bloc ks is 
poss ible. H owever, th ere a re o ther bed pa ra meters which 

ca n a l ter th e rem O\'al poten ti a l. 

2.0 

1.5 
"~ 

Inequality (6) 

1.0 -I------"~ 

0.5 

o 50 100 150 200 
ice thickness (m) 

Fig . 3. Blocks (([11 be removedji-om the bed beneath Ice just 
less than 50 m thick . ( Basal sliding velocilJl = 15 m a I 

O'L = 1/3: weathering has reduced Tic ~J! half·) 

BEDROCK PARAMETERS 

C ha nges in b lock geo metry a nd u p-glac ier di p of th e stoss 

side o f rock steps will a lso affect the poten ti a l for shear 
remO\'a l of b locks. The following in trod uces th cse fac tors 
a nd shows how th ey may a ffec t th e block remO\'al. 
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Block geOllletry 

The mod elli ng abo\'c \I'as [o r a I m3 rock cube. If blocks 
are not cubes but cuboid , certain o ri enta ti ons \\,ill favo ur 
remO\'al whil e o thers will reduce remO\·a l. On th e inn er 
moraine the average a, b, c axes of la rge bloc ks were found 

to be 1. 38, 1.00, 0.74 m. Adopting these \ 'ctIu es such tha t 
the .T, y, Z axes a re now 1. 00, 1.38, 0.74 111, respecti\ 'ely, 
prO\'ides the lowes t possi ble la teral stress a nd the la rges t 
possi ble shea r removal stress . Ass um i ng prc-wea th eri ng 
a long j oints, th en late ra l stresses a re O\'ercome benea th a ll 
thi ckn esses of ice. Thus Inequa lity (5) is used to eva lua te 

the shear removal stress . Figure 4a shows th a t bl ocks ca n 
now be removed benea th ice < 80 m thick. 

2.S 

~ 2.0 
'" = ('I -'" 1.S .~ 

~ 
r-. 

::::. 
1.0 co: 

~ 
0 
E 

0.5 ~ 

'-'- . - .- .... 
r-. 

0.0 
0 SO 100 1S0 200 

ice thickness (m) 

Fig. 4. (a) M odificatioll of thf block geoll1etl)1 aLlows 
remOl'ai beneath ice liP to 80 m thick . ( Basal slidillg 
lIelociOI = 15 m a I : O'L = 1/3: weathering //os ra/lIfl'd Tje 

b] half; 8= 13" : x, ) 1, .: aus = 1.00, 1.38, 0.74117 . 
reJjJective(J' ,) (b) ['sing the values above bllt increasillg 8 
from 13° to 20° eIIhan(es the removal potential }ilrlher. 

Dip of stoss faces 

I ncreasing up-glacie r dip (8) of the stoss faces a ll ows th e 
la teral stresses to be exceed ed und er lower ice thi ckn esses . 

Th e grea ter e the lower the norma l stress 0';-;, but th e form 
drag increases because Ecsa increases . H the bed d ip is 
taken as 20° a nd a cuboid bloc k is used , th en th e potenti a l 
fo r block rel11 O\'a l is furth er enh anced (Fig. L~b ) . I t should 
be noted , however, th a t th e max imum dip u p-glacier 

which co uld feasibly be considered wo uld be >=::::3 0°. A bove 

this, th e dip of th e down glac ier face of the block will 
gradu a ll y d ec rease, res ult ing in cav ity suppression. 

PROCESSES OF REMOVAL ENHANCEMENT 

A num ber of o th er processes a re known to ex ist in the 
subglacia l e l1\ ,ironmcn t which co uld pote nti a ll y a id the 
process o f b lock removal. 

