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ABSTR \CT, Glacial quarryll1g rema1l1s eni gm a ti c despite being long recog niz ed 
as a primary, perhaps th e d ominant , process by \I'hi ch g laciers froclc bedrock, Th e 
ra tf-limi tin g process a ppea rs to be su bg lacia l rock fi 'act ure due to icc-i nduced 
m cc ha ni cal stresses , 

To study thi s eros io na l process, a simple model or Cjuarr\'ing is d e\'(' lopcd fc) r a 
g lac ier sli ding 0\'(' 1' a period ic se ri es o r bedrock steps, Consicieration 0 (' the ba la ncc o r 
rorces at th e icc/ rock inte rf~t ce and or th c rate or cl\ 'ity c losure permits ("\'a luati o n of' 
ice-induced stresses on hedroc k surraces , Th e resu lting stress distribution \\'here ice 
load s a re mos t concentrated nea r th e corner o f' bedrock steps is e\'a luated using a 
simpl e elastic so luti on fo r th e state of stress in a loadcd qua rt er-plane, It is th en used to 
determine \I'hc ther fract ures in th e rock \I'ill gro\l', and to es tim ate th e rate o r 
prog ressi\ ,(, crac k g ro\l,th , Based o n these crack-gro\l"th rates, an ind ex or th e Ciuarrying 
rate is th en calcu latecl as a fLII1('(i on o r ke\ ' g lac io logica l \ 'a ri a blcs dl'ect i\'(, pressure 
and Sliding w'locit)' a nd \'a ri ous beel parameters, COllsiderable incenti\ ,(, ex ists fc)!' 
furth er ana lys is o f' qua lTying, a nd [c)r sccking fi eld dat el to test th e m od el. 

INTRODUCTION 

COll\'enti o na l treatmenrs o r g lac ia l eros io n charac teri s ti

ca ll y discuss rour prima ry m ec ha ni sms: abrasion, ClUaIT\'
ill g, subg- Iac ia l flu\ 'ia l erosion, an d disso lut ion (e ,g , 
Drew r )" 1986 ) , In co mpar iso n \I'ith abrasion a nd 
d isso lution, w hi ch a re relati \ 'e ly we ll d efin ed and 11<1\"c 

bee n th e subj ect o r co nsid e ra ble a na lys is (e,g , H a ll c t, 

1979; L1iboutry, 199+; Sharp and o th ers, 1995 L little is 

kn o\l'Il a bout th e ot her mecha ni sms , 
Thc import a ncc or quarrying a lso term ed plu ckin g 

rciati\'l' to a bras ion is cssc nti a lh- unkno\I'I1 I)IT\lT\' , 
1986 1, and e\"C n its ex istence has been questioned reccntly 

(Llibo utry, 199.]. ), The quarrying phenomcnon rem a ins 

elusi\ 'e no t onl y to modelers, but e\'c n to th ose a tt empting 

to d efine precisely the controlling processes : subglac ia l 
rock li'aCl ure, loosen ing orrock fi 'agmenls and e\'aC ll a li oll 
or th ose roc k ri 'agmc nts, .\J c\'cnheicss, q ua rr yi ng has long 
bee n recogni zed as an important c ros io na l m ec ha ni sm 

based un di\'erse geOlogic e\' id ence, inCluding : (11 roc k 

[I-agmenls on g lac iers a nd e rra ti cs in deglaciatecl a reas 

th at had to bc d cri\ 'ed ('rom th e beel: 2 ) \I' icl esp read 
('\' id e ncc fa r subg lac ial roc k rracture o n proglac ial 
bed rock cx posures: and (3 ) occ urrence or qu a rri ed lee 
surfaces on bo ulders (hat arc embedded in lod gc m ent till s 

(Sharp, 1982 ), as \lcl l as on bedroc k hill s a nd roc hes 

111 0 ut onn ces (c ,g; , J a llll s, 19+3), 
Quarrying a lso warrants sc ientifi c a lt enti on beca use it 

ca n p la\' a crucial ro le in th e gcnerati on andmaintcnance 
o /'bed roughness , \I 'hi ch in princ iple ca n pro fou nelh' affect 
(h e sliding speeel a nd s t ab ilit~ , or temperate g lac iers (e,g, 

lken , 198 1 , Cnlike abras ion , \\ 'hi ch tend s to sm oo th th e 

bed because it is m o re cfreeli\'(' nea r the LOpS o r bed 
protuberances (han in deprcs'i iom, Cj uarn'ing ca n rough

en th e beel, th ereb y pcrmilling the beel micro-relier to 

persist in sp it e or ex tensi\T e rosio n, For instance, 

cO ll sid nab le bed roughn ess is l'\ ' ielcnt on r ece ntl y 
d eg lac ia ted bedrock in deepl\' inc ised \'a ll ('\'s and cirqu cs 
\\'here e ros ion ca n a m ou nt to hundred s o r mete rs or 
surrace lowning , 

Current co nsid e rali o n o r a bras io n mechanics b\ ' the 

a u tho r directs a ttenti on to\l'ard CluaIT\·ing as a kC\ ' 

process rrom \"et a nother poillt o f' \ ' iew: as a sus ta in ed 
so urce o r a brasi\'e m a teria l acti\T O\ 'er la l'ge parts or the 
h cd, ", hi e h is n ecessa ry f'o r s ignificant abras io n , 
Quarn'ing also a ffec ts the acc umul at io n o r su bg lacia l 
sediments, \I'hi ch can in[l uC'ncC' Sliding O\'e r bedrock c,g , 

Shocmaker. 1986), and ultim a t e l ~ ' leads to sort bed 

co nditi o ns, The \I'id esprca cl rea li za ti on th at seciim cn h, 
w hi ch ca n ddc)I'lll o r rac ilit a te slidin g at th e ha se o r ice 
m asses, ma\' pi a:" a crilica l ro le in th e dynamics or 
g lac iers a nd ice shee ts (e ,g , ,\ll cy anel o th e rs, 1986, 
1987b; Bo ulton , 1987 ), a nd in the ir respo nse ro g loba l 

ch a nge 1,\ll e\' a nd o thers, 1987a ), pro\' id es a mple 

moti\ 'at ion to s tu ch " qu ar n 'ing as a p rim ary source or 
subg lac ia l sed ime nt s, Consideral io n o r so urces and sinks 
o r roc k debris al the base of' g lac iers is fll ncl a lllt'n ta l to 

und ers ta nding why debri s accumu la tes a nci lubri cates 

th e bed in certain areas a nd no t in ot hers, 

PREVIOUS MODELS 

Se\'Cral anah-ses ha\'C addressed q uarrying in the cOlltext 

o r currcn t g lac io logica l und e rsta nd i ng , R othlisberge r a nd 
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H({lle/ : CI({cial qllan~)'illg 

Iken ( 1981 ) proposed th a t loca l basa l fi'eez ing en a b les a 

g lac ie r to e"trac t rock li 'ag ments from a suffic ientl y 
j o inted bed, Such freez ing co uld res ult from th e ra pid 
o pening o f la rge-sca le \\'a ter-lill ed ci1\' iti es uncleI' hig h 
\\'a ter pressure, o r fro m th e hear-pump clTecr proposed by 

