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Theory of glacial erosion, transport and deposition as a 
consequence of subglacial sediment defortnation 

G. S. BC)Lrro:\ 
IJej){trllllflll of (;l'%gl' ({lid (;rojil~I'.lic.) . (;mlll i lo/illlle . [ ·IIiref.li{1' of Fdill!JlII:~h. I :'dillbllrgh 1,'119 3}I I '. Scul/(lIId 

.\BSTR,\CT . . \ theon' of'eros ion. tra nsport and ciepositi o n o runlithili ec! seciiments 
!J\' g lac iers is presen ted. I t preci ic ts the large-scale a rea l cli s tribution o(' zo nes allcl rates 
of' erosio n a ncl depositio n in time alld space throu gh a cOlllp lete g lac ia l cn·le. toge ther 
I,'ith th e res ult ant intens it y of' l;lrgc-scalc lill ca ti ons drullllins l \I'hi ch \I·illlw in cised in 
th e la nd scape. Th e th eo ry al so prl'di ns the di splTsa l pall('l'lIS of's ul lglacia l lith ologics. 
toget l1l'r \I'ith the l!lI'Ill of'd isplTsa l tra ins deril'l'd li'olll di s tinni n' so urces a nd th e 
I'l'l'tical and hori zo ntal di s trihution of' lith ologies within ,I till . It predicts major 
eros io na l di sco lltilluiti es \I ithin tills and th e I() rm a ti o n of' boulder pa\TI11Cnts. It 
sugges ts that the c1 0m in a nt proportion o r the 1(\\\ land till s pl'Oclu ceci I» ' Pki siOCC I](' 
mid-latitude ice sheets \I 'as ge ncra tcd hI ' subglacial dd!JI'In<ltion and exp la ill s \I'h \ thel 
arc predomin a llth- finc-grainecl. 

The tll eo ry is based on a ll ana h-sis of'g la c ier-c1 > nClmic proccsses ,lnclthcrd!J['c c,l n 1)(' 
used to in kr the ch 'nalllic hcha\'iou r or 1()I'IllCl' ice sheet s rrolll the di stribution or tills 
a ncl th e ir lith o l ogi~' cOl11pos iti o n. 

INTRODUCTION 

Pri or to the last decadc. it had gTlll'l'a ll y iJeen ass ull1ed 
that g l' lcicrs nlC)\TcI o\Tr ri g id suil strata and that the 
rh eo log\ or ice a nd th e prol'('"es or slidin g ()r i(T O\'Cr thi s 
ri g icl IICd cl c t('l'mill eci th e d> nalllic res pon se or tile gLlcin 
to cha ngcs ill sU ri illT Illass h,liatll'C Fig . I a allCl b 

Silllil'lrl>. it h,l ci hc('n implicit"· assu lll ed tilat thl' 
processes of'l'I'(\sion al1Cl depo, ition \I hich occur \\ hell 
g lac iers fl(l\\ O\'('r roc k lH'ds \\ CIT ulli l'l'l'sa ll y <lpplicallle. 
In thcse prOlTSsCs. suiJg lacia lh' cru sh cci d c tritu s i, 

(a) 

FROZEN 
BED 

(b) 

UNFROZEN 
ROC K 
BED 

in corporatcd ill the ict' hI' liTczing. transpo rt ed cn
glacia lh a 11(1 IT lea sed l)as<1 l11 rrum til l' g la c in b\ 
ludgT nl!' lll () r supr'lglaciall y bl' Illel ti ng-o ut. :'\ O-OIlC had 
C'xp li cit! > adcl r l'sscd till' question urnusion alld dep()sitioll 
Oil hcel s or ulll i tl l i li ed secl illl Cll1. 

I IOIIC\·('I'. Illall\ ' IllOcierll g lac ic rs rest. ,It least ill part, on 
unli tilifieci heel s, a 11 cl large a rca s 01' th l' Plci stou' nl' in' sheets 
ill tile lllid-I ,llitucics 01' Europc and .\ ortil .\Illl' ri c;1 liTre 
unckrlain h> tilick. un litilifi cd seclimcnt scq ucllce,. L'ndcr
qancli ll g cros io ll ,lIlcl dcposit io n on , ucil ;1 becl is thus 
illlportant: not ollh I(lr gco l() .~ic; i1 I'('ason, but IW(,;lusl' till' 

(c) 

I I 
UF I I 

~tL.1 
I I 

:u~ 

UNFROZEN 
SEDIMENT- - - - - -
BED 

f.'/~~. I. Sclil'lll(llic diagrolll .1 Iholt'illg Ihe IlOri:onla/ I'r/oci{r di.l/rib"lioll ill .H'clioll.1 1//I'{!IIgh 1/ g/acin rr.)/illg 011: ( 11) a 

.Ji'o.:1'II Imf ( rock or II,,/ilhijicd :,edillll'lll ) : ( b) 11 rigid bed bill wilh .I/idillg alollg (Ill IlIIji'II:.,en g/acil'l' /bed cOlllarl: ( c) a 

dejimlllllg bed. There ([rc Iluee jllil.liMe I'e/oci{)' cOlllj)(IIlml.l: illlemu/llolt' ( Ur ) : hl/.w/ .I/idillg ( Us ) : ddimllal iOll 4 ' 
.lIIbg/llcia/ .lf(lilllflll.1 ( UD ) . I/Ihl' /ollgillldina/ i(('./llll i.1 ajJjJ/(i\illlalr(1' {Oll .I/r",1 ill a/I m .II':' . i/ll'iI/ b(' di.)chrll},p/l/mJIIgh 

a jJrogre.llil'r/r Ihinller. /oz(·I'r-.I/lJj){'(/ g/([cin ill going./i·(III1 m .le ( a ) 10 m .II' ( c ) . 
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jOlllllal of Uaciologl ' 

st ro ng co upling lI'hi c h it is sugges ted ca n occu r bet llTe n th e 

g lac ier a nd such a bed can halT a major innuence o n a 

g lac ier's ch'namics a lld its role in c lim a te change. 

13o ult on a nd.J ones 1979 1 sugges red th a t the rh eo logy of 

dcfiJrllling subg lac ial sediments co uld be a major determi

nalllofthecl ynami c beha"iour o fiee sh eets IFi g. le) . Alle y 

a nd others 1987 1 d cmonstra ted th e rea lity of thi s process 

be nea lh th e \ \"cs t Anta rc ti c ice sheet a nd th a t th e d yn a mi cs 

o f a t leas t one of its m ajo r ice strea m s was la rge ,," contro ll ed 

b y the deforma ti o n o f , I' at er-soa ked sediment. Engelhardt 

a nd o thers 1990) co nfirm ed. by dri ll in g, th e rrese nce o f 

suc h sediment. Bo ul ton 1987 e~ plored th e conseq ue n ces 

of' subg lac ia l d efo rmat ion for processes of erosio n a nd 

depositi on. and sugges ted that, in th e sed imelll-co\"(:' red 

low la nds lI'hi ch und erla , ' much o f thc o ute r zones of mid 

lat itud e ice shee ts. st'dim ent d e formatio n pl ayt'd th e 

domi na n I role in g lacia l erosion a nd d epos i li o n and in 

th e production of tills a nd c1rumlins. a nd rh a t mos t o f the 

cons titu ents of su c h tills had no t bee n tran sported Iw 

co n'Tnlional englac ia l m echa ni sms. 

This paper d ey e lo ps a theory o flarge-sca lc eros io n and 

d epos ition produced b,' a n ice sh eer res tin g o n a n 

unlithili ed sed iment bed. For th e sa ke of simpli c it y , it is 

ass umed th a t sue h a bed occ urs ben ea th th e lI'h ole of th e 

ice sh ee t. For th e ice sh ee ts which cO"ered large p a n s of 

:\o nh .\ meri ca and nonh"Tst Euro pe durin g th e last 

g lac ia l period , muc h of th e o ut er zon es were und e rl a i n by 
so ft sediment a nd the inn er zo n es predomin a ntly b y 

bed rock .. \I th o u g h a com plct e descri ption o f su b g lac ia l 

eros ion and depositi o n requires int egra ti on of "hard-bed " 

anc! "soft-bed" theories, it ,,·ill be arg lled in a later paper 

Ih a t th e a pproac h ta ken belo'" can be a ppli ed to bot h 

and th e refore that th e co nclu sio ns o f this paper can be 

a ppli ed qu a lit a ti\ "C ly to a " ha rcl bed " . 

The effect s o f nU"ial 1'C" 'o rkin g o f till a rc ignored in th e 

theory . " a t beca use thel' a re no t im portant but because 

th ey arc superimposed upon th e pa tt e rns predict ed here. 

a n d it is the reC\ lit,· of' th ose p rim a ry patterns ,,·hi ch ,,·ill tes t 

th e th t'o ry. A Ilu\·ia l reworki ng theon·. thou gh d es ira ble. 

can be regard ed as a se paratc iss uc . 

(a) 
EFFECTIVE PRESSURE (p') 

i 
Effec tive 
pressure 

t 
tA 

DEPTH ! 
-<, p' =(p.-p l . BELOW 

o I W GLACIER 
SOLE 

+ 
Effective pressure 
at the glacier sole 

(b) 

EROSION, TRANSPORT AND DEPOSITION ON 
AN UNLITHIFIED, DEFORMING BED 

Consid e r it glac ie r ,,·hose so le is a t th e melting point a nd 

underl a in by unlithifi ed sedim ents into ,,·hi eh sulJgla c ia l 

me ltwa te r is disc harged. Bo ul ton and ,loncs 11979 sho"Td 

that. be n ea th a large g lac ie r. a 11\' sig nifi cant thi ckn ess o r 

fine-g ra ined (cia \, - o r silt-ri c h sed imeI1l 'l"Ould be enough 

to imped e intersti tia l dra in age to th e e~ t c llt o f producing 

zero enreni" e press ure in th e sedim cllt, resulting in littl e o r 

11 0 frictiona l res istance ben ea th th e g lacie r a nd producing 

" unsta ble " deforma ti on " 'hi ch co uld lead to a surge. 

Bo ultoll and Hinclmarsh (1987 \ sugges tcd , IH)""(, ' T r, th at 

unstab le defo rmation at ze ro e[]tCl i, 'C pressure l\"Q uld lead 

to " pipi ng" so as to produ ce' sedim enl-[]oo red tunnef s 

Il"hich " 'o uld dra in e~cess " 'a ter a nd rc-es ta blish sta ble 

defo rmation and res tab ilize th e sediment /g lac ier system . 

.\ n eq ui librium " 'ould be maintained in " 'hi ch m a jo r 

perturba ti o ns ,,·hi ch te nded to increase inte rstitial wa ter 

press ures " 'ould be co unterac ted b,' th e product io l1 o f 

f'urther tunnels o r th e e nlarge ment of ex is tin g onl's, ,,·hils t 

red uction in ,,',Her press ure wo uld be co unteract ed b \ ' 

tunnel closure. I t \I'as suggested th a t th e subglar ia l sys tem 

thus a djus ts itse lf to c limat ica ll y determined ice di sc ha rge 

a ncl , notwithstand ing th e po tenti a ll y com ple~ beha"io ur o f 

subg lar ia l till C larke , 1987, the a"eragc frictional 

resista n ce \I'hich a g i,"C n bed o lk rs to a g i\ 'e n g lac ie r need 

not be hi g h'" , ·a ri ab le. Tt is a rgued thus th a t there a rc 

inte rn a l m ec ha ni sms which !Julle r c~terna l perturbations 

and m a inta in sta ble opera ti o n of the sys tem . 