Sq ueez ing o f g lacie r ice a lo ng la te ra l j oints was first 
d esc ribed by An de rson a nd o th er s (1982 ) . Beneath 

Ca mp Gl acie r the sam e p rocess has been observed, a nd 

indeed it has go ne a stage furth er with ice being 
sq ueezed a lo ng th e bo tto m face, suggesting th a t th e 
b lock is to ta ll y encased in ice (R ea, 1994a; R ea a nd 
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\\ ' halle y . 1994) . The sid es pro\'id e no frict iona l 

resistance to mO\'ement , and the prese nce of ice along 

th e bo ttol11 fac e is likely to reduce Tje effect i\ 'e lv to zero . 

Only rh e friction a long th e bottom and sides of th e b lock 
in contact wi th ice prO\'id e a n y resistan ce, In thi s 
situ:lli o ll blocks ma y be easily remO\'Cd, 

herso n ( 199 1) has shown that , as a result of the 

red uct ion in norma l stresses for a horizonta l rock step. the 

potential for shear rel11O\ 'al of blocks is greate r for higher 
ba sa l water press ures, Th e lwdrau li c-j ack effect of 
R ot hli sberger a nd lken ( 198 1) prO\' id es a furth e r 
mechani sm for th e re' mO\'a l o r joint-cont ro lled blocks 
fl'Om th e bed , Th e reduction orthe norma l stress on blocks 

at th e ca\' ity origin fa\ 'ours remO\'a l (cryos tatic load IS 

reduced by the \I'ater press ure) , 
The Robin heat-pump e[rec t (R obin, 1976 ) relates to 

th e produc ti on of co ld patch es benea th a g lacier at the 
ice /bed interface , From th e work or J e llinek ( 1959 ). 
I\ 'e rson (1989) ga \ 'C th e shea r stren g th 0[' th ese adh esion 

bond s as about 0, 2 f\fPa, This co uld elTecti\'e ly In crease 

TR S b\' a bout 25%, 
If it occ urs, sti ck- slip mo ti on pl'O\ 'id es \'e ry short 

pe riod :; o f rapid mO\Tment. Hig h \'e loe iti es, and thus 
increased [a rm drag, res ults in increas ing eros ion potentiaL 

REGIONS OF PROTECTION 

Benea th pa rts 0[' Oks[jordjokelen , int ac t blockfield s w ith 
so rted stone circles arc bcing exposed b) ' ice re treat. These 
bloc kli elds are at least pre-LIA in age a nd proba bl y much 

older (R ea and others, in press; "'ha lley and o th ers, in 

press ) , Thus, pas t and present ice co\'erage must have 
been co ld-based , It is likely that on ly during II'arm 
in terglacia l pe riods cl o th e outle ts slid e O\'er th eir beds and 
e rode, Such pro blems rema in to be ['ull\' ill\'es tiga ted fc)J' 
this area , 

CONCLUSIONS 

E\'id ence has been presented abo\'e to ShOII' that thi s 
re lati\'C ly thin , sloll'- I11O\ 'ing pl a tea u-t op maritime ice 

field ca n produce substanti a l erosion o r a mechanica ll y 

hard bed, The e rosion is controll ed by th e fa\ 'ourab le rock 
structure sll ch th a t joints intersect to produce blocks 
whic h can 1)(' remOl'Cd Crom th e cres t of an up-glacier 
dipping rock step, Preglac ia lll'ea thering is a lso important 
as it has reduced th e "j oint cohesion", a ll owing bloc ks to 

be remO\'ed m o re eas il y, Once entrained th ese b locks 

prO\'ide ideal abrasion tool s, L1i bou try (1994) sugges ted 
that littl e e rosion occ urs when the preglac ia ll y weat hered 
a nd [j'os t-shattered deb ri s has been remo\'ecl Crom the bed, 
This paper supports his findin gs to some ex tent. H OII'el'er, 
the e\'id ence a ho\ 'e a lso points to the snout being a zo ne 01' 
potentially hig h erosion , while up-glacie r there ma y be 

mu ch less occurring, e\'en uncler [aster sliding ice , 
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