R obin ( 1976). Exce pt nea r th e m<l rg ins 0 [" tem perate 

g lac ie rs, wh ere winter tempera tures ca n drop well below 

th e pressure-melting point (Anderson a nd o th ers, 1982), 
it is unlikel y th a r ice g ro \l·th co uld wed ge open crac ks in 
th e bed (e .g. \\' a ld e r a nd H a Il er, 1985 ), beca use th e \I'ell
buffe red th e rm a l regime pre\'ents th e build-up of press ure 
mu ch abOl'e th e ambi ent basa l ice pressure. I ce g rowth 

could c rea te hi g her press ures in bedroc k c rac ks if 

tempera tures \lT re rel a ti\ 'el y 10 \1 ' th ere. H O\l'e \T r, thi s is 
preclud ed beca use if crac ks \I'ere rc1 a ti\ 'e ly co ld, hea t 
would na tura lly cO Il\ 'C' rgc o n th e crac ks, thereby melting 
rather th a n g rowin g ice th ere. 

Hutte r a nd Olunloyo ( 198 1) prese n ted a mod el fo r th e 

generatio n o r hig h basa l stress concentra ti ons a t th e 

periph e r ~ ' of "cold pa tches" \I·he re ice is fi'ozen to th e bed. 
This mec ha ni sm co uld lead ro frac ture a nd entrainment, 
but o nl y \I'here large pre-e"istin g na il's rend er th e 
bedrock \I'eaker th a n ice. This limita ti on, which stems 
from th e similarity of th e stress fi eld in th e roc k to th a t in 

th e ice. a lso a pplies to i\[o rl a nd a nd Boulton 's (1975 ) 
a na lys is of qu a rrying . 

C o nside ra bl e insig ht int o th e ph ys ics o f qu a rrying 
\I'as ga in ed b y h 'e rso n ( 199 1) \I" ho used coupl ed finit e
clem ent mod els to an a lyze stresses bo th in th e ice and in 

th e roc k. H e computed ice load s o n a sing le bedroc k 

ledge, consid ered impo rta nt eITee ts o f tra nsient po re

pressure g ra d ients in th e bed rock, and prese n ted d e ta i led 
numeri ca l results d esc ribin g th e stress fi e ld a nd a n ind e" 
o f the pro pensit y to c rac k g rowth under both stead y a nd 
n o n-stead y co nditi o ns. H is res ults pro \ 'id c a \T r y 
instruc ti\T C]u a ntita ti\T \·iew or th e basa l conditi o ns, 

pa rti cul a rl y th e 'wa ter-pressure \'a ri a ti o ns, th a t a rc m os r 

fa \'o rabl e fo r micro-crac k g rOlnh , as lI'e ll as th e loca ti on 
a nd direc ti o n o r c rac k g ro wth. In co ntras t with previ ous 
mod els , th e stresses a l th e bedrock surface computed by 
h 'e rso n ( 199 1) a re no t ide nti ca l to th ose in th e g lac ie r 

sole . This diITeren ce, \I'hi ch arises fro m ice /bed se pa ra

tio n , is impo rta nt because it circ um vents a pe rsistent 

pro bl e m fund a m e nra l to qu a rr yin g : as roc ks a rc 
ge nera ll y mo re res isrant lO fra cture rh a n ice, hO\l' ca n 
ice-indu ced load s rract ure the roc k \I' ith o ul firs t 
rrac turing th e ice? 

The mod el r d evelop he re has mu ch in commo n with 

th a t of h 'e rson ( 1991 ), in th a t bo th a re centered on th e 

sta te of stress indu ced in bedrock ledges by sliding ice . I 
rocus on a simple a na ly ti ca l es timate of stresses averaged 
OI'er th ose pa rts of th e hed in conlact with ice. Th ese 
spa ti a ll y ave raged stresses arc of interes t bo th because 

th e\' ca n be easil y ca lcula ted a nd beca use th e extreme 

stresses th a t tend to di cta te c rack g rowth sca le direc tl y 

with average stresses . Streamlining th e stress a na lysis 
g rea tl y fac ilit a tes exa mina ti on of th e ro le of g lac io log ica l 
pa ram ete rs in qu a rrying . It ena bl es m e to proceed 
beyond ca lcula ting stress indices . a nd to e\'alu a te th e 
ra te a t whi ch mi croc racks ca n g row, w hi ch is linked to th e 

ra te of qu a rrying . A lso, 1 ca n consid er a se ri es o f" ledges, 

instead of a sing le led ge- cal' it ), pa ir, whi ch permits 
d efinition of critic a l qu a ntities ave raged O\T r th e bed , 

2 

such as th e d egree of ice/ bed separa ti on and a n ind ex o f 

th e ra te of qu a rrying res ulting fro m progress ive sub
criti ca l crac k g row th in bed roc k. 

I \I'ish to emph as ize th a t h e rson 's ( 1991 ) m od el a nd 
th e o nc presented hcre a re eOlllplementary in se\Tra l 
wa ys . \ \ 'hereas I \ 'e rson' s m od el can i m prO\ 'e m y loca l 

stress d esc riptions, pa rti cularly und er non-stead y condi

ti ons, m y m od el delin ea tes how hi s a na lysis ca n be 
extend ed to o bta in a n ind e" of qu a rrying ra tes OITr la rge 
pa r ts o r th e bed. In additi o n, th e facto rs id entifi ed in th e 
res pecr i\"( mod e ls as be in g key to fr ac turin g roc k 
subg lac ia ll y can opera te sy nerg isti ca ll y, as mentioned in 

th e disc ussion below. 

PRESENT MODELING STRATEGY 

In \'ie\l' o f" th e complexity of th e qu a rry ing process, th e 

simples t m odel is so ug ht th a t pe rmits ana lys is o r th e 

controlling ph ysics with th e cO I1\'iction th a t th e insight 
ga ined from a judic io usly strea mlin ed m od el fa r OUI
\I"(' ig hs th a t los l th roug h th e rcq u i red idealiza ti ons. 

1 examin e stead y sliding OI'e r a simple g lac ie r bed 
co m p rising pe ri odi c ledges stepping dOl\"l1 in th e iCe-nOlI' 

direc ti o n. simila r to th a t used by Iken ( 1981 ) to stud y 

th e e fTec t o f subg lac ia l wa ter press ure o n s liding 
ve loe ili es . Asid e fro m resembling some ac tu a l g lac ier 
bed s (e.g . And e rso n a nd oth e rs, 198 2) , thi s bed 
id ea li za ti o n has th e lo ll o \l'ing acll"a ntages : ( I ) ice

indu ced d e\·ia tori c stresses ca n reach th e e le\'a ted le\'els 

required to fra cture rock, \I'hi c h a re considera bl y hi g her 

th a n th ose obta ined fo r low-ro ug hn ess bed s (N ye, 1969; 
~l o rl a nc1 a nd Bo ulto n , 1975 ); (2 ) in th e lo ng te rm , 
qua rn'ing ca n ca use led ge ri se rs to re trea t up-g lac ier a t 
th e sa m e ave rage ra te, th er e by susta ining th e bed 
ro ug hn ess w hile qu a rrying is ac ti \"(' ; a nd (3) co nsid e r

a ble insig ht into g lac ia l sliding a nd basa l h ydrology has 

a lread y been gain ed fro m thi s bed m od el ( Iken , 1981 ; 
Humphrey, 1987; K a mb, 1987 ) , but it has ye t to be 
utili 7.ed to stud y g lac ia l e rosio n. 