Fro m th e obse n 'ations 01' Bo ulton a nd J ones ( 1979 1 
a nd Bo ult o n and T-Tindmarsh 11987 ) a t the Brcioa m erkur

.i bku ll e~ pe rilll e nlal sites, a nd [h eir [heo re ti eal c~p l a n a 

ti ons, it is sugges ted th a t su bglacial shea r dclorm a tion 

occ urs ,1"11(' 11 subg laeial drain age is so poo r th at hig h pore

\I'a ter press ures . a nd therefore 10\1' c ITec tin' prcssures. 

dC\'c!0p in th e sed im c nt s immed iate" be n ea th th e g lacie r 

so le abo\'(' a lelT I ZJ\ , where cffccti, 'e press ures arc n o 

longer la rge enough to prew'nt dcforlll a tion ( Figs I c and 

2). This d c!in es a tec to ni c i\ hori zo n " 'ithin \I 'hi ch shea r 

i Ba s"'a I shear slress ("Cb) 

Sediment shear 
slreng th (cr) 

(c) 
STRAIN RATE (£) 

B HORIZON 

Fig. 2. Tlte /wl/el"ll o/eDectil'l' /J)"nwre, stre.YJ alld straill ill (I de/orllling slIbg/(Icial sedillll'llt. ( (I ) SltO/( '.1 lite di.ltriblltiulI 0/ 
Jllbgl(lcia/ ~De(ti['e /JrfJjllre whirll determilles tlte sediment shear s/rellgtlt. i'J/ec!il'e jJressllre at tlte glacier sole ( V;l ) lcill bl' 
.fillite or .:ero . ( b) shows all ill creasing sediment shear slrmgth with de/)Lh which is (I lillear jill/ctioll q/ tU/fe/il'f /)I"es.lllre. 
alld 1( 'hicl, el'elltllal{l' e\ceeds the (oll slmt/ l'a/lIe a/shear stres.\ at de/JIlt tA, be/ale' Il'llich I/O jltrther dejimllatia l/ l('ill oallr. 
( c) .lhOl(,.)' the distribution qf straill rate ill the dljim71illg .-1 hori;::oll , over(l'illg a sLab le B Itori;:on. Slrain raIl' de/Jel/r/.I Oil 

shear stress alld sedillll'llt .I/rl'llglh . 
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dclormat io n te nd s to ca ust' dilati o n o r the g rain s ke leton , 

producing a m u ch 10\lT r dens ity th a n in the under ly ing, 

Ilnd(>rorJl1 ed and con so lid ated B h orizo n. 

:-\ C o ul o mb ra ilure cr it n ion is u sed to defin e th e sh ear 

strcng th a) or th e sed im ent : 

r5 = p' bm 9+ r (1) 

II'here (' is thc cohes ion , (f) is th e angle or in tc rn a l rricti on 

or th t' sediments and p' is cm'n il 'e press ure . Be neath th e 

g lac ic r sole , p' II·ill in crease II' ith depth in the fc)llo\l ' in g 

II'a I I: ig. 2a 

171 (J\\" 
(l - 11 )((J, - (J,,9 - - 1,-- 9 

(Boultoll Hnc! D obhic . 1993) (2) 

\I·h ere 11 is th e I'o id rat io or th e sed im c nt. (J, is th e d e n sit y 

o r sedilllcnt g rain s. (J\\" is th e dens it y n l' \I·(lter. m is th e 

b asa l mclting ra tc. I,- is the scd illl c n t p e r mcab ilit l ' a nd 9 is 

the acce lerati o n duc to g ral ·it y . (1 - n )((J, - (I ,,')Y is a 

tcrm which dcscril )t's th e increase or buoI '<ln t \lT ig ht \I ' ith 

dcpth. and (177(1 ,,)10)9, a tc rm c1u c to the potenti a l 

g radi cnt ge ncrat c ci b y th c nu x or 1lll'lt\l'atcr 111 ) through 

th e sedimcnt. 11' t h c scdim cnt h as a relat ilTly hi g h 

pcrlllca lJi lit y. g rca tCl" than aiJout 10 7 10 H ill S I tBou l

ton a nd Do bbi c . 1993. th e potc nti a I g rad ien t bp' / bz 
\I ithin it \I·ill be a ty pica l g ral 'it a ti o nal g rad ie nt o f' about 

10 k Pa m I. L nd er thi s la tter c irc ulll s ta nce', th e seco nd 

term o n th e r ig h thand sick of' I-:quation 2 II 'illlw ze ro . as 

it \I ' ill bc ir there is n o I"t'l" tica l \I 'ater Il ux. 

Th e em'n il"(' press ure 1/ at a n y dep th IZI w ill h e: 

, , bp' 
P = Po + bz Z (3) 

\I·here f!~ 1 is th e dkClilT press ure a t th e g lac in so le . Thc 

shcar stn'ss at th e h ase o rthe g lac ie r TI> is a SS UIllCcllO bc 

cons ta nt \I 'ith depth in the sedim cn t. \I'hibt fl' in creases 

\I ith dept h Fig. 2 a and b l . Dero rm ation lI'ill ccase at a 

depth .:,\ 11 hnc s hea r stress equ,ti s sh('a r s llT n g th 

Th = a) : 

( ,hP') ( 
Th= IJo+ l\bz c·+ ta ll c,») ( J) 

so that 

z. \ 

( 
TI, ') - p 

(c' + ti"lll 0) 0 
hp' 

(5) 

bz 

Bo ulLOn a nd H incilllarsh 1987 s u gges ted tllO f1 o ll' lall's 

(a) 

B OllllolI : Thell l), qfglociol l'/"IJ.liOIl, Irol/ cl /Jorl Ollrl dl'/)o.lili(}// 

10 1' a d eforming seclim e nt , o nc or w hi c h ass umcci n on 

linca rll' I·iscous bc h a \ ' io ur so th a t: 

. A T1 ," 
f = -

p',>I 
(6) 

lI·herc f is th e shea r s tra in rate and A.lI and 171 <lIT 

co ns tant s. Th e .\ /B int c rl ~l ce is a ss ul1l e ci to ICJrlll a ri g- id 

su rface abOlT lI'hich sedimcnt in th e . \ h o ri zo n derorm s as 

a I·isco us f1uici . Th e 1"(' loc it \" \U a t an y point in the : \ 

hori zo n, du e to inCl"clll c nt a l strain \I ' itltin it. is (ound h y 

integ rat ing rrom the base of' th e cierorlll in g .\ ho r izOll : 

U(./") /" 
' : ibz . 

Subs tituting ECjll<1 t io1lS ( 3 ) a nd (6 ) II1tO 

g IlTS : 

U( Z) 

(7) 

Equ a ti on ( 7 ) 

(8) 

bp' / bz ca n be rega rcied a s cO ll stant. Th e cq uat ioll IS 

so ll "C ci 11lImrri ca lh- . 

Th e horizollta l flu x of' sedimcnt lI' ithin the d e l()I'lll ing 

. \ h or izo ll Q.\ lI'i II be: 

Q\ (" Uhz 
.10 

(D) 

\I'hi c h is a lso SOhTd Illlnl n ica lh-. 

I I ~ in a s teacll ' s tatc th e flu x or sedilll e nt inlTea,cs in 

the ci oll' n-g lac icr direction bQ.\ / b.c p osi til"(, . mure 

m a ter ia l mu st be :lclded to the ddcJrll1 in g .\ ho ri zo n in 

o rcin to m <l intain co ntinuit y Fig . :3a I . This can o nl y I)e 

achinT d by progress ilT I) 1()\,'C ring th e int e r racc be tll ('(' n 

the dcl cJI'Illin g hori zo n "lid th e underly in g. hi thcrLO s tahle 

hori zo ll , wh ic h is t il('rcb\ eroded 1)\' b e in g drall'n into th e 

nOli '. Th e hith e rto s ta ble l)Cci is e rodcd hecause o r th e 

inCl"eas in g flu x ill Ih e . \ ho rizo n :lncl th e .\ B planc is 

1001T ITd. Conl"(' rsc l) . ir th e seciim l' n l Ilu x dimini shes 

dowll-g lacier bQ,, / h./" 1Il',[!;:ltil"(' l, mass ll1u s t he lost rrol1l 

thc dcfc)I"Inin g ho ri zo ll Fi g. :1 1) . w hi c h \I ill occ ur h y 

hith e rt o m o bile materi a l accullllilat in g at th e basc of' th e 

derormin g hori zo n a llCl res ultin g in <l ri se or th e .\ /B 
pl a n e. 

Th e rat e o['eros ion E \ lIil l be : 

( 10) 

(b) 

_~~~=====G=L=A=C=IE=R~===: __ ~~~ ., GLACIER/BED 
. A HORIZON' . . . " . INTERFACE -:--:--:--:--.,..-A--H-O~· R-I-=Z-O-N-. .,...· ~--...,.-

. . ,.cy ." '. '.' ' " .' . ~. "z . >. '.2 '. 7 ? .2' .7 .77. ~ ......... v ,/ « <' 2 2 2 2? ' '" - - - ~~~ 

A/ B ,--~S~G.£ISCHARGE .'. ~~ERFACEt.6Etos'iTIO~~.~ . ~.~ ·.·. 
INTERFACE i· EROSI~ . .--: ;,..-~;.., . .:..:. ~" . ':. .';::: . . ~ RAISED :.7-.. ::~.:.:.:, ?:.'~.'<:;.:-.':; .. ~.:~. ·~.·.o,:;.:",<.·. :.?~.'::.·:;·:f 
LOWERED 7.::7.: :':::.'.<~ .. ~~R.I??~.': ':':.':. : '; ': ~: .:.«:: 

Fl~!!, . 3. T lil' ((!Ildi l ioll .1 jil/' erosioll alld de/miliall 011 a rldimnillg bed. III ( 0 ) . IOllgillldi llal (J' Ill' ICIII/)()ral(J' il/(/"(,(lIillg ice 

./7ll1 i.1 a.I.\(}cialed ll,ilh higher Jhea r ,., 11'1'.1.1 alld illrreasillg .\pdill/fIIl di.1cli(lIl;l' , ((/Il.\illg maleria/FIIIII Ihl' .l/able B l/()ri ~1I 1I 10 

bl' orlr/I'r/lo Ih l' mobile .1 1101'1;:111/, 100('l'Iillg o/ Ihe A IR illll'ljilrf alld l'Fosioll . ( b) .Ihows llil' tOlI1'I'r.11' ca .l!' (U· dl'/JII.l ilioll 

1"I',l lIlllIIg./i"Ol1l 10llgilur/illol (om/Jrl',\.\ioll . 
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JOl/mal !I/ (;!(lciologl' 