I ass Llm e th a t crack pro paga ti o n is th e ra re-limiting 

facto r in g lac ial qu a rrying . Th e o th e r primary p rocess 

necessa ry fo r quarrying, entrainment of fr ac tured rock 

fr agments, e\'id ellll y occ urs m ore ra pidly . o th erw ise such 
rock Ij'agments \I'ould be a bunda nt in proglac ia l bed roc k 
a reas, whi ch is ge nera ll y no t th e case . H ence, 1 d o no t 
conside r enlrainm ent rurth er, and es tim a te th e ra te of 
qu a rrying by eva lua tin g g rowth ra tes of bedrock erac ks 

a nd th e a mount of ma te ri a l likely to be entra ined from 

th e bed once a frac ture has propaga ted sufficientl ), to fi-ee 
a block from th e bed. \\,hile ge nera ll y insuflici ent to ca use 
ra pid (ull sta bl e) fra c ture o r bedrock, ice-induced stresses, 
as w ill be shown , a rc like ly to be sulTi cientl y high to ca use 

slOlI" p ro paga tion of pre-exi stin g mi cro-fl aws in mos t 

rocks. The ra te of such pro pagation. kn O\\"ll as sub-criti ca l 

c rac k g ro \l·th , ca n be es tima ted [o r a g i\ en stress sta te 
using e" isling empiri cal fr ac ture-m echa ni ca l d a ta fo r 
roc ks (e .g . Alkinsoll , 198 7) . 

Th e s ta te o r s tress in bedroc k is obta in ed b v 
considering th e ba la nce of fo rces a t th e ice/ rock inte rface 

a nd th e fac tors d e te rmining th e ex tent o f ca \·iti es. On ce 

the ice /bed contac t stress is e\'alua ted , th e sta te of stress in 
th e rock can be calcul a ted using sta ndard linear elas ti cit y. 
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H ere in , I <lnakze era ck grOlnh under steady stresses, and 
briefl,' conside r th e e ffcc ts or non-steae'" cond itions on 
quarr"inp; , Th e ana lys is or pore-pressure dkns, partic
ularly those arising rrom trans ient g rad ients in pore 

press ure e,g, " T rso n, 199 1), is beyonci the sco pe of this 

paper , 

THE MODEL 

Th e genera l trend of the bed is horizontal. and it 

comp ri ses a se ri es of ledges dipping slig hth- up-g lacier at 

a small angle !3 IFig, I J, Ca"itics occur dO'I"1l-glacier of 
each ledge Il'here th e ice separates rrom the rough hed, 
The eo n\T nienl choice ora stra igh t roorro r the ca\' it" is a 
reasonable approximation, pro\ ' icl ecl it is unafTected b\ ' 

me lting due to fl o\\'i ng \\'a ter or a ir (FOlder, 1986; Kam b, 

1987 : Ilwson, 1991 ), Although co nsiclerab lc me lting by 

runn in g wate r occurs under temperate g lacing, its ol'e ra ll 
eflc'ct on th e shapc of"ca \'ities sca lt ered OITr the ent ire bed 
ca n probab ly be ignored b eca use suhstantial heat 
d issipat io n is highh' loca li zed a long a fe\\ ' channels 

\dwre \rater [l Oll'S \'igoro usl:" 

a 

b 

\ 
\ 

s I BEDROCK 

I 
.-----------~L------------··I 

(in 
\\~ __ \_r_

--------------~~~~,~\' 

7 
ICE 

Crack ~? 
initiation .-

Fig, I, (a) C;eo/llell)' of ideali.:ed Im/fin lite r;lIa,.,~)'illg 

//Iodel, (b) Slresses alld loralioll ~/ /Jro/;ab/e Farlllre 
illitiatioll Ileal' tlte coma ol a ledge, Qyau}illg takes plare 

ll,lte/l Factllre.> pro/Hlgate dou 'llll'ard FOIll tlte ire-loaded 
JllIj{lCl' alld roalesce lvillt lite /)Iallar di.lrolllillll ities that 
d~/illl' Ihal ledge ,~ ) 's l e lll. al whiclt j}()illl a bedrock Mod i.1 
liberaled alld Ih e ledge is jJroj)(lgaled IIjJ -glarier, 

Th e no rm a l s tress imparted Iw ice o n the bed is 
centra l to cUl lu ating crack g rowth in the bed , Th e 
averagc or thi s s tress O\'er the area or direct ice/ rock 
contact, 0'", is a kc,' unkno\\"n, since it is a particu larly 

Hallet: (;facial qllau}illg 

useful single measure o{'t he magnitude o f ice-l oading. To 

el 'a lu atc 0'", the area of ice/ bed contact is assumed to be 
smooth , so that it supports norma l s tresscs but no shcar 
stresses . in acco rd \\'ith standard g laci o logica l th eory 

(e,g, i\IT, 1969 1. R ele\'ant basal stresses <\\'ETaged owr 

tile en tire g lac ier bed in c lud e the ice -o\'erbu rd en 

pressure R. water press ure PII" basa l shca r stress T, 

and dl(~ e til 'e pressure , p;. == P; - PII" Balancing rorces in 
the ho ri zo nt a l a nd I"e rtica l dircctions and dil 'iding b y 
the ledge leng th L mcasured in the ice-n o\\" dircction 

~ Fig , I a \'ie ld: 

T + PII' SI tan Cl - 0',,(1 - SI) tan fJ = 0 (1) 

PII'S' + (1 - SI)O'" - P; = 0, (2) 

Here, S == S j L is the norma li zcd exte nt or ice/ bed 
separat ion, anci Cl is rhe slope of the nll' it:, roof. Il'h ic h 

ca n be delined in terms or c,II 'it\" size: 

L - S 
tano =-s-.-tan !3, (3) 

Comhining Equations 11 and 2 1 leads to an o'Tra ll 

equ ilibrium condition at th e g lac ie r bed: 

T = (Pi - PII ) tan!3 = ? ' tan}3. (-1 ) 

\\'hi ch is cq ui\"alent to l ken 's ( 198 11, 
0'" sca lcs illl"e rse '" with th e ex tcnt o r subg lac ia l 

cm' iti es determined by th e combin at io n or basal sliding 

and un' it\, closu re, The rate of closure is itse lf a function 

of?" Th e inclina tion of th e cal'itl' roofis taken to parall el 
the ice-I-e loc ity I'ector obta ined b~ ' the I'('cto r additi on or 
th e sliding 1'Cloc it\" U. and closure IT loc it l', C, assumed 

no rm al to the cal'it" roof: 