Eros io n will occur when (E ) IS positi\"(' and d e pos iti on 

lI'h e n nega tin' , In the e ros io n a l case. sedime nt passes 

from the s tab le to th e deforming ho ri zo n and in th e 

c\rpositional case rrom the dcf()rll1ing to th e stable 

ho ri zo n, F o r the purpose o f thi s paper. a thick stra tum 

of ulllithi[ied m a terial is ass u1l1 cd, If lithi[i ed b ed rock is 

ex posed during eros ion , th e lllechan ism 0 1" eros io n \I 'ill 

c hange and th e rate or erosion lI' ill be red uced, 

PATTERNS OF SOFT-BED EROSION AND DEP
OSITION BENEATH A STEADY-STATE ICE SHEET 

I t is dear that th ere is s tron g couplin g betllTe n the 

d ynamics 0 1" an ice shee t and sedimen t dei(Jrlll ,ll ion 

benea th i l. . \ stead y-Sla te ice-shee t profile m ust be 

compatible lI'ith the drlo rmin g -bed rh eo log>' and the ice

shee t surface m ass bal a nce , Fl olI' in th e bed lI' ill be driyen 

b y the basa l sh ear stress, g iq>n b y th e ice-sheet pl-o[ik. a nd 

th e bed rheo log'y lI'ill depend upo n th e subg lacial rlrecti\T 

press ure di s tributi on. \I"hich is a fun ct ion of th e melting 

rate and drainage, " 'e therefo re see k a rel a ti onship 

be tl\"{'e n mass bal a ncc . shea r s tress a nd effectiye press urc, 

Boulton and J o nes 1979 ) analyzed the coupling be t\l"('e n 

ice-shee t mass balance a nd shea r stress [c) r a bed of' gi\Tn 

rheology. assuming a co nstant efTecti\"(' press ure in th e bed, 

Ln[o J"lunatel>'. \IT still d o not halT a n adequate ph ysica l 

und erstanding o f sub g lacial drain age processes in order to 

ana lyze th e h ydraul ic compon e nt of efTcni\ 'C plTss ure a nd 

th erefo re to anah-ze th e full coupled s\'s te m, 

Ri:ith lisiJngn 1972 ) , \\ ' cei"lman ( 1972 ) and :\lye 

11973 ) a nalyzed th e [l Oll' of \I'atc r in lUnncls 0\'("1' a ri g id 

bed, Alley 1992 shcl\Iwl that tunn els on th e d efcll'm in g 

bed of a glacier could not b e fcd [i·olll watl'!' llo\I' in g at the 

g lac ie r / bed interl~lcc, FO\I' ler and \\' a lder ( 1993 sug

ges ted that dra inage in su c h a situ a tion mig ht occ ur 

throu g h "canal s" in the ti ll , and Cl a rk and \\'a lder 

( 199 1,) sugges ted th at th e a brupt te rmination 0[' eskers a t 

th e ed ge of the shi e ld areas in Europe and -:\orth .\meri ca 

mi g ht re ll ec t a cha nge (i-om tunn els to ca nal s. Bo ult on 

and otht']'s ( 1993, paper in preparation ) ha\ 'e d emon

stra ted that g ro und-II'atc r 11 0 \\ ' ca n pl a \' a lTlaj o r role in 

ice-shee t h ydra ulics, HO\I'(' \ '(' r , more \I 'o rk is requ ired 

bcfo re th ese processes ca n b e integrated in such a \I 'a\' as 

to pro \ 'id c a dra inage th eon ' lI'hich re lates c fT c'C'l i\ 'e 

press ure to ice-shee t d yn a mi cs and so permits a properh

coupled sh ee t /sedilllent dynami cs problem to be so lved , 

I t is therefore assumcd tha t shear stress dis tributi on is 

knO\l'n , and from this is calc ulat ed th e effecri\,(, pressure 

and dis tribution of'sedimcn t d e[()J'lll a ti o n \\' hi c h would be 

compatible with it [o r a gil'(' n ice-shee t-s urfa ce mass

balance distribution, .\ constant basa l e fT(.'c ti\' c pressure 

co uld equalh' be ass um ed a nd th e shear stress a nd sedim en t 

defo rmation calc ulated \I 'hi c h lI'o uld be compatible \I'ith 

thi s [o r a g i\'en mass balan ce. Thc res ulting ge neral 

pallerns of erosion a nd d epos iti o n arc simil a r. 

It is ass umed that there is no slip betwee n it sediment 

bed o f constant lithology and thc ice-sheet so le (it would 

be a simple maller to include slip, a nd that th e [c)r\I'ard 

m o\Tm e nt 0 [' the ice shee t is entirely accounted [or b y 

d efo rmation, i\ simil a r approach lI'as success fully used by 

:\lyC ( 19,')9 ) to compute the th eo retica l profile or an ice 

shcel. H e argued that mos t o f th e fl o \\ ' o r all ice shee t 

46 

occurrcd at o r n ca r its brei and thus th at its lo n g itudin a l 

pro[ile cou ld be moddled by ass umin ,!!; basa l s liding but 

n o intern a l nO\I' , Lsing a s liding lall' 0 [' th e form 

UJ, = BTh" t. \I ' h e re B a nd 1/ arc fl ow- law parameters. 

h e ShO\ITd th a t th e pro(ile sho uld be 

(11) 

where H is th e ice thi ckn ess at th e di\ ' id e, L is th e distance 

fi 'o m the di\ 'ide to the tl'l'minu s. hand .r a re loca l icc 

thi ckness a nd di s tance [i'om the di\ ' id e. respec ti\ 'C h ', and b 
is a []oll'-la\I ' para meter. 

r\ s a fh)\\' lall' fa r ckforming sedimcnts (Equation (6 )' is 

simil a r to that lc) r ice . a nd as e ffeni\,(, press ure has bcen 

s ugges ted as hm'ing a simil a r role in gO\'C rning friction on a 

hard hed r \lorland, 1 98~f ) as o n a so rt bed, \I 't' might expect 

a pro[ile similar to that described b y Equation 11 ) to a ppl y 

to a de( )l'ming b eel. a lthough with di[k-relll p a ra m e ters, 

This should apply unless there is a major c hange in 

rundalll ent a l pro p e rti es of the beel. such as the change from 

g raniti c rocks \I'ith lillk so rt-sediment COH' r to sedim cn tar\' 

rocks \I'ith an ample soft-sediment co\'e r. \I 'he re Boulton 

and J 0 11CS ' 1979 ) sugges ted that a " \lcxican h a t" profile 

co uld dc\'clop , 1 n such a case, as in th e case of a rigi d bed , 

\I'e might ex pect th e drai na ge sys tcm to ada pt it se lf, much 

a s it is presumed LO do 0 11 a hard l)Cd, to control erfecti\'(' 

press ures so that nO\l in tlie till la\'er di sc h a rges the 

appropriate ice-m ass nux, .\ genera lized mec h a ni sm [01' 

erTcni\'(' press ure control \I 'as sugges ted b\' Bo ulLOn and 

Hinclmarsh \ 1987 ) and has bec n amplified by Bo ulton and 

o th ers pa per ill preparation " That the re is a mechanism 

\1 hi ch cont rols efli:'Cti\'C press urc in th e case or a sort bed is 

s trong '" sugges ted b\ the meas urem en ts o[ Founta in 199+ 

on th e South Cascad(' Gla cier, \\ 'hi c h dot's not appear to 

h a\'e a hi"to ry o[,su rgi ng. \I'he re a subglacia l srd im c nt la\'er 

is ass umcd a nd \I'here cfT<"ni\'e pres;,ures a rc uni[orm'" 

b e twee n 100 a nd 150k Pa, exce pt in th c \ 'ic init \' 01' a 

subg lacia l chan n el. Thi s \l'Ould produce conditions \'('1'\ ' 

c lose to [;\i lure in most coa rse-graincdtills along most o f the 

length or th e g lac ier. 

It It as theref'ore been ass umed that an ice sheet o n a 

d e formable bed with ulliform l1\'drogcologica l propcrties 

\I~ ill halT a parabo li c pro[ile or th e gene ral fo rm g i\ 'Cn by 
Equation ( 11 ) , 

Tt is ass ulll e d th at mO\'Clll e nt occu rs as a res ult of 

displacement at th c ice / beel il1terl~lce du e to shea r in 

und erlYing sedil11 e i1ls (slidin g is assumcd not to occ ur a t 

th e ice/ bcd illt e rl ~l cc beca use o r th e roughness o f an icc/ 

scdim en t illter fac'C ) , The icc di sc harge due to ddc)l'Ill at ion 

ill underl yin g seclil11ci1ls \Iill be: 

(12) 

where UI) is the \ '(' Ioc it)' a l th e ice / bed interface (g-i\'ell by 

Equa ti on (8 ) integra tecl to z = 0 ). The ice discharge is a 

['unction or mass balance n ) , \I 'hi c h is pos iti\'e in the 

accumulation area a nd nega ti\'e in the a blati o n a rea: 

Qi = )"1'=0 (u5,r 
,I' 

(13) 

where Pi IS Ice densit\, ilnd ,r IS the distan ce I"rolll th e ice 
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di " id e , Co ml)ining Equatio n;. 8, 12 a nd 13 g l'TS: 

[J' 11 (ATJ,)" 1 
h ( , {jP' ) '" Oz 

PII + {jz 

f) 

nO,!" , 
/

',1' 

•. 1' 

(H ) 

\ ' ,liu cs o rp;) w hi c h a re compa tible \\ ' ith , 'a llll's o r Uh and 

th e " ,du cs o r TiJ g in' n b y Equ a ti o ll II a rc d crin'd b y 
int cg rat ion o r Equ a ti o n 18 , lO th e g lac in so ie: 

(15) 

R es ult s a rc show n in Fig urc ~ 10 1' a n ice sheet or .lOO k ill 

sp a n, a di " ick ck, 'ati o n 01'2,8 kill , a Ill ca n acc ulllulati o n 

rat e or 0 .. 1 III Lt I a nd IClr a samh- Icelandi c till. a silt y till 

from The '\ c lh e rianci s T a ble I 1 a nd ,I C\;\I' till. 

The a na h 'sis impli c it'" ass ulll cs th a t a Ill ec h a ni sm 

c:'( is ts to adju st th e dTcc ti l'(' prcss ure a t t! I(' ~ l ac il'1' so le , 

a nd th ereb, ddcJ rlllin g la\,('J' thi c kn css, so th a t th e b asa l 

\'(' I ()c i t~ i" a ble to b a la n ce th e icc Ihl :,(, ,\ s ca n 11C see n in 

h g un: IcI , th e clkCl il'(' press u re mu s t re m ai n rl' lati l'{' " 

co ns ta nt a lo ng th e 1l ()\\' lin (' in o rd c r to Illa int a in sta b le 

d cfc)r m a ti o n , 

l-'i g ure I al so SllO \\'S calculat ed ",du e" o r d l'lc )I'(ll in g 

hori zon thickn ess I Fi g, ' ~a , di sc harg e in th e ddc)I'(lling 

h o ri zo n I Fi g , ~b ) a nd rates o ]' e('()sio n and d e pos iti o ll l-'i g , 

le I , 

Th e thickn ess o r th c ddclI'Illin g h o ri zo n increases rrom 

/. ('1'0 he nea th th l' di"i cle regio n to a Ill ax illl u m in the 

I' ic ini t, o r th e equilibriulll lin e a lld d ec ITa"c" to zero ,It 

th c tt'l' lll in ll", Bo th til e Ill ea ll IT loc it, a nd d isc ha rge s h o\\' 

a simil a r jla t llTn, a lth o llg h th n ' a rc sli g lllh o ll;"c t in 

re la ti o n to eac h {Jt h e r. Th e ra tl' o r e ros io n is zero o r 'Tn' 
10 \\' in a l)I'oa d rcg io n nea r to th e cli " icle a lld ri ses to a 

Ill a:'( illlulll ,just IIjl -g lac in 0 1' th e l'CIuilil)l'iulll lin e , \\ ' h ere 

th c rat e n i' illlTeaSe o r di scharge in th e clcl ill'l ll in g h o ri /,o ll 

is g r ca te;.t. It th c ll de lTeast's to zero be ll ca th th e 

equ ilibri llm lill l', b l'\'o nd 11 hi c h \\'e pas;, to a zO l1 e 0 ]' 

dc p os i t iOll, 

'11Ibll' I, " ([llIl'I 0/ lIoll -lilll'([r()' i' il(IJII,1 ./lOW- Illll' 
/)([1'{1I11 ('I('/' , jilr 11 ,llIlIf!)' lillji'OllI l/u'if)fllllrrkllr;N;III1, (/ 
" iI~) ' S([([Ii([1I lilljioi/l T Ill' , \ 'l'lltnlf/i/(/.t ([lid (/ c/r!)' qllolNI 

I~) ' It 'filII I! ( 199 I ) , , \ '0 , I /)(1 u{)lIl'in ({f 11 bl' illji'nl'rljiJl' lite 

c/([I'-rirlllil/ji'Oll! A 'f/il/b ' ,I ( 199 1) /w/m' 

. 1 1/ 1/1 

Sa nd - ri c h till 3,99 1.8 1, 33 
Silt - ri c h till I () 11 I:U 15,9 
Ci a, -ri c h till ') l OO 100 

THE ROLE OF SEDIMENT GRAIN-SIZE IN EROS
ION, DEPOSITION AND GLACIER DYNAMICS 

Th C t i I" prod ucce! b y Pl e is[(HT nt, ice shcl' ts ill III ici

la titu dc 1()\I'la m ls a r e prcclo min <l l1til' s ilt -ri ch, a lth o u g' h 

/) 0111101/ : [licol} o/glacial NO,Iioll, Irall,I/){)rl ([lid de/)o.rilif}lf 

DISTANCE FROM ICE DIVIDE - km 

3000 ~5~0~0~ ____ 4~O~0~ ____ ~3~0~0~ __ ~2~0~0~ _____ 1~0~O ______ ~0 

(a.) Ice Sheet Surface Profile 
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(d.) Effec tive Pressure at the 
Glac ier Sole (p 'o ) 
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Fig, t , I rlmliJd oillrlililill ,l 1111111 b('(l o/(f ,I/I'(/f{i' -"Iale [((' 

,111'1'1 11 11 rll'lla ill I~)' ([ ril'jiJl'lI!(Ib/1' Iml./ilr (l gil'l'l! i('{':/lll \ 

rli ,lrililllioll, COlldilioll' (fll ' ((Ilmlllll'd jilr rfrO" lill III/d 
,If/ilf!)' lill 1)('(/.1. ( ([ J 'I It id, 111'1 ,' 0/ lite ril'jiJl'lllillg Itori::.rlll , 