U - Csina 
cos rv = -------

C cos Cl 
(5) 

Th e c losu re ora cm' itl' that is ciongatednormal to th e ice
fl o\\' d irectiol1, as sho\\' l1 in Figurc I , is similar to the 
contract ion of a cy lindrica l ho le in a g lacier, a problem 

ana lyzed bl' Nye ( 1953 ). Th e hig hly non -uniform stress 

lield in the I' icinit" of a rough becl is li kely to render the 

prohlems Cjuantitatil 'e h- di stinct. HOIITI'cr. it is reason
able to make the eOlll'ent ional assump ti on that elosure 
rates I() r hoth situat io ns hal 'e th e sam e form I " 'a ld e r, 

1986: Humphrey, 1987; K amb. 1987). , "ie lcling: 

C= klp:j 
(' (6) 

",herc /.,. is a cons ta nt and l is th e length o r the ea\' ity 1'001' 

measured in the ice-no\\' direct ioll , Subst ituting Equatioll 
16 in lO Equatio\l (5) leads to 

(7) 

",h ere b is th e e lCl'ation clifle rence betll'Cen the points or 

se paratio\l and contact bet\\'Ce n th e ice a nd the becl 

(6 rv Stana ), A quadratic exp ress ion IQI' S is obtained by 
substituting Equation (3) into Equation (7): 

S2f..;p',:j + f..;P/' (L - S)2 tan2 {3 - U(L - S) tan {3 = 0, 

(8) 
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/-I([//el: (;facial (jll{{II) 'lllg 

Kn ol" ing th e cm'ity ex telll S, a pa nicularly instru c tilT 
re la ti on ca n be obta ined for all using Equa tion (2): 

(9) 

As expected, th e presence or cal' iti es e levates th e icc/ rock 
stress abon: the ice-OI'e rburd en pressure, and the efle'er is 

extreme where ice/ bed separati on is nearly complete (a s 

(1- S') ~ 0), 
From th e standpoint or rock fi '<1ct ure and qu a rrying, it 

is th e difference between the normal stress o n th e ledge 
a nd that exe rt ed on o th e r parts or the bed bl' Il'a ter in 
c<\ I'iti es that g il'es ri se to del'iatoric stresses in the rock, 

Based on Equation (2) , thi s difference is simpl y 

(an - P",) = Pc (_1_) , 
1 - s' 

(10) 

In this simple model , cm' it ) size is primarih- dictat ed 

by efle-cri\"(' pressure a nd sliding l-c loc it y, and secondarily 

by th e size and inclination of bedrock steps, At 10\1' p,., 
cayiti es arc extensil'e, and ITry largc comp ressil 'e normal 
stresscs a re concen tra ted on led ge co rn ers, H O\l'eITr. all 
cannot exeecd the stress th a t ca n be mechanically 

sustained by ice, 

The sta te or stress in the ice near the co rn er or a 
bedrock ledge resembles that due to a loca li zed surrace 
load press i ng agai nSl a nd mOl'i ng a long the ice, r\ 
consen'a ti l 'e indi cat ion or the maximum attainable 
contact stress, a7" can be obtained li'om th e simple 
Hertz ian problem (e,g, Frank and La\\'ll, 1967 ) for a 

sphere pressed agains t an elasti c haIr-space \I'ith al'erage 

pressure all' Brittle b ilure is ex pec ted in th e ice if'a ll leads 
to tensil e stresses comparable to the tensil e streng th o r ice, 
whi ch is on the ord er or I \ IPa (Pa lm er and o th e rs, 1983: 
Sc h ul so n and ot hers, 198+) , For th is problem , the 

maximum tensile stress is approx imately a ll /6, hence 

a;' >::::; 6 ~IPa, No experimenta l d a ta for temperate ice ex ist 

to ",t1id a te this a;' estimate , H O\l,(,I'e r , it is cons istent \I'ith 
recent theoretical and ex perimental Il'o rk (Premachan 
dran and Horii , 199+, p, 33 that repo rts indentation 
streng th , equ il'alent to a;, ' o f' around 5 \lPa ror ice at 

10 C for the 100I'es t strain ra tes consid e red (2,3 x 10 ,) 

S '); streng th increases \I'ith strain rate, \I'hi ch in thi s 

cont ex t, is defined as ind en tat ion rate dil'idecl by ind ento r 
\I 'idth , The c it ed rat e co rresponds roughly with icc 
cOIl\'erging with a 0 , 1 m pOI'li on or th e bed at 100 m a I, 

Th e abOl'C estimate or maximum contact stress 

( (]'~, >::::; 6 \IPa ) in the ice, based o n a circular con tact 

area, is conse l'l'atil'e, hOlI'el,(, r. ~lore reali stically, the ice/ 

bed contact a rea nea r a ledge co rn er \I'o uld be natTO\l' in 
the direction or sliding and long trans\,c rse to it. For thi s 
contact geometry, th e a na h-sis o r a concentratcd line load 
on an elas ti c ha lf-space (Timos henko and Cood ie r, 1951 ) 

is a lso relel'a nt. Ir suggests that for th e stri c tl y l\l'o 

dimensiona l mode l, hig her (]'~, ca n be susta ined loca ll y 
because stresses in the ice are a ll compress il 'e , Thus, for 
actual ledges with finit e ex tent in th e direction tranSl'erse 
to ice n O\l', the hi g hes t atta in able a;, I'a lue is likely to 

exceed th e a bove 6 \ 1P a es timate, Also, acco unt must be 

taken of't he suppo rting role or\l'ater surro unding the ice! 

bed contact a rea, Thererore, it appea rs app ropria te to 

4 

co nstrain (a ;' -P\\, ) not to exceed ", IO .\ I Pa, because or 
the finite strength or ice , 

Once th e contact slress is est im ated, the stress Sla te in 

the bed can be calc ulated, making th e widely accep ted 

assump ti on th at rock can be adeq ua tely modeled as a 
.linea r clast ic material. Focus in g on th e area nea r a ledge 
co rn e r where ice loads arc mos l concen trated , the st resses 
in the rock must be close to th ose in a n infinite clas ti c 

quaI'le r-pl a ne due to a normal stress ap pli ed near th e 

co rnet'. Acco rding to H etcn~' i' s ( 1960 ) ana l ~ ' s i s of th e 
quarte r-pl ane problem , tensile stresses co uld reach magni
tucles or ",2 (all - PI\' ) /3 close to th e corner bu t di rec l'" u p
glac ier or the ice contact zo ne, This amounts to about 
6 ~IPa (\I'ith (a "-P,, ) ,,, IOi\ I Pa ) , \I 'hi eh approac hes th e 

tensil e strengt hs o r loug h crys ta llin e rocks w ith o ut 

macrosco pic naws, whi ch ge nerally ra nge from 10 to 
20 .\IPa, r\ consid era bl y lower tensile st ress lI ou ld sufTi ce lo 
fi 'ac ture am' rock Il'ith sizab le pre-ex isting cracks , 

The state of stress in th e rock can be rela ted to it s 

fi 'ac ture behm'io r by introducing th e stress intens it y 

rac to r, [\t , lI'hi ch prol'ides a measure or th e st ress 
concentration a t criti ca l areas, th e tips of' pre-exis tin g 
cracks, H ere I cons id er only lh e open ing mode fa r 
id ea l izccl pen n y-shaped crac ks or radi us C orien ted 
perpendi cula r to th e direc tion o r max imum tensil e stress 

below the rock surracc, For thi s situ a ti on 

(11) 

\I'here T is th e ra r-fi eld tensile stress (T '" 2 (a ll - P", l/3 ) , 
.-\bOl,(, a criti ca l 1\1 I'a luc, J(I C, rrac tures Il'ill g ro\l' 

unsta bly, Al stress-inlensi tl' lc\'eI, consid erab ly belo\l' [\-IC 

but abOl,(, a minimal I'a lue knOll'n as the " slress-co rrosion 
limi t", erack grOl\,th occu rs progress ively, This li m it , 
\\ 'hi ch is expected based on th ermodynamic co nsid era
lions (e,g , Segall, 1 98 "~ ) , has not heen una mbiguo usly 

delecled in the labo ra tory, bccause prac tical limitatio ns 

seldom permit 1\1 to be less th a n ",0, 6](rc , Indirect 

est im a tes of' th e stress-co rrosion limit in rocks (Sega ll, 
198+) sugges t th at it is abol'e ", 1/31\[c , Because or the 
rcla ti 1'Cly modest del'ia toric st resses typica ll y Lt ri si ng 
subglacially, I Il'ish lO tak e into account a finite stress

co rrosion limit to calcu la te era ck-grOll'th rates, 1/" by 

using the rolloll'ing ex pression that is consistent \I' ith sub

cri tical craek-growth data (e ,g, A tki nso n, 1987 ): 

} ' 11" 'I > - 'le 3 

(12) 

where 1.J] and 'Y arc ma te ri a l parameters obtainab le 
graphi ca lly [rom a plo t or crack -g ro" ,th ra te VC' (on a 
logarit hmic scale ) I S 1'"f, once 1\IC is knOll'll (e ,g , " 'a lde r 
a nd H a ll et, 1985 ), Equation ( 12) conl 'C rges w ith the 

simpl er expression commo nl y used fo r empirical data 11'(' 11 

a hol'C th e stress cor ros ion limit IAtkinson , 1987 ): 

(13) 

where m is 40 ± 10 a nd ~ is a cons ta n t dependen t on rock 

type, 
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Beca use tensile st resses arc hi g hes t a t th e roc k surface 

directh· up-g lac ier o f th e ice contact zo ne, a nd a rc a lign ed 

in th e ice-flo\\" direction and pa ra llel to the fl oo r of' the 
subglacial c<L\· it y, cracks alT most likeh · to o ri g in ate th ere 
a nd gm,,· trans\TrSe to ice n O\\· . Ohs(:'!'\·at io ns or ledges 

a nd joint sets exposed b\· the recent re trea t of Grinn e ll 

Glacier sugges t th a t quatT\·ing th e re is th e product o f' 

fi 'acrure propagation that is stro ng h- fi\\·o red bot h a lo ng 
a nd perpendicu lar to bedd ing planes. It is, therefore. 
rea so nable to ass ume th at nea r-su rface cracks \\·ould 
propagate do\\·n\\·a rd no rm a l to th e surlilee a nd to the 

sliding directi o n unt il th n · e ncounte r a relatiH'h · \\"Ca k 

zo ne pa ra ll e l to th e bedding: crack g rOl\"t h co uld th en 

acce lerate a lo ng th e bedding plane. This \\"{)uld thell 
libe ra te a recta ngu la r block from th e luaded co m er or a 
ledge Fig. I b anci red e fine the led ge ri,n sli g hth" up
g lac ier of its pre\·ious pusi ti o n. 

Th e \·olum e or roc k riTed fr0111 th e bed per unit leng th 

tra nS\"Crse to ice n O\\· is simply th e height of th e ledge 

tim es th e ice con tact area IL - SI. Quarrying e\T tllS a rc 
likeh · to be spo radic beca use lo ng peri ods of" slo\\· crac k 
gTo,,·th \\·o u lcl ge nera lly be nccessa ry bel(llT fi 'acturcs 

co mpl e tely isolate a bedrock b loc k. Ass umin g that cra c k 

propagation is rate -limiting, the lo ng-t e rm a\·e rage 

\·o lulll e or roc k q uarri ed per unit time, pe r unit di sta nce 

tranS\TrSe to the ice-Il o,,· direction \\·ou ld be 1./(" (1 - S')L 
rth e bar re prese nt s a n a\"cTagC' l. Di\·iding th is b\· th e 
ledge le ng th yields the lo ng-term qu a rn·ing ra te <L\T ragcd 
mT r th e emire bed: 

Q = lIe(l - S'). (LIe) 

Du e to compe ting elTe·us. cr;l c k-g rO\\"lh raI l'S 111<1\· no t 
\·ary a g reat d ea l as they propaga te: thc slress-intcns il\· 

filc to r inc reases \\·ith c rac k size, c. but dimini shes \\·ith 

di stance li'om th e ice/ roc k inte rface as the f ~l r-field tens ile 

stress d ecreases . :\ first-order es timat l' ca n be obta ined by 

simph" substituting /.le n·a luat ed at the ice/ rock interlil ce 
[(lr th e a\·erage in Equation ( 14- ). 1 emph as ize th at thi s 
es timate beco l11 es prog ress in.' h · poore r a s c ra c kin g 
proceeds . bccause the gro,,·ing crack in creas in g ly infht

e nees thl' s la tc o f' stress in the rock, ca using it to d i\·e rge 

fro m th e assumed stress stat e . 

RESULTS 

Calcu lated qualT~· in g rat es arc ill ustrated in F ig ure 2 fo r 

t\\'o distinct rock t\' pes fo r \\hich relati \"E' ly good data ex isl 

o n sub- criti ca l crac k g ro\\· th. Th C\· \\T IT o bta ined using 
Equ a ti o ns ( 14 ) a nd ( 12 1 \\·ith th e m a te ri a l parameters 
used h\· \ \ 'a ld e r a nd H a ll e t ( 198.5 ) . Th e quarr>·ing rate is 
suc h an ext reme ly se llsit i\·e fun c ti o n of th e sta tc o r stress in 

th e bed. that quantitati\·e l~ · co rrec t qu a rry in g ra tes 

req uire knOl\·led ge of basa l stresses \\ith unrea li sti ca lh· 

hi g h prec isio n . H e nce. the calc ul a ted quaIT>·ing ra tcs 
sho uld not bc \·ic\\,cd as quantitati\·ely reliable; rather, 
thC'y SCT\·e as p ll\"sicalh" based indi ces 0(' qualTying rat e 

use ful in definin g theinlluence of g lacio logica l para 

meters . 