( b J 'I Itl' di,r!II/i:r:r i1'ilhil/ 1111 dtjimllil/g Iwri ~()II, (r) 

1,'uJ.li'ii/ al/d dl'/)(lIililJl/ rail' I , ( d) t:J./i'rlil'l' /;reulIl'l' Illlhe 
gl(l(in ,lol", 

SO Ill l' a r c (' I,ll - ri c h a nd SO Ill C sa lld-ri c h , T a bl e I SIHI\\'S 

",du es o r l1 oll'-l a ll' pa ralll l' t lT~ I()\' a ll Lce la lldi c till 

Bo ult o n a nd Hilldlll a rs h , 1987 , a Saa li a n-agc till li-olll 

the '\ ct h n la llds f) o bbi e, 1992 a llci [( II' a c l<l,, -ri c h till 

K <l lllh , 199 1 , Th n ' a rc (c>rIlllil atccl Ic) r th e no n-lin ear'" 

I'is('o us m o d e l (f = 'I1(T" j p' Ill)), Fi g llre :5 illu stra tes th ~' 
di lkn' lIt rcs ]loml's () r gTa nlll(Jlll l' t r i c; dl ~ dill (: re nt til ls, Th e 

clll-l'li l'{' press ure a t th e ,g lac in Sll le a nd th e l '(' loc i t)' 

p ('() lilc in eac h till ha s b ce n ca lcul a tcd fmlll Equ a ti o n 

18 ) \\ 'hi c h lI'o ulcl genera te th e sa lll c b asa l ice 1'C loc it y 

1 Equati o n t l 5 1 un ckr til e sa m e shea r s tress, The c lay till 

is r lcarl,' so i'tcst and th e sa nch till hardest. ,\ s a 

cll nsequ e ll Cl', th e de ]( lrll1ill g -ia l'er thi c kn ess ncecls to b e 

g reates t in th e sand y till \\' here th e stra in r a te is rcla ti l't' I, ' 

sm a ll a ne! leas t in th e ci a, till \\ here th e s tra in rate (ilr th e 
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JOIIII/([/ 0/ (,'f([ci%g)' 

same st rC'ss is "en ' la rge ( F ig. 5 ) . T he elkc tin' p ressure a t 

th C' LOp o f th c sa nch ' till nceds to be , 'C' r y s lll a ll LO cnsu re 

th a t th e till is Sort eno ug h LO dcform to rela ti ,·eJy grca l 

dept h a nd a lso rela ti "ch- s lll a ll in the day till LO offsel th c 

rcla ti n' ly la rge cohes ion o f" c lay (Fi g. 5 ) . 

Th e sed im ent d isc ha rge in the d efo rming hori zo n is 

g rea tes t lo r th e sa nd y till a nd least It) r th e cl ay till , whi ch 

also re nects their crod ibilil Y I Fi g. 5) . Thi s is, hO\l"('\"(' r, a 

(a) J;b = 75 kPa 
5 

lA silt 

tA(m) po (kP a) °A(m2a- 1 ) 

E 10 sand 15 9 405 

silt 195 127 

Q) 
(5 

c lay 0.6 65 9.5 

(/) 

.... 
. ~ 
0 15 lA sand - - - - - - -
~ 
Ol 0 

:i: 
0 (b) :h=25kPa ai 
.n 
.r:. 
+-' a. 
Q) 

0 

48 

5 
tA(m) p~ (kPa ) °A(m2a-1) 

san d 12.5 2.5 2 12.5 

silt 4.0 77 45 

clay 0 .5 22 3.7 

10 

lA sand - - - - - - - -

150 100 50 0 

Basal velocity ma- 1 

Fig. 5. The ill}7l1f11Cf 0/ grallll/omell} 011 li// belwt iollr. /1 

is a.l'slllller/llwllhe ire}711 \ ill Ihe glacier is disdl([I~f!,ed ollL)' 
as a resu/I 0/ d~forl1lalioll o/Ihe bed. f l 'e (olllrasl a glacier 
dril'!'II tJ' a relalil'e[J' high shear slre.l.\' ( a) wilh one dril 'f/I 
~J ' a re/alil'e()1 Iou,,' shear slress ( b) . The ef/erlire jJressure 
al Ihe ia/bed illln/ace alld Ihe Ihicklle5.\' o/Ihe drjormillg 
Ic~)'er are calCIIlaledJor Ihree liLI Mm (sand-rich. sill-rich . 
da,.J' -rich ) so as 10 ),ield basal relocilies qf 150 m a I alld 
70l7la I zciliL shear slresses of 75kPa alld 25kPa. 
res/Jeel il'e[)' . Deforlllillg h~)'er Ihicklle.I·.\' ( t A) , ejJeclil'f 
/Jre.l'Jltre (p;) ) and di:-.chrllge ill Ihe dqforlllillg !c~)'er ( Q/\ ) 

Jar Ihe sand. sill alld clc~)' malerial.; ([re showlI ill Ihe bO\ fs . 
To Jllslaill a gll'el1 velocity , defomzalioll dejJlh alld 
disc/targe rail'S (alld lliere/ore el{)jioll roles ) are grealesl 
.lor a SOlid ullder Ihe slIIrdlesl vallll's 0/ p~) . A vel)' JlIlall 
rI/{/lIge ill efJerlil'e jJresSIIre /J1'O(llIl'I's a NI)' Imge c/tallge ill 
,I Ira ill rale jfJr a dr~)' . 111 l/te limil. riejorllla lioll 011 a cla,J' 
sill/ace is analogolls 10 sLiding . l('illl a l'f1)' smaLL discharge 
alld erosioll rale. 

po tcnt iall >' mislea di ng co nseq ue nce of th e ass u mp ti on 

th at d lrCli"e p ress ure is g il'l' Il a nd igno res th e ro le of 

sedi mCll t p tTm ea bilir, ' in CO Il t ro ll ing dra inage (Bou lLO n 

a nd Do b b ie, 1993 ). Th e sa ndy till \I·ill re nd LO dra in 

re la ti n' ly 11 e ll , leadin g lO hi g h e ffecr i,'C press ures , w hi ch 

\I·ill inhibit d do rma ti on . Sh ea r stresses \lill th e refo re 

build lip a nd th e inl ern a l fl o \l ' a nd sli d ing compo nc nts of 

g lac ier ll1o"em e nt Fi g. I c ) \\ill become la rge r. c.:on

,'Crseh- , silt y a nd claye\' till s \\·ill te nd to im ped e dra inage 

and to sea l oiTan y subglac ia l aqu ilt: rs so th a t 10 \\' drect i\'C 

p ressu res ca n b e readi h- ma inta ined . On c m ig ht th e refo re 

expecl silt y sedi me n ts lO be th e m ost susceptible to erosion 

a nd silt,· tills to d om ina te \I 'h ere th cre is a n a pprop ri a te 

sed im ent suppl y . .\I osl till s de ri" ed fi-o m sou rces \I·here 

there is a w id e ra ngc of" g ra in-size a , 'a il a ble a r c ind red 

silt -domin a ted (El'i es, 1983 ) . 

The lhree d ifTe rent sedim e nt ty pes han ' " c n ' diflc rent 

s train-ra tc se n siti"ili es la c h a n ges in elfec ti, 'C press ure. 

For insta nce, fo r a co nsta nt sh ea r stress o f" 4·0 k Pa , unit 

decrease in d TeCli"e press urc prod uccs cha nges in Slra in 
ra le as sho \\' n ill T ab le 2. 

In res po nse to a pe rtu r b at io n in shea r s tress o r 

dkCli'T p ress u re . \IT \I 'oul d expect the sa nd y till to be 

most readi ly s t a bil izea blc thro ug h 1I ' ~lle r-pressure a djus t

m cn ts in ti1 c su hg lacia l channe l s>'stcm a nd ci a , ' till s la be 

le as t sta bili zea b le . The "c ry lo ll' perm ea bility o r c lays 

n1a \' g ilT th e lll a "e ry slc)\\' r espo ns(' tim e to ex te rn a l 

wa ter-p ressure c ha nges (Bo u lto n and H indm a rsh , 1987 ) 

a nd thll s be a p a rti a l hu m'\' to in stab ilit , · . .' \ Ith o ug h firm 

co ncl usio ns sh o uld all'a it a t ime-de pend ent a n a lys is. it 

see ms pro ba ble tha l slI hglac in l c han nt'1 eO lllro l m ight 

pe rmi t sta bl e de forma ti on o f sa nd- and silt-ri ch l ills hut 

no t of clay-ri c h tills. Su bgl8e ia l c lays a rC' there f"o re li able 

LO be a co nsidera hl t' cause o f"i nsla h ilil \·. Il' hi c h is r e neCled. 

r sugges t, b y lh eir com m on occ urrence a lo ng m ajo r 

p la nes of leClo ni c tra nsport in s uhg lac ia l seciim e l1ts. 

TIME-DEPENDENT PATTERNS OF EROSION 
AND DEPOSITION PRODUCED DURING GLAC
IAL CYCLES 

\ Iucl l 0 [' t he lowland a rea o f E urope a nd ~orth A me ri ca 

\I 'hic h has s ulfered ict'-shee t g lac ial ion d u r ing th c las t 

mi llion \'ea rs is cO''t' recl b, ' so IL, defo rm a ble sC'clime nt a nd 

Table 2. C/tange ill IJJptlil 'e /Jre.lslIre reqllired la j )}'OdllCf 

10-. 100- ({nd lOOOO}old illrreaseJ ill I/raill rail' il1 sand. 
sill alld c1{~)' lil/s, m /)f{li l'I'[J',/or a (011,11([111 s!tear slress of 
';'0 kPa. Rig!tl!talld (Ollllllll .I'IIO [l'S slraill -rall' setlsilil ' i~J ' 10 

IIl1il dl'crcase ill eJJi'clil'e jJressllre 

Challge ill eJferliz'e Challge ill Sellsilil'iU 
/Jressllre slraill rail' 

kPa a a I kPa I 

Sa nd y till 8 0 20 (60 ) 2 20 ( 18) 0 .3 

S il ty till ISO 1/ 5 (35 ) 2 200 ' 198 ) 5.7 
C la\' till 40 36 I ~ ) 0 .02 200 (200 ) 50 
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s h o uld c a rr y C'\' id e nc e o r p a ttern s o C c r os io n a nd 

d e pos iti o n Il'hi c h th e th eo r y sh o uld be a ble to (,x plain . 

H OIIT \·c r . rcs idual pattc rn s o r eros ion a nd d c p os iti o n II'ill 

refkCl integra ted be hal' io ur OIT r cO lll p lne g lac ia l CI'( ieS 

ra ther th a n Ill c n:1 y a n icc sh ee t 's geo log ici\ I a uil 'i t y 
durin g th e g lac ial ma x imum . as has bee n ass ulll ed in 

sO lll e e ros io nal th eo ri es [e.g . \\' hit e, 1972 : Su g cl e n, 1977 l. 

I t is import a nt th e re li) re th a t til l' thco ry is cx te nd ed LO th c 

tilll e-clcpe ndent case. T o ac hiClT thi s, the m ass-Il a la nce 

di s tributi o n is c ha nged a nd th e run Cl io n h (.r. t ) es ti llla ted 

usin g th e co ntinuit y equ a ti o n Ic) r ic(' thi c kn css: 

hh 6 
- = --(UJ, + Ur) h + 0 . 
M 6.1' 

(16) 

This yield s a tim e-clrpcndent di st ributi o n o r \ 'e loc itl a nd 

shear stress, a lth o ug h the n OlI' fi e ld is equi\ 'alent to a 

seri es 01' stcach ' s ta tcs . \ 'a lU('s or clk ui l,( prcss urc a t the 

ice / bed illle rrace w hi c h arc cO lllpatible II' ith I'alu cs o r 

basal sh ea r s tress a nd \ T loc itl ' a rc c\ e termin ed fro m 

Equati o n 15 1. Th c e ros io n /d e p os iti o n rat e is th e n 

integ ra ted II' ith rcs pcu to tim e I . 
The tim e-d e pe nd ent l'\ 'o lut io n or a n isotherlllal ice 

shce t o n a h o ri zo nt a l hed dri\T n bl' a prcscribcd pos itilT 

ma s,,> budge t h as b('c n simul a ted . Th e equilibriulll lin e 

Il'a s fi xed at GO kill fi 'o lll th e tnlllinus. Th (' nc t a nnu a l 

a ccu lllulatio n rat e Il'as co n s ta nt a t I .O m a t . Thl' ne t 

annu a l ,i\ll a ti o n rate inCTc ;t scd lin earh' ri 'om ze ro at till' 
equilibrium lin e tu:\ Ill ax imum a t th e te rminu s. Icc-shce t 

g r[JII,th Il'a s pl'Odu ced b\' impos in g an :\ I'tTage bud ge ta l'l ' 

(' xcess or k,) 'Y" o n the so uth s ick o r th c ice sh ee t a nd 3D"" 
on th e north e rn sid e. Th ese IIT r(' sll'it c h eci to clrli c it s o r 

silllil a r propo rti o ns a f'tn 1:2 000 Yl',l rs in o rd e r to produ cc 

i'c trca t. The ma ximum ne t a bl a ti o n ra tc \I 'as a dju stcd to 

ac hi cIT Ih c required bud g C'l a r ) <::\c(',ses defi c its. Fro lll 

th is. th e mass- I)al a nce l'l' lo ci t y t h rou g'h lh e g lac i;d c\'t· 1e 

II 'a, ca lculateci and th e ma g nitud ('s or e ros ion a nd 

d e pos ition d e tcrmilll'd ;IS d escrihccl a hOlT . 

R cs ults a re ShOll'll in Fig ure (j li) r a n ice s h ee t I) in g o n 

a hori zo ntal sedim c nt hed or sa nd y till Il'hi c h is ,Iss llnl cd 

to he a t th e Illci ting po int t hro ug ho u t. Fig llre Ga I 5 
, hOlI S th e prog n 'ss il,(, c' l 'o lut io n of' a sedim e nt s Uri:IC'C a l a 

scries o r t illl es during til l' g ro ll,th p hase of' th e ice sheet. 

During ex pan sio n , th e p rox illl a l Lo n e o f' e rosio n ex pa nd s 

a nd the di sta l zo ne ordep os iti o n is prog ress il'l' iI di spl aced 

o ut lntrd s , IS a 1I'<lIT -like i()!'Ill. I n th e e rosion a l zo ne, the 

.--\ B d cco ll c lll e nt d e'lT llci s. I n til e depositi o llal zo nc. th e 

.\ H pl a ne mi g ra tes II p II'a rc\ s as d e pos iti o n procced s but is 

th e n sucl'C'('ci ed h I' d Oll' nll'a rci mi g ra ti o ll or th e . \ B plane 

as th(' eros io n a l zo ne ex p a lld s . Durin g re trea t l Fi g , Gb . .) 

10 1. I'urther n osio n occ urs in th e pro x im a l zo n e h u t. as 

til l' di s ta l zonc of' d e positi o n II' ithdra ll's OIT r th e e rod ed 

SUri:tlT . a re treat phase till is d e pos ited . 

Th e pattern o f' eros io n a nd clrpm iti o ll durin g th e 

II hole ('\'[' Ic is illustratcd ill Fi g ui'c 7a h I th e tilll e space 

e n l'C lo pe fil l' a Illid-I a titud e ice s h c-e t l'X p ,lllding li 'o lll a n 

initial nu c leation po int. bo th to th e no rth. 11'11('1'(' it Il 'ill he 

limit ed b y Ill o is ture st<l n 'at io n a nd th e ocea n m a rg in. a nd 

to th e so uth, Ilill'l'c it w ill b e lillliu 'd b y hi g h suriace

l1l c ltin g ra tcs. Th e ice shen t h en contracts to th e a rea in 

wh ic h it firs t bega n to c! c \T lo p, Th e Illa ss -ba la nce 

di s tributi o n Il'a s a d jus ted to produ ce a te mpo r a lil 

sl 'mlll e lri ca l c:c ic. During a n ice shee t' s d entl' ph ase, 

8 011/1011 : T hl'o))' o/g/at/a/ I'ms/o)l. Irall,I/I!}rl alld dl'/}()silioll 
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DISTANCE FROM INITIAL ICE DIVIDE - km 

F ig . (J. /'ro,!!,I'I'.l.IiI 'l' (,1'o/lIlio// II/Iltl' I('dill/I'III hed 11/ all ia 

,lltl'!'1 dllri//g il.1 adm//((' allr! rl'irl'fll jJIW,II'.I. ( a ) / j :>ltOll ' 

.Ilagl',' ill lite {'i' o///Iill// II/Iltl' hl'd (lIId 1'11//11'111/)01'(11), ia 

1II(II}!,ill,1 dllrillg lite (lfh'all(( /)/1(1,11' . T /II' hort:rJIIla/ filiI' 

,I hill! ',I Iltl' IIrigil/{l/ /)o,lilioll q/ Ihl' /JrI' -g/(l(ifl/ .1 11 rjill'f , {I11f/ 

Iltl' .Iltadl'd ,llIrra(( Iltl' /)o,lilioll o/Iltl' /m/ 01 Ihl' I'I/d olllll' 

(Idulllfl' /)ha ,ll' . /) l'jiu'/IIalioll /)/W/IIC{,I I'l'Il.Iioll all(/ /o/('l'I'illg 

11/ Iltl' /m/ ill 1It{' II/) -g/acirr :olle. alld de/milioll allf/ 

til'l'fllillll 0/ Iltl' /lfd ill Ihl' l!'rll/illa/ ::,olle . . f ,,'({l'1' 11/ 

r/1'/lIJ.lilllJlI ,lll ' I ' I'!)1 IJlll i l 'lIrd, /}('/lIalh Iltl' adl'allcill,!!, g/acil'l' . 

ji,II{)II'l'd I:)' /!I'lIglf ,l.Iil'l' I'lll'illioll IIrlltr' I'I'O,lilllla/ ::'11111'. , Ill)' 

/}(Jilll /)'illg illilia/()' /}(~ rlllld Ihl' g/acier i .I./II'.II cOi'l'rl'd br all 

illc(('a.lillg lill Iltirklll',I,1 ill lit" (k/)o ,lilioll!l/ :0111' . S lIb -

1{'qlll'lIl I'I'liIioll ./11'.11 Iltill:> Iltl' lill alld l/tm erode,l hmeallt 

1111' IIrip,illa/ ,IIUjilC£' . (b) 7 Itl' ./illllt{'/' l'I'o/lIlioll I!/ l it e bl'(/ 
rillrill,l!, iCI'-.I/tfl' l If l rml. T ltl' illilia/ fortll lit Iltl' 1I111' rodl'r! 

,\IIb,l/ra/11I1I bed i .1 ,1/tllll'lI ~)' .'J alld lit I' jllla/ jimll I:)' 10. 

T ltic/.- filll' .1 .111111( ' Il·It!'r1' 1/11' /m/ i .1 iliadI' q/d(,!)(Jlill'd lill al 

Nidi ,llflgl' 0/ f{'/real , I II Ilti.1 lIIodd. 1111' 1'I' lrml /) / /{{,I{' i.1 

lakl'il 10 /11' /ollgl'l' Iltllll lit I' Or/NII/O' /)I/{{ ,II' . re.III/lillg ill 

gfml!'r 111'1 l' fll,lioll dllrillg Ifll'm/ . 

o 

th e ZO ll es o f' eros io n a nd d e pos iti o n cont raCl a ncl. as th e 

ckpositi o n a l ZO ll e ret rea ts IJIT r a pl'('I 'io usil' el'od ed 

SUri;IC'C'. a ra pping o f' till acc ulllul at es. 

Th e hi sto ri es o f' a seri cs or si tcs (. \ I 1 a re f(JII OII'C cI 

thro ug h th e g la c ia l Cyc le as ZO II C'S o f' eros Io n a nd 

d e p osi ti o n ex pa nd a nd co ntra c t. I n th e innn zo n e' c: 
H . th e initi a l pha se o f' d e pos iton is sho rt. I n til e 

s u cceedin g eros io n a l phase, th e pre -C'x islin g ti ll is so o n 

re mOlT d and e ros io n c ut s d ow n into hith e rt o lInddrJrlll cd 
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F lj;. 7. ( a) T illlf j/)(Ice ell1'ela/x 0/ all ite .1'/11' 1'1 dllrillg a .Iilll/III' glatial I)'de alld lite Itislol), of erosio/l al/d dl'/JO.Iilio/l al 

.1/JeciJic j ile.1 ( .-1 J) . .i I I hesl' .1 ill's , 1'erl iml /illl'.1 .l/wil' lit e origillal .IIII/ace al/(l a jll 1'1 hn I i II!' sl/(m '.1 i I j ero.liol/al de/lo.lil iOll({1 

{'l 'olulioll . . It 15 H. lil/ i .I.Frsl de/HI.liled as Ihe glacier 1!I'!'}'- ride.1 lite .1 ill's. I II lit I' .llIcCfedill/!, erosiollal ;::olle . Ille adl'(IIICI'

/llw .lc lifl iJ rell'Ol 'ed IIIIlif erosioll bilr'.1 dOl( 'II bflle(lllt Iltl' origill(lI .l'IIb.llralulII . alld a}illal rl'lrf'{ll -/llw.l(, lil/ ij Iltfll de/ID.liled 

011 lite eroded .Iw/ace. A I . 1 al/d I . de/)osilio/l dllril/g lite relrcal jJltase JHIJ111 11lI' IICf.1 be/ore aI/lite ar/uIIlu-/IIIfISI' lil/ Itaj bel'li 

eroded, l'I'slIllillg ill 11('0 lifh 1('illt all illlen'f ll illg ero.lioll .l/lIface (j)().I.lib(J' //larked ~) ' a bOlllder /)(I1 'flllflll) . Tltl' l'Ilrl'/IIe 

lIorlhnll alld .Iollllterll 1II(1I~s;illal :0111'.1 al lite IIl(lIilllllll1 lil' l'IIlire(J' ill lite dejJosilioJlal ;::0111' . ({IIr/ so lill dejJo.lilioll i.1 

(olllillllOIlS, Ihollglt lite rail' 1'fll'ie.1. 1/ lite il'l' dil'ide Il'l'Ie .llaliuII(IIJ'. 110 f)"osioll ll 'ould occllr bflll'allt il . H rosiol7 Ilere 1I1I(l' 

OCCllr.1 befall.le fif Ihe dil 'ide sll/ji. ( b ) TIle rfj/tllal/I /Iallem of erosioll (I11d dl'/JO.Iilioll (11 Ihe I'IId of Ihe g/({rial Iyk T here 

arejollr /JI'illri/lal ;::ol7es: (Ill ice-di l' ide:ulle o/Iillll' ero.lioll alld I"ill relrfal -phfl.\{' lillj : all illll'rmediale ;::0111' o/ .l/rollg 

erosioll (llId Ihicker relreal - jJ"(I .le lifl.\'; a ;::UIII' u/lhirkl'.11 lifl . re.l/illg 011 all IIlIeroded .\IIbslrallllll . cOIII/Nisill,!; a 11Jll '1'r. 

(ldl'flllcf- jJhme lill . . II'/Iaralf'd I~r all Nosioll sill/ace .FolII Ihl' reIINII -/I"aj{' lifl : (Ill Oilier '::'0111' o/Ihillller lill ill which Ihl' 

adl'rlllte-/)Iwsf' lill grades 1I/Jl('ards illlo Ihl' relrcal -jJll({sl' lill . 

sedime nt s. As th e g lac ier rx pa nds furth er , th e nos io n ratr 

d ecreasrs, inc rrases aga in an er th e g lac ia l max imum a nd 

fin a lh- eiiminishcs befo re it g i\'C's \I 'a \' to a ph asc of 
d epos iti o n just befo re ei cglac ia ti o n o f' th e site . ,\t sitcs .\ 

a nd I, th e e ros io ll a l phase is no t lo ng e- no ug h fo r th e 
ach-an ce-ph asc till to 1)(' entirc ly re m o\-ed befo re d e pos i

ti o n recomm e nces duri ng g lac ie r re trea t. prod u c i ng t \1' 0 

till units \I 'ith a n int el'\ 'C lling eros io n S Urf~I c(·. At th ese sites 

th ere is no eros io n of preglac ia l be-ei s. \' ery close to the 
O\'C ra ll terminus, th l'Te is n o cessa ti o n of' de pos iti o n bu t 

th e depos iti o n ra te d oes \·a n ·. be ing least d u ring th e- ph ase 
of mos t ex tensi\"c g lacia ti o n. 

Th e net res ult of thi s cycl e of erosio na l and d epos

iti o na l an i\· it\· is show n in Fi g ure 7b . Four m a jo r zo nes 
a rc id cntifi ed: 

Z o ne I . Th c ice-di \ ick zo ne , with sli g ht erosio n a nd a 

thin till de pos ited duri ng th e ret reat ph ase. 

50 

Z o n e 2 . ,\ zo ne o f s tro ng eros io n with a till deri \'Cd [i'o m 

the ret rea t ph ase on"". 

Z o n e 3. ,\ zo ne of' no eros io n or p reglac ia l beds o\'e rl a in 
Il\" a thi c k till scq ue n ce co nt a inin g bo th 

ack ance- a nd retrea t-ph ase till s but \I'ith a n 
int cn T nin g eros iona l int e rface. 

Z o n e 'k ,\ zo ne o r n o e rosion or preglac ia l bed s O\'e rl a in 

I)ya thi c k till sequence continuo us'" de pos ited 
th ro ug ho ut th e loca l glac ia l cyc k . 

Beca u se of' th e g reater ex pa nsio n to th e so uth compa red 

\\'ith th e nonh . th e ice di \·id e a lso mi g ra tes to th e sou th 
d u ring ex pa nsio n a nd re tu rns no rth to it s o rig in a l pos itio n 

durin g d era\·. It is impo rt a llt to no te th a t, ifth r ice di\ 'id e 

In a n ice shee t we re to rema in s ta ti o nary through th c 
w h o le g lac ia l cyc le , there \\'(l ul d b c ne ith er sig nifi ca n t 

eros io n no r depositi o n benea th it. as th e ho ri zo nt a l ice 
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H' loc it\, tcnds to zc ro bc nea th th c d i\' ick , Ollh' Ill o\"('m cnl 
of th e di\'idc throug h th e nT ic, as a co nscqucnce 0 (" a 
cha ng ing ccntre or Ill ass " 'hi ch refl ect s icc-shec t/a tlll os
phere inlcranioll Bo ult o ll and C: la rk , 1990 cnsures th a t 
cros io n and till cl cpos iti o n I,'ill ta ke pl ace in th e di\ 'id c 
zo nc , 

Th e prcdi c ti ons o r th e thcory a rc contra n ' to th e \'ie ll"s 
of \\ ' hit e 1972 " 'ho a rgucd that dee p crm, io n IS 
co ncc ntratcd bel1 ca th th e ccntra l pa rt s o r ice shec ts, 

Fig ure 8 sho,,'s a Ill ockl run in \\'hi c h a n a\"(' ragc 
30 '1<, m ass -ba la ncc excess durin g ice-shcc t build-up o n 
its so ulh l'l" n fl a nk is s us lai ncd f( JI ' 20000 yea rs a nd a n 
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DISTANCE FROM THE INITIAL ICE DIV IDE - km 

F ig, 8, (a ) , f diagralll ,Iill/ila!" 10 Figll!"1' la liIIl ,I//IIwillg 

({II ({ ,~l'llUllelric I}ril'jilr 11 ,11'lIIi- ,I/IIIII , ill it'liiril lIiI' /)I'rilld 11/ 

Iillilri- II/) /., IlIlIg{'/" lIiall lIit' /m'iut! 11/ dl'c(!I', ali(I ill 1, 'Iiiril 

llin!' i, ({ '/i"o:eJI -bl'd :Ollt' bl'll{'({IIi lIie dil 'idt' (11"('(1. SIIIIII' 

nO,lioll ocm!",1 ill lIit' riil'irie :0111' dll!"illg bllild- II/) bill 110 lill 

/.1 de/)wilul lIine dllrill,!!, rt'il"l'al al lIit' bed rl'llwiIlJ./i"o:l'II 

dllrillg dt'glarialioll , ( b ) '/ lit' 1"1',1/111(/111 /wlll'm I!/ nO,lioll 

alld de/)o,lilioll, ( r ) 7 it I' /Joll'lllial relil:/" 11/ dru III 1i1l,1 

a ,I,lllIlIill,[!, (Ill illfl/irlll ,llibll' ,I/'{/illl I'll I JlljljJ(r allrl IIl1ijimll 

ha/ IIlIIlerial,l, /1 ,dlllll 'S /J/J(lIt'I" 0/ dt'/IO,lilioll 1/i1'1I I'm,lioll 

dllrillg Ihe lIr/r llllr!' lil'llli- l)'cll' alld t'l"O,liOIl llil'll rll'/JiI ,liliol7 

rllI!"illg lIiI' I"I' I!"I'III Iil'llIi - I) 'C/e, 

BOil/lOll : T Iieol) oIg/lIcial nO,1iOll, lrall ,l/Jorl IIlId dt'j)o" ilioll 

a \Trage defi c it o f' 36% during rct rea t. This produccs a n 
asy mm e tri c pa ll e rn of" g rO\\"lh and ek ca\ ' s im il a r lO th c 
prcsulll eci no rm a l pa tle rn durin g la te QU <l tc rn a n ' 
glac ia l peri o d s, Hindlllarsh a nd others , 1989 1 ha\T 
sugges ted that mid-l a titud e icc shce ts in Euro pc a nd 
\"orth ,\ m c ri ca had a iJnla d icc-di\ 'id c zo nc a nd a 
na rro w te rmina l zo ne \\'he rc basa l tcm pe ra tu lTS lIT IT 
bc!o\l' th e m c lting point. a nd a broad inlCIYl' ning zo ne 
in ,,'hi e h melling oce ulTeci, Ho ulton and Pay nc 1992 1 
sugges ted th a t as much as 800 km on th c so uth e rn fl a nk 
o f' th e Euro pea n ice shee t a t th c g lac ia l m a:\ imllm 
und erwe nt ba sa l meltin g, beyond a 200 km zo nc 
bCll e,lIh th e di y id c in \\'hi c h tempera tures \lT IT bel()\\' 
th c me ltillg po int. \I OITO \"(' I'. th( '\' sh()\\"('d that the 
di stri lHllion o f" Ilasa l Ill c itill g /fi Tcz ing \I 'as re la ti \T h 
insensiti\"(' to prec ise \'a lll es ors urfilct' tempe l"- ,lIUIT a nd 
mass ba lalHT , prm'id ed Ih ,l l the a tll10sp it lTi c lapse ra te 
la\' 11 ithin th e ra nge o r m oci crn \'a lues , Th e iJasa l 
meiting"/ fi 'cl':I,ing di stributi o n f() r Ihe g lac ia l cyc le sho"n 
ill Fig ure 8<1 is iJascd o n ty pi ca l pa tl('!" ns produ ccci !J \ ' 
th c BOL li tOl1 ,llld l" lyne m odel. I t sho,,'s le mpcrat e basa l 
l'o ndi ti o ll s dU l'ing the ach-a nn' pit ase in th e o ut Cl' pa rt 
o !" th e icc shee t, e:\t e llci ing' to O\Tr ha lf" th e icc-sheet 
spa n, Durin g th e decl\ ph ase, hOllc\'u, re trca t or the 
ice fi 'o lll is mu ch mo re ra pid th a n l"C lIT, lt or the 
tempera te c() ld lit e rm a l ho undan Bo ul lO ll a lld Pay ne, 
1992 , so t h ,lt in t he la te s tag'cs tit e lI'hole o f' t hc' \) ;ISC o f' 
th e icc shce t li cs 1)('1011' th e melting po int. 

Th e illlpo r t; ln l"l' of" th e rm a l reg im e li es in th e 
ass umpti o n th a t th nc lI'ill 1)(" 110 sli d ing m o ti o n \)e tlll'l' n 
a gia cin so ie a nci bedroc k \ 1 h ('!"c th e int e rf ilce is brl llll 
th e Ill c lt ing po in t Go lclth \I<l it. 1960, bcca ll se o i" lhc 
la rgc shcar s tl'c ng th oi", uc h a cll llt ac l .J e llin c k, 1 ~):)9 , I 
ass ulll c th a t thi s a p pli es no t o n'" to bed roc k bUl a l'i() to 
fi'ozcn seciilll l' nt. It i" ,!Iso ass ulll ed th at no e ros io n " 'ill 
occ ur at s ll c h a conl act. apa rt li'om la rge-scale lJl"d roc k 
(it- tac hnl(' n t \I ac b l\", 1 9,)~): BOll lt on, 197 1" :-; ('\"(' ra l 
ma jo l' gco lll o rph ologica I CO llt ras ts h;l\"(' bcc n c:\ pi a i ned 
as ;!CO ll scq Ul 'nCl' oi"sll pprcss io n o f" (Tos ion b \ ' i"rozen-I lcci 
cO llciiti o ns Su gti (' 11. 1l) 77 : Bo ult o ll, 1979: ,\ ncire ll s a nci 
o th lT', 19B;") : K ielll a n, Il )90 ; l ,agITb;ick, 1 9~J() , 

Ill cillSiOll o r th c basa l thnl11al l'eg il1l c gc nera tc,> an 
ad di tio n;! 1 d](T t I,' ig , HiJ , I n the int cl"ll ,t\ zo nc, c rosioll 
O{"C lII"S a l1d til l «l"C ulll ul a tes ciuri ng the ea rl\- ph ase o f' 
grollt h \ 1 h( ' 11 th e bcd i, unl"rozl' 11 but c:\ tc l1 sio l1 or th c 
f"ro zl'n Zlllll' inhiiJit 'i f"urth c r l'I"o'i i()u a nci leach tll 
Jl ITS('IYa ti o ll o f' c;l l'h till s a l1ci erosiona l ka turc" Thesc 
,liT 110t ' lIiJsclJll c l1th erocl ed , ;IS the int C' l"Il a l zo ne rClll a ins 
a /.o nl' o r basa l f'r l'czill g ul1til d cgb cia ti o l1 , 

SEDIMENTS OF THE A HORIZON AS TILLS 

J.'i g' uIT J suggcs ls th a t scdim en t" in th e dcf(lI"Ill ing ,\ 
hor izo n ca ll rcadih' a lt ;l ill \T loc ili es in ncess 0 1" 100 III a I 
a li(I strain ra tcs il; nlTSS of' :) 0 IOOa I under rc i<tti n' h
I(m shea r s trcsscs, \ '{' Ioc it ies an' ragcd m-c r pniod, of' 
da\s to II" cc ks in th c ,\ hori zon bCll cath Brc i() ;llllcrkur
.i iik ll 11 , Icel a nd , \'a r> fi 'o lll 10 to (i 1111 a I, 

Obsc lY<l tio ns a t Brci() ;IIlH' rkurj ii kull , Bo ulton , 198 71 
sllfl'" th a t loca l inh onlOgl'lw iti es a lld hi g h sh ea r st ra in 
I'a tes lI'i thi 11 the ,\ hOl'i zo n gcnerate fnlcii ng c p isodes , I f" 
tI! C'iC epi soci cs a rc fiTqucn l. they halT th e ca pac it y to Ill i" 
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th o ro ug hly and ho m ogc ni ze th e sedim e nt. Ical'in g n o 

m a rke rs bl' Il'hi eh fo lding m a\' be recogni zed, I suggcs t 

that sed im e nt d e pos it ed from thi s ho ri zo n should b e 

rega rd ed as a prim a ry sedime nt produced bl' iee ra thlT 

lhan a s a pre-exi stin g sedim ent \I'hi e h has mereh- b een 

tec LOni zecL Eo ulto n 198 7 ) sugges ted that th e term 

deformatiulI till sho uld be appli ed to it. 