Fo r the g lacie r a nd bed conditi o ns rep rese nted in 

Fig ure 2, the mod el y ields quarrying ra tes th a t a rc 
neg lig ihle outside a relati\T ly naITO\\· P" ra nge or o. I 

J/allel: (;Ia cial q{{({I"IJillg 
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Fig . 2. Ca/CII/aINI illdn of (jllon}illg rail' aj ajilllclioll 0/ 
jlidillg l'e /ociU alld ba.\(// efji'(lil'l' fm ,I.IUIe .. \fode/ 
/Hlraml'la.1 It'NI' ledge ll'idl/I.· L = /0 Ill: Ilwal slo/JI': 
sin ;J = 0.2,· alld (({1'i{)' rlo.wIe-rale cOII ,l/alll : 5 a I 

. \ IPa .·i . ,('hidl 1ej7alj .l/alldard r/Il'ological /){lrtlllleler.1 
( Paln.l"OIl . 1(81 ). Ellljlilical .fiacIIlIe-mechallical dala 

( /rOIll II -a/der alld Ha//el . 1(85) (['erC liSI'd .fill: ( a ) 

I I ·c.\ler(J ' (;mllile ll'ilh 20111111 cracks. ({lid ( b) SI POII.\ 

.\[(11-/;/1' It 'ilh 10111111 (T({Ck.I. 

1.4 

0.8 

I \l Pa . Starring \\·ith hi g h P" co nditi o ns th at a re 

unf~l\ ·o rablc fo r ex tell si\·e ice/ bed se parali o n , th e ca lcu

la ted crac k-p ropaga ti o n rate increases c1ramaticalh- \\·ith 

d ecreas ing P" beca use o r th e res ultin g expa nsio n or 
ca\·ities that, in tum . co ncentra tes the e!krti\·e ice load 

Cl" - PI\" on Ied~e co rn ers. Quarrying ratcs peak uncl e I' 
cond iti o ns or extel1si\·C' c<l\·it a ti o n. \\·illt P" typi ca ll y 

rang ing from 0. 1 to 1 \1 Pa , \\·hile ice- induced load s arc 

curta il ed to th e hi g hes t \·a lue dicta ted b~ · ice strl' ng th . 

These rates ap pea r rcaso na ble a s thn· range up to a 
fi 'act io n or a metCl' per \Tar under op timal cO llditi o ns, 
\\·hi ch is co nsis tellt with ma ximal inferred e ros io n rat es 

H a ll e t and o thers. 1996 ) . ,\ t \Try 101\· to \·a lli shin g \ 'a lu es 

of' p", the qua rrying ra te must dimini sh to zero because 

the area or th e bl'd influenced b\· hi g h ice load s \·a ni shes. 

\\·hi le th e ice/ bed contac t stress rcm a in s at tlte finit e 1C\·e1 
dictated b>· ice stre ng th. \\'here P" rcac hes ze ro mTr 
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Hnlle/: Glacial qll({rI}illg 

muc h o f th e bed , no qu a rrying is expec ted beca use th e 
g lac ie r \I'o uld efTec ti \T ly noa r. 

:'-10 id ea l d a ta se t is a \ a il a ble to tes t th e princ ipa l 

mod e l res ults, th a t q ua rrying is pa r t icul a rl y aCli\T fo r 

co nd iti o ns o f sm a ll but finit e efTec ti \T pressure a nd hig h 

sliding \T loc it\, ( Fig , 2 ) , S uch conditi o ns ha \'e bee n \I'ell 

d oc um e n ted fo r se\T ra l fas t mo \'ing g lac ie rs, including 
Va ri egated Glacie r (HumjJhrey a nd R ay m ond, 199+) , 
C o lumbi a G lac ier (Hum phIT \' a nd o th e rs, 1993 ) a nd [cc 

Stream B (Engelha rdt a nd o th ers, 1990 ) , Characteri s tics 

of th ese g lac ie rs m ay h a\T littl e rel e\ 'a nce to th e qua rrying 

m odel , hO\lTn' r, because co nsid e ra ble d a ta sugges t th a t 
th ey a re und e rl a in no t b y bed roc k but by a d e fo rm a ble 
d e bri s laye r. A rela ti\T ly def(l rm a bl e till laye r , suc h as 

th a t infe rrecl to unde rli e I ce S trea m B (e,g, All ey a nd 

o th ers , 1986) . wo uld cffcc ti \'e ly shield th e roc k fro m th e 

direc t act io n or th e g lac icr a nd inhibit th e fo rm a ti o n o f 

su bg lacia l ca \ 'i ti es, re nde ri ng q ua rryi ng u nl ikeh- , .\ l'\T r
th eless. I \I' ish to s tress th a t th e na ture of th e bed o f a ny 
g la c ie r is ge neralh- o n ly kn ow n fro m ra th e r spa rse 
info rmatio n , hence und efo rm a ble bedroc k m ay und e rli e 

sig nifi ca nt pa rts o f th ese glac ie rs, :-Jo reo\Tr , o ne ca n 

a rgue for th e occ urre nce of sul )s ta llli a l a reas o f erod ing 
bedroc k und er glac iers o\"(Triding Cl d ebri s laye r O\T r 
bed roc k. beca use a n act i\'e a nd di stributed so urce o f 
sedim ent is required to susta in a d efo rming laye r o f 

d ebri s, K ee p ing thi s in mind , 1 C<lllti o usly examine 

rc! e\'a nt d a ta fro m \ 'a ri ega ted a nd Columbia Gl ac ie rs, 

Condi tio ns o f sm a ll but finit e e fTcctin' pressure a nd 
hi g h slidin g \-c loc it y, \\' hi c h fa\ 'o r ra pid qu a rry illg, \lT IT 
\I'c ll d oc ume nt cd durin g' th e surge or V a ri ega ted G la cier 
b>' Hum p hrev a nd R ay mo nd ( 1 99 '~ ) , The re th e seciiment 

nu x in prog lac ia l strea ms is co nsiste nt \I 'ith ex trem e 

eros io n ra tes a m ounting to abo ut 0, 5 m per 17 yea r surge 

cycle (I~ amb a nd o th ers, 1985; Humphrey a nd R ay
mo nd . 1994 ), Thi s flu x in c lud es a ro ug h es ti ma te o f 
bedl oacl th a t ma kes up a bo ut ha lf o f th e to ta l sed iment 
yie ld, a nd is pres um a bl y co m posed large '" o r qu a rri ed 

m a te ri a l. T hey es ti ma ted th a t [\I"O-thirds o r this sediment 

\\'as deli\ 'e IT d to th e g lac ie r (i'on I cl uri ng th e surge ( 1- 2 

\'ea rs) , but had no info rm a ti o n o n wh e n th e sedim ent \\'as 
produ ced su b~ l ae i a lh- , :\ s conditi o ns fo r q ua rr\'ing a re 
pa rti c ularl y laxonlble d urin g th e su rge, w hile being 
sin g ul a rl y unfa \'o rab le be t\\'ee n su rges because o f slo\\' 