Ehlers a nd o th ers ( 199 1) comm ented that th e rcl a til'l' 

ra ritl' o f d eformatio nal s tru c tures at th e base of till s o r in 

sub-ti ll sedim ents in th e area occ upi ed b y th e Euro pea n 

ice sheet impli es that d e fo rm a ti o n till s a rc unlik eh- to b e 

th e d o mina nl tillt l' pe in Euro pe, Sue h con clusions re fle c t 

mi sunderstanding o f th c scdimcnt a ry consequcnces of th e 

deform a ti o n process, C o nsider th e base oC th e defo rming 

horizon in the eros io n a l zon e, As th e A lE pl a ne d esce nd s, 

hith e rt o undcrorm ed sedim ent is dra wn in to th e .\ 

hori zon fl 0 11' , Th is Ina y be on a gr a in-by-gTa in bas is o r 

as thin co herin g la yers, Th e .\ / 13 pl a ne mal', hOII'eIT r , b e 

rou g h or th e sedime nt drall'n into th e fl o ll' ma l' be s tifle I' 

th a n th e deforming sediment a rOllnd it , in both of \I' hi c h 

ca ses s tress co ncentrati o ns \I'ill d elT lop a nd fo lding \I' ill 

occ ur and , if s ulIi c ie ntl y frequ e nt , \I ' ill ('\' entually 

ho moge ni ze th e sediment. Erod ed sedim ent \I ' ill b e 

transpo rt ed in th e :\ horizo n and , a t som c di stan ce from 

its so urce , \I' ill elT lllually be d eposited as till. During 

transport \IT ex pect sh ea r s tra in rates (Fig, 51 of'lh e o rd e r 

o f 10 100 a 1 Such rates \I 'o ule! redu ce a I m hi g h Ic ni c al 

structure produ ced b y fo lding durin g inco rpo ra ti o n to a 

dip ofO,5-0, O,~ after o nl y 2 years o f lra nspo rt and during 

th e sam c peri od \I 'o uld a tt e nuat e it ho ri zo nta lh- bl ' 10 

100 m, Onh' if the sedim e nt is "li'o ze n " bl d eposition 

shortl y a ft e r fo ld i ng o f a n un It o mogc n ized sec! i m e t1l \I' i11 

fold s \I' itlt stec p limbs sun'in>, Depositi o n a ft e r furth e r 

fo ldin g and att e nualion 11 ill Le nd to produ ce th e 

co ml11 o nh' fo und la min a tecl tills. a nd d epositi o n a ft e r 

long er transpo rt \I ' i II pro d uce ho m oge ni zed tills I Eoulton , 

198 7) . 

It is sugges ted tha t three bas ic d efo rm a tio n till facies 

can be id entifi ed whi c h re fl en prog ressilT ly g rea ter 

inc re m ent a l stra in, ThCl' a rc: 

Tills \I' ith fo kls whi c h re fl ect tt1 corpo ra ti o n o f loca l 

materia ls in LO th e till , II'hi ch \I'ill o nl y be prcsen 'Cd if' 

the in cre m e nt a l s train IS I'cr)' small a nd \I' h e n 

d ep os ition occ urs sho rth' a fter th e f()ldin g elT nt. 

L a min a Lcd till s in \I' hi ch th e lamin a ti o ns re fle c t 

rep ea ted re foldin g a nd a ttenuati o n o f o ri g ina l sedi

m e ntal'\' lal e rin g , 

i\tass i\'(' till s w hi e h h a l 'e bee n h o m oge ni zed bl ' 

re pea ted fo lding and attenuati o n, 

I n gen e ra l. th e m o re o bl 'ious th e tecLO nic structures . the 

less th e i ncre lll en tal d efo rma ti o n . :\ 10 rcOI'e r, a co nse

quen ce o f lo ng-te rm erosio n o f a surface b )' c1cfo rm a li o nal 

lowering o f th e A lE plan e w ill be prog ressilT sm oo thin g o f 

th e surface, Pro trube ra nces on a n ()t' ig in a lh' ro ug h surface 

w ill Lend to co neentrale stress a ro und th em , res ultin g in 

th e ir re l11 01'aL D e positi o n of till \I 'i11 e lT ntua ll y occ ur o n 

thi s surface . :\ Iatul'e defo rm a ti o n till s will th erefo re te nd 

to be m ass ilT, li e o n sm oo th pl a na r surfaces belo w whi c h 

th e re lI'ill be kll' s ig ns o f tec toni c di s turba nce, as th ey \I' ill 

te nd to protect und erl yin g sedim et1ls fi 'o m deform a ti o n, !\ 

52 

till OIT rl y ing a sed ime nt \I'ith fe \l' o r no dcf() rm a ti o n 

structures is mu ch ('as ie r to understa ttd if th e iill is a 

dcfo rm a ti o n till raLh er than a lod gement o r m e lt-o u t t ill. 

. \ d efo rm a ti o n till is a m ea n s of a bsorbing s tra in, .-\ s a so ft 

d eformin g laye r. it ac ts as bufrer between the sLiffer ice 

a nd und e rl y in g sedim e nt. thus minimi zing d isruptio n in 

th e sedim e nt. I n th e ea se of' a lod ge ment or m e lt-oul till , 

a n ice sur face has. a l so m e s tage. fl OIlTd direnil ' OIT r th e 

und erl ying sedim ent. genera ting a re la tilT ly la rge shear 

sLress a t th e interface , a nd is thus mu ch m o re likely to 

ge nera te cl efo rm a ti on in the sedim ent. 

THE STRENGTH OF LARGE-SCALE DRIFT 
LINEATIONS (DRUMLINS ) FORMED BY SUB
GLACIAL SEDIMENT DEFORMATION 

The th eory clc\T lo ped a b o l'l' impli citil' as um es th a t th e 

processes le a d ing to large-sca le pall ertl s oC e ros ion a nd 

d epos iti o tt o pera te in t\l'O dim ensions, in a planc pa rallel 

to th e directi o n of 11 0 \1' . \\ ' hils t I beli el 'e that this is a 

reasonable a ss umpti on in rel a Li o n to th e ~l\T rage thi r kn ess 

of till s a nd th e alT rage d e pth o f e rosion , th e re a re other 

I'catures suc h as drumlins, which halT becn illdil'idu a lil' 

l;lshi o ll ed bl' rela til 'e l), sm a ll-sca le th ree-d i m e nsio nal 

/lO\l 'S , I t is sugges ted (E o ult o n , 198 7) that there a re t\\ 'O 

d rumlin e nd m embers: 

Eros io nal drumlins in \I'hi c h pre-ex istin g sedim en ta rl' 

scqu e n ces ha lT bec n e ro d ed to produce typi cal 

st ream I i ned rid ge I'o rm s, 

D ep os iti o n a l drumlin s in \I'hi ch th e I'o nn 01' the 

drumlin has bcc n built up from sedim c nts \I'hi c h 

ha l 'e acc llmul a ted subg lac ia ll y, 

Bou/LOn ( 198 7) has di scu ssed the \I'a y in whi c h subg lacia l 

deform a ti o n 0 1' srdim e nts could lead to th e fo rm a ti on of 

both end m e mbers, either b y c1eformati onal e rosio n of' son 

sedim e nts a ro und a rcl a til 'e h ' res is tant co re o r th e 

d epos iti o n o f' hith crto defo rmin g sedim e nt a round a 

res isLa nt core. Som e drum lins a ppea l' to combine bo th 

e rosio n a l a nd d epos iti o n a l ch a ra cter is ti cs a nd so m e 

yo unge r drumlins appear to be superimposed o n o ld e r 

fo rms (R ose a nd L etze r, 19 77 ), 

r sugges t th a t th e rcli eCanclleng th o f'c\rumlin s is likely 

LO be re la ted to the n e t inte nsil Y a nd dura tio n o f 

e rosio nal /d epositi onal pro cesses. a nd lh a t a drumlin is 

mosL likely to be d ee pl y in e ised by loca lthrec-d imensio na l 

fl o\l ' if' th e iee has a la rge capac itl' to crca te relief bl' eith e r 

erosio n o r d e pos iti on. J sugges t therefore th a t th (' ra te of 

reli ef fo rmati o n, (R). wh e th e r b y eros io n o r d epositi o n , 

will simpl y bc g il'C' n , irrcs p ec til'e 01' sig n bl ': 

(17) 

I\'here T" a nd 1;, a rc th e tim es a t \I 'hi ch a g lac ier marg in 

ach-a n ces OIT r a nd re trea ts ri'om a sit e, res pec til 'C' h- , and 

th e m agnitude IEI is g il 'C n b>' Equ a tio n ( 10 ) , 
\\' heth e r th ese form s a rc prim a rl)' erosio nal o r 

d e pos iti o n a l \I' ill be d e te rmin ecl by th e n e t sig n of th e 

integ ra l o f E, Fig ure 8 c sh o \\' s th e inte ns ity o f'lin ea tion 

produ ced during th e g laci a l cycle modell ed in Fig ure 
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Sa, Th e rc is a loll' lin eation strength in the area or 

initial icC' -s h eet nuclea ti o n and lin a l decay but linea Lion 

strengLh increases o lltll'ard s, reac hin g a firs t maximulll 

about 100 200 km from the maxilllum CXLe nt or 
g lac iaLi o n, a nd a seco nd maximulll \ T r y close to th e 

maXlmUIll ex te nt. Th c firs t m a ximuIl1 corrcspond s to 

th e zo ne o r stro nges t lIet e rosio n and th e sccond 

maxilllulll to the zo n e o r stronges t Il c t d eposit io n, 

Threc broad zones or dilTe-rcnt lineat ion c h a racter a nd 

strength a re pred inecl: 

,\ broad int e rn ;) 1 zo n e compnslll g a la rge part or th e 

area occup ied bl th e ice sheet in w hi c h cros io n a l 

drumlin s d o minat e', a lth ough late- ph asc depositi o llal 

larms mal' be superimposed O il th elll, \\ 'hcrc aClil 'it y 

is s uppressed during th e retreat p h ase bl basal 

rreez in g, o nl y ach 'ancc-pha sc drullllin s I\' ill occur. 

.\ n interm ed iate zo n e in \I 'hi c h I\T cx p ect s t ro ng 

eros io n a l lineat io ns LO b e OIT rlain b y st ron g deposit

io na l ka turcs, 

,\ n o uter zo ne In II' hi c h depos iti o nal lin eaL ions 

dom i n a te, 

I t sh o u ld be strcssed , h o\\'('\'(,\" th ;l t th esc co nc lusions 

re ll ect the naLure o r th e s pecific g lac ia l cycl e mod elled 

here rather th an a pred icti o n spec ific to anI' o th er ClC\c, 

Obse l'l'ed spati a l patLern s shou ld b e rd ated to the 

spccific c haract c ri stic s o r thc CI'(' \c \\ 'hi c h l'\'Oduccc\ 

t hcm, 

FACTORS CONTROLLING SMALL-SCALE 
PATTERNS OF EROSION AND DEPOSITION 

Th e la rge-scale patterns inl l'\'rec\ in preceding SCl'l ion s 

rcpresc nt th e OlltCOIllC or an id ea li zcd g lac ia l l'Icle l(lI' a 

t\l'o -dilll c n sional icc sh cc L n o\\'ing m 'er a hori zont; I1 bed o\' 

1I11i lill'lll g'co logl' , ,\ s d CI'C loped ;ll lOlT, th c th eo ry dOl'S not 

take into alTou nt Ill o rc complex loca l patt c rns which arise 

a, a cOll seq uC'nlT oE 

Comp lex threc-dim c n sio nal I'a riati o n s in il'c- ~ he('t 

dynalllic rcg imc and ex tc nt. 

\ ' ariations in hed ,t!;co logy and to [lograp hl , 

The Lh co r y s ho uld not be uscd, th c rciillT, to in tnp rct th l' 

sig nili ca n t,(, or sm a ll-scale I<:atu res, exce pL \\ 'hnc these 

C;l n h e s llollTI to iJe part or a la rg ('\' r egio na l p;lttern , 

So m e o r the small e r-sca le p a tt ern s lI'hi c h Ill ay a ri se as a 

co nsequ c lH'l' o\' more CO lllpleX tempora l a nd spatial 

I'ariation in icc-shee t dynamic propel'lics a rc ill ustrated 
1)(' 10\\' , 

Tetnporal changes 

Telllpo ra I I 'a ri a tion s in ice-s hcct cx tent morc CO III p\c :-; 

tha n Lh ose Sh Oll'll in Fi gu rcs 7 and S may p rod ucc Illore 

complex p a tt e rn s or eros ion, dcpositi o n and lincat io n, 

Th c nature o\' thi s comple x itl ' is illu s tratecl sc h cmatically 

ill I-'i gu rc 9 by a n cxa mple in \I'hi ch a period ol's ta nd still 

interrupts th e <1(II-an cc oL.l n icc shec t to it s maximulll and 

OIIC in \\ 'hi c h a re-a(II-an ce intl' ITul)LS th e retreat rrolll th e 

m aX llllUlll , 

BOil/lOll : Thl'ol} o/g/({c/({/ l' rOJioll, 11'(11/.1/)01'1 Ollr! dl'/)o.I/lio/l 

In thc lirs L case Fig , 9a a nd b , the Lhi c kn ess or th e 

acll-ancc-ph asc Lill d eposiLed durin g sta ncl s Lill is su e h th a t 

subsequ e nt c ros ion durin g ITco llllll c nccd acll-ancc is not 

cnough to rcmo\'(' it. In thc seco lld case ( Fi g , 9c and d ), 

till s depos it ed during the initial ach 'a nce 1,\ , a nd rc t reat 

I R a re n OL ('n tirch ' IT IllO\T d during the su ccceding 1'('

ach-ance ph asc 12,\ /R I , Th e ex tc nt to \I 'hi c h th esc ca rlier 

till s ;IIT remo\'Cd \I 'ill depend 0 11 th e duration a nd 

int ensitl ' or th c e rosion;) 1 phase, I·: lements or a ll may 

sun'in' or all mal' bc ITmo\'cc\. Pa tt ern s 01' confo rmit y 

and uncon l(:JI' lllit l ' \I 'ill 1)(' s imi\;n to Lh ose shown in 

Fig ures 7h ;lIlel 17, 

Spatial variations 

,\lthough the th cory ha s b ee n appl icd abOlT to two

d im cns iu lla l ll oll' lin C' tran sc('lS, iL can he readily a ppli ed to 

th ree d im c n ~ i o ll s to in l'('sL iga te dkClS \I 'hi c lI a re not 

radia ll ) S) Il1llletr ica l. For in s ta n ce, it has bcc n shO\\'1l that 

Pki,tOlTIlC' icc shcC't s u ndcrll'cn t Illajor s h i ('LS in th e 

loca ti ()n, 01' tlH'i r di\ 'id es through g lac ia l cyc ll's \3oult on 

a nd Clark, 1 9B~), Shil't , of th e quasi-radial pat tc rn s 

cent red Oil e1il ' idcs \I ill producc predinahle di s pl acemen ts 

in the patt('\' lls 01' nosion and d epos iti o n , 

.\ Iod c rtl ic c s hee ts sholl' II'c ll-dclined ice st rca lll s which 

pI al an importallt ch-nam ic role a nd arc c ha racterized bl 

ITloc itie, II' hi ch a rc .' lIhs tantialh' hi ghcr thall in int('\'

~ tl ,(,; 11l1 r idgcs , TlIne is s trong ('\' iel e ncc th a t la rge ice 

st rea ms a lso occ urred in P leistocc nc mid-latitude ice 

sheets c,,!!; , P unka ri , 19S()" , \ di sta l di s pl acC' lllent or 

{'\'()sio llal ,I ncl e1 c [los iti o na l zo n es \I '(HIId be ('xpec tcd in an 

ice , trca m tc rmill a ting on land together \I 'ith illt cns ili cat 

ion oi'nos ioll a lld depmitioll cOlllpared \I' i t h the ilanking, 

more 'dll gg is h in' , 

Ice ., tre;)m s arc ;I1 so c0Il1111on l) l(llIlld \loll' in ,!!; int o the 

SC; I, \I hne tlH' ) arc produced I» ' cnhanccd c\ra\\'-doll'n 

in t() dl 'l' IHT olJ~ho lT \I'a tns H u,t!; hes, 1977 , Th ey exh i hi t 

;lcl'l' lnating n Oli t()\lard s a ca h ' ill g terminus , Thl' theol'l 

SUt(t!;l"t-, that this accc lnating 110\1 \I 'ill ens ure th a t nct 

{'\'mion OlT UrS lip tll th e tlTlllinus so tha t all trans p orted 

sl'dinll 'nt is c1i sch ,1rged int o th e m a rin c e nl 'iro nm clll , 

producing hoth gro ulldill g -line "till d c lt as" I , \ lI cy and 

ot hers, I ()H9 ,llld d (' hris 11 0llS , 

Im pI ica t iom or the t Iw o \'\ ' 1'01' nosion /deposi t ion 

heneath martl\(' ice strea m s h alT I)l'l' n d esc ribed 1)1' 

\3ou lt on 1990 

Effects of b ed geology 

The rheolog ic;11 ;Ind integ ra [cd 11I'drogeo logica I p ro pc r

ti cs o\' hed sediment s arc rundamcntal properties which 

inilu c lll'l' th e ('\'o sio l1al a lld d e [los itiona l clTect s 01' 
,t!; lac iatio n, Th csc properties a rc nut independcnt. Th e 

, [rain rat e I(l r a g ilT l1 shear s tress tcnds to Ilc la rger lin 

line-g rain ed , 1()II -pe rnll' ;ti Ji lill ' sedim e nt s than lel r coarse

,2,Taincd, hi g h - permca bilit y sedim cnts unel er th e samc 

elkrt in' SL ress condition s, 

Th c b cel may be composed 01' anI ' [om bin a ti o n o r 

lithili cd Ill <l tni a \. genera ll y undd()\'\ll;tblc under g la c ia l 

s tresses , a nd un lithili ed , potentially dcl(JrI11able sedimellt. 

Th e thrcsh o ld lil r d erorlll at io n o rulllithifi cd sed im e nt a nd 

th e dcli)rmaliona l rcs ponse to s trcss will d e p e nd UpOIl tlt e 

elTic ic ncy or s ul)g laci a l drainagc, w hi c h al so h e lps 
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Fig , 9, , I ,1r/ll'IlIalic diagra//l ,IIIOlI'illg li// ,11'(/U('lIre,1 /!,el/erala/ /~) ' //lore tUllljJ/l'\ /)(//11'1"11,1 q/ ice-,IIIeel j7//cl//alil!l/ , ,rJ. dl'{/n(e

jJ/lfl ,le lillj are ,I/wded, rclrCflI-/J/wsl' lillI are ,l/i/J/J/N/ olld ero,lioll slI//ace,1 ll 'ilhill 1111' li/l sequel/cl' are //I{frk('d ~l' ftl'(f1J ' /illf,I , 

( a b ) , Ill ice slleel zcilll a /J/'%llged /Jeriod o/ ,l/al/(IIIi1/ dllrillg ae/mllCi' , , I ,lIIb,l/alllia/ IlIicklll'.I',l IUlill i,l de/Jo:,iled ill 1111' 

lel"lll/lw/ ::'0111' during 111 1' slall(/:'Lill , ll'fticll is lIul fIIlirl'(J' relllmw/ bl' fro,lio ll d//rill,!!, 1111' ia sfti'l'(s ,llIujcq//1'II1 ar/NII lre 10 ils 

/I/(lIi/l///III, ( e d ) Slacked li// //lIils 1l'illl illlerl'mill/!, !'rOS/UII :'/II/a(f,1 (jJoll'lllia/(r //larked ~) ' bOll/der/)(/l'I'/IIf1//,I ) jJroduced ~r 

rl'- {fdl'all((, ( 2 ) 11/ all i(fllle('1 ailer illilia/ relrl'al./i-olll il:, //I(lIilllUlII ( I ) , 

determine e fTi:n in' pressures, Three e.'\ lIT me sta tes can bc 

id e ntifi ed: 

a The glac ier is uncl e rl a in b y im pe l'l11l'a blc bedrock; 

the bee! is ri g ie! a nd pass i\('; d yna mi cs a re ice
co ntro lled ; co nduits Ol'C ur a t th e g lac ier / bee! 

int c rl ilce , 

b ) T he g l<1c it'l' is und erl a in b , ' thick , coa rsc-g ra in ed, 

permea ble unlithifi ee! sedim e nt s; hi g h e lTcc ti \"(' 

press ure occ urs a t th e bed; th ere is no sedime nt 

d e fo rm a ti o n ; th c b ed is ri g ie! a nd p ass i\'(' : 

d )'n <1 mi cs a rc ice-ro nt ro ll c'd ; no co ncl uits occ ur at 

th e g lacier / I)eci inte rfilce , 

I C ) fin e-g ra ined impe rm ea b le sedim ents block dra in

age; co nclu i ts d ('\'e lo p a t th e g lac ier /beel inte r fa ce; 
seciiments dcf(lI'In: g la cier d yna mi cs a rc s tro ng ly 

influenced b y bed d cla rm a ti o n , 

Th e pro pc rl" ,\'hi c h e!i scrimin a tes b e t\lTCn bed ty pes 
b ) a nd e is th e ir ca pac it y to di sc ha rge \\,a te r b y 

inte rg ra nul a r flo \l' und e r a g i, 'C n pressure g ra di e nt. 

Bo ul LO n a nd D o blJi c ( 1993 ) h a , 'e sho \\'n th a t , a p a rt 

1'1'0 111 b c neath small g la c iers, subg lac ia l sedim e nt 
tra nsmissibiliti es g rea te r th a n th e o rd e r o f 10 :.! m :.! a I 

\\' ill te nd to (~l \ 'O Ur bed res po nse (b l ra th e r th a n (c ) , 

Su c h " ;liu es occ ur, fa r in s ta nce , in th e wid es preael 

Q uate rn a ry a quife r in Th e :\ c th e rl a nds unde rl y ing th e 

Saa li a n till s , 

F e\\' if' a ny glacier b eel s a re likeh ' to co nfo rm entire ly 

to a n,' o n c oCth ese m od e ls; m os t a rc like ly to bc a co mple.'\ 
mosa ic , \\ 'h ere a sig nifi ca nt p roporti o n 0 1' the beel is 

defo rm a ble , th e bed m osa ic \I 'ill be tim e-d c pend ent, The 
contras tin g rh cologies o f th e compo ne nts o f' thi s mosa ic 

will tend to p rod uce a co mp lex pa tt e rn o f st ra in ra les, 

produ c ing secli lllen ta n ' mi x ing, This \I'ill lead LOlI'<lrds 
hom oge ni za ti o n ol'l he defa rmin g mass , produ cing th e till s 

01' re la ti \'e ly unif (J rm lith o logica l a nd , pres ulll a bh' , 

rh eo log ica l p rope rti es typi ca l of low la nd a reas Pe n-in 
a nd o th e rs, 1979 ), Th LI S, \I 'here a d efo rm a b le su bglac ia l 

beel is co mposed o f' more th a n onc lith o logy , th e process 0 1' 

dero rm <1 ti o n may rc-o rgan izc bed li th o logies in a \\' Gl y 

\I'hi c h m ay fune!a m ent a ll y cha nge th e di s tr ib u tio n o f 

geo h yclro logica l a ne! rh eo logica l prope rti es, 
Th e g rea te r c rodibilit ), o r fin e-g r a in cd sedim ents 

a nd th e ir ca pac ity to sea l o fT und e rl y ing coa r sc 

g ra in ed p e rmea ble b ed s s uggcsts th a t e, 'en re la ti\ 'C ly 
inil'equ e llt so urccs o ffin e -g l-ain eci sedim e nts can be th e 

d o min a nt so urce (o r till s in low la nd areas, a nd 
ex pl a in s ,I'll \, fin e-g r a in e cl til ls (ill' fl 'om th eir sourcc 

fl 'Cq u c nt l y O\'e rli e c.'\ te n s i \'c sa nd \' b ed s , R a ppo l a nd 

o th e rs ( 1989 ), f() r in sLa n cc , sh o wcd that S aali a n till s in 
Th e l\c th e rl a ne! s, \I'hi c h o \'e rli e a thi c k sa nc!\' aquife r 

o r hi g h tr a ns mi ss ibilit y , h a\ 'e a c laycy m a tri x 
compo n e nt whi c h m ay b e la rge ly d CI-i, 'Cd rI-o m th e 

Ba lti c, a b o ut 500 km_ di s ta nt. 
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DISPERSAL OF BED MATERIALS AND THE 
COMPOSITION OF TILL 

It has been suggcs tcd ahO\T that the co nstitu ent s of" the 
upper part orthc dd()f'Jning" till lI'i1ltend to be continualh' 
hOlllogcni zed by ICllding , The Illcan tran sport Ic locity 
(01 ) of thi s homogenized