sli ding a nd rcl a ti\'e ly hig h Pt', it is reaso na ble ( 0 infe r th a l 

th e surge is a pe ri od o r bo th excep ti o na ll y hig h sedime nt 

y ie ld s a nd ra pid e ros io n, " ' ith thi s infe re nce, th e 
co rresp o ndin g short-t erm \'a ll ey-w id e qu a rry ing ra tes 
a rc likely to be o n th e o rde r o r 0 ,1 m a I durill g th e 

surge, Th ese ra tes a re in acco rd with m odel \ 'a lues of 

m ax imum qu a rrying ra tes, ass umIn g th a t qu a rrying is 

res po nsibl e fo r a la rge propo rti o n o f th e sedim ent 

prod uc ti o n , 
Th e no rm a l stress req uired [o r sig nifi ca nt frac ture o r a 

load ed led ge co rner is a pprox im a tely 5 :\ 1 Pa lo r m a ll )' 
lith o logies , S uc h ya lu es a re reac hed \\'he re o \\' iti es 

se pa ra te a pprox ima tely 90% of th e bed Cro m th e ice, a 

condit io n that a ri ses fo r sli din g a t 100 m a I a t cfTccti\'e 

pressures of 0 ,2 and 0 ,7 ~ IPa fo r led ges 10 a nd I m a pa rt . 
respec ti ve ly, S uc h low e lfeCl i\'e press ures a rc n o t 
unreaso na ble e \-e n un de r thi c k g lacie rs where O\'e r

burd e n press ures ap proac h I 0 ~ I P a, Fo r exa mpl e, 

meas urem e nts a t \ 'a ri ega ted G lacier ( K a mh a nd o th ers, 

6 

1985 ) a nd Co lumbi a Gl ac ie r (Humphrev a nd o th ers, 
1993 ) sugges t th a t \T ry ra pid ice mo ti o n can be associa ted 
\\' i rh p., < 0, 1 ~l Pa , Th us, at leas t fo r th ese g laciers, 

pe ri ods o f fas t basa l mo ti o n a nd extrem ely lo\\" p'., w hi ch 

a re conduci\ 'e to ra pid e ros io n acco rdin g to th e m ode l, 

a re ind eed pl a usible, 

QUARRYING UNDER NON-STEADY 
CONDITIONS 

S ubstanti a l tempo ra l \ 'a ri a ti o ns in crac k-g rO\\,th ra tes a rc 
ex p ected in pa rt beca use subg lac ia l \\ 'a ter-press ure 
ya ri a ti o ns, whi c h a rc cO lllmo n (Enge lha rdt a nd o th ers . 

1978; K a mb a nd o th e rs. 1985 " ca use ch a nges in th e 

no rm a l stress o n roc k surfaces a nd tra nsient po re-pressure 

g radi ent s in th e bedroc k, Th e d e pe nd e nce o f crac k

grow th ra tes o n d e\ 'ia to ri c s tresses is so se nsiti \'e th a t crac k 
g n l\\,th during bri ef peri ods \I'ith conditi o ns [;I\'o ra bl e fo r 
crackin g is Like ly to be illlpo rta nt. This \\'o uld includ e 
pe ri od s ciuring \I' hi ch ( I ) Pe is in th e criti ca l 0, 1- 1 ~[Pa 

ra nge: (2 ) \\ 'a te r press ure dro ps a brup tly, ca using a la rge 

tra nsient increase in (a n - Pw ) (e,g, [\'e rso n, 199 1); a nd 

(3 ) d n' ia to ri c st rcsses a re te lllpo ra ri ly e nh a nced b y th e 
passagl" o f a clas t in I(l rce ful co n tact \\ ' ith th e becl. 

Th e importa nce o f sho rt-dura ti o n s tress e\Tnts fo r th e 

lo ng-term a \T rage crac k pro paga ti o n ra te (e,g, Llibo utry, 

1965 ) can be d em o nstra ted easilY , C o nsid e r a crack th a t 

pro paga tes at a co nstant ra te I/O due to a s tead y imposed 
te nsile s tress ao , I no\\' d e terlllin e th e m'e rage ra te at 
\\'h ie h th a t nac k will gm\\' ass ulllin g the led ge is ex posed 
fo r sho rt cluratio ns to a stress a . th a t exceeel s ao, Th e 

le ng th or a c rac k a t time t is 

C = Cj + vo(t - Nt. ) + v. Nt. (15 ) 

\I'h l" re lV a nd t . a rc th e nu m ber a nd dunlti o ll of load 
e \T nls, a nd 1/ . is th e nac k-g ro \\'th ra te during h ig h-stress 

pe ri ods, C sing th e simple r express io n (o r th e insta nta 

neo us c rac k-g rO\rt h ra te (Equ a ti o n ( 13 )) , th e tim e

m'e raged crac k-g rowth rate is 

{ F/ [(a) f1I ] } //(" = //0 1 + T a~ - 1 ' (16) 

Beca use 111 is so la rge (m ", +0 ) , sho rt-dura ti o n stress 

pe rturba ti o ns, e \'C n if \ 'e r>' infi'equent, co uld sig nifi ca ntl y 
a ffec t th e lo ng-terlll crac k-g rowth ra te, Fo r exa mp le, 
ta kin g (ft. / t ) to be 10 f, whi c h co rres po nds ro ug hl y lO a 

sing le I h s tress e\Tnt pe r yea r, wo u ld d o ubl e I/c fo r a 

stress perturba ti o n o nl y 25% a bO\'C th e stead\ ' \'a lu e , 

R a pid dro ps in basa l \\ 'a te r press ure o f up to I o r 

2 \JPa reco rd ed in g lac ie r bo re ho lcs (Enge lha rdt a nd 
o th ers, 1978; K a m b a nd o th ers , j 985 ) are pa rti c u la rh
interes tin g in thi s contex t. Ass umin g th a t suc h reco rd s 
rcnec t cO lllpa ra bl e d eclines ill \\'a te r pressure a t pa rti c ul a r 

sites o n th e bed , the suppo rt or th e g lac ier prO\ 'id ed by 

basa l wate r wo ul d be tempo ra ril y redu ced, th e re by 

increas ing th e ice load o n th e bedroc k nea r th ese sites , 
Impo rta nth- , th e inc rease in no rm a l stress o n th e bedroc k 
ca n g rea tl >' exceed th e d ro p in wate r pressure , For 

ex tensi\'C C<l\ ' iti es ex pec ted und e r \ 'e r>' 10 \\' clfec ti \'e 

pressures, th e tra nsient increase in no rm a l Stress ca n be 
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related simpl y to th e cxt ent o r ca \ 'itatio n 5' and th e 

mag nitud e of th e \I 'a te r-press ure dro p: d eT lI = dPw 

(1 - 5') I , Thus, fo r exampl e, fo r c<t \' iti es cO\-c rin g 90(Yo 
o r th e bed. a I \[Pa drop in lI'a te r press ure \I'o uld 
th eo re ti ca l'" in crease th e no rm a l s tress b \ ' 9 ),1 Pa , 
.\ltho ug h suc h hi g h-stress C\-cnts \I 'o uld be sha rt-li\ -cd 

becausc th e cm'iti es wo uld contrac t ra pidl y , th ev a re 

like ly to li g urc im porta ntl y in subg lac ia l roc k rra c turc by 

ele\ 'a tin g th e d C\' iato ri c s tresses in to reg io ns o f' n :n ' rapid 
cra c k g rm nh , T empo r,d \'ariati o ns in \\ ',He r press ure a rc 
a lso centra l to R i.i thli sberger a nd [ke n' s ( 198 1) m od el 01' 

d e bri s e ntra inmc nt a nd I\ 'C' rso n 's ( 199 11 a na h 'si, o r 

qua rry in g . H O\\'eH' r , in co n tras t \I'ith bo th [\ 'e rso n 's 

a nd m y m od el, R o thli sbcrge r a nd [ke n\; \I 'o rk stresses th c 

impo rt a nce o f ra pid increases in \\ 'a ter press ure th a t cause 
clrops in no rm a l stress, th ere b y indu cin g supe rcoo lin g and 
basa l fi' eez in g , 

I no tc that th e finitc stre ng th o f'i ee m od e ra tes th e 

m ag nitude of s tress tra nsic nts. Fo r th e co nli g ura ti o n o r 

load s sho ll'n in Fig ure I, th e s tress ce ilin g o f eT" ' 
( ~ IO i\JPa. as di sc ussed ea rli e r ) se \T rel\' limits th e 
contac t stresses unde r conditi o ns or ex tre m e ca \ 'ita ti a n. 

pa rti c ul a rh' durin g tra nsient increases in eOenin' s tresses, 

CONCLUDING REMARKS 

I han' exa min ed a simple scen a rio in \\ 'hi c h ice-indu ced 
s trcsses ca n cause sub-c riti cal crac k gro \\,th pe rmittin g 

d e tac hm e nt of bedrock fr agm e nts, a nd halT d C\'C' lo ped a 

ph\ 'siea ll y hased ['un c tion a l re la ti o nsh i p bet \lTe n q uarry

ing rat e a nd g lac io logica l para m eters. L o ll' clkn i\T basa l 

pressures 0,1 I \IPa ) a nd fas t sliding l' m LTge as th e 
domin a nt g lacio logical co nditi o ns la \'orin g g lac ia l quar
ryin g beca use th e) ' inducc ex tens in' ice/ bed se parati o n 

a nd hi g hl y co ncentra ted s tresses \I'here ice contact s th e 

bed. This res ult is co nsiste nt \I'ith d a ta re fl ect in g ra pid 

erosion by fa st m o \'ing g lac iers \lith 10 1\ basa l e ITecti \'(' 

stress , 

The res ult s I halT o bta in ed to d a te are pro mising in 
that th ey contain mu c h o f' th e impo rwnt ph ys ics a nd arc 
a bl e to produce rea so nable qu a rrying ra tl's in a ll roc ks. as 

lo ng a s th e\ ' cont a in microc rac ks o n th e o rd er o f 1- 10 mill 

in len g th , M y th eo re tica l stud y to dat e prO\ 'id es stron g 

m o ti\ 'a ti o n 10 1' i nco rpo ra t i ng res ul ts fmm h T rso n 's ( 199 1 ) 
d e tail ed a nah-sis o f' stresses nea r Iedgc corn e rs to further 
d eye lo p th e qu a rT\'in g m od el. This \\ 'o ulcl gen era li ze thc 

mod el to inc lud e po tential cra ck g roll'th close r to ste p 

co rn ers, ra th er th a n o nl\ ' up-g lac ie r fi 'o m \\' he re ice 

rega ins contac t \\' ith th e bed , a nd und er a b roa d er ra nge 

of' conditi o ns o\\'in g to the tend enc y fo r no rm a l s tresses to 
foc us a t th e co rn ers, This ge nerali zati o n \\'o uld rend er th e 
m od e l less rcs tri ct i\ 'C' beca use it \\'o uld comidera bh

broad e n th e ra nge 0 [' basa l conditi o ns co nduci\ 'C to 

a e ti\ 'C quarrying . Oth er pro misin g goa ls arc to integra te 

th e qu a rr yin g m o d e l \I 'ith m odel s o r o th e r e rosio n 

processes. a nd to see k fi e ld \ 'alid a ti o n . 
On c tro u bl in g as pec t o f th e prese nt m od el fu rm u la ti o n 

is th a t qu a rryin g ra tes d e pe nd o n basa l stresses in such a n 

extrem ely se nsiti\T fas hi o n th a t qu a ntita ti\T ly co rrec t 

qu a rryin g ra teS require kn O\d ed ge o f basa l stresses \I' ith 

unrea listi ca lly hi g h prec isio n, H e nce, the calculat ed 

qu a rryin g ra tes sho uld no t be \ 'ie l\ 'Cd as be in g qu a n-

I-I allel : ( ;I({cial I{lIarl)'illg 

tita ti\ 'C ly reli a ble; ra ther, th e\ ' se J'\T as ph ysica ll y based 

indices o f qu a rrying ra te usc ful in d e lining the influe nce o f 

g la cio logical pa ra m e ters. This cha rac teri s ti c re nders it 
dilli c ult to use th e lll od el in simul a ti o ns or landla rm 
d Cl'C lo pm elll e.g. Ocrl cma ns, 1985: H a rbo r a nd o th crs . 
1988 o r o f' g lac ia l d e n ud a ti o n. beca use basa l co nd i ti o ns 

canno t be defin ed prec ise ly , The la tte r re nders studi es o r 

sedim e nt \ ' ie ld [I"o m g lac ia l ca tchm e nts th e m ost pro mis

ing source or qua ntitati\T info rm a ti o n o n erosio n ra tes . 
I-:I O\\'(' \T I'. mu ch o r thi s ex trcm e sC ll siti\' it y is a rtificial ; it 
re ll cn s the hi g hl y id ea li zcd p er f'cCl h ' peri o di c bed 

geo m c tJ'\ ' a nd th e trea tm ent o f lI'a te r press ure as being 

unifcl!'Ill o\T r th e bed, Pro misin g m od e l imprO\'e m e nls 

th a t \I'o uld m od e rat e th e present m od e l se nsiti\ 'it\, 

in c lud e : I a m o re rca li s ti c bed gec)llH' tJ'\ ' \\ ' ith a 
spect rum of' ro ug hn css c1 e m e nt s: 12 spa ti a ll y 1I 0 n
unil(JI'Il1 0'11 a nd P",; alld (3 1 ex pli c it trea im e llt o f 

tra nsient e frect s due to po re-press ure \ 'a ri a ti o ns in a rra\', 

o r bedrock mi croe ra c ks, as sugges ted b\' j \ 'er,on 199 1 . 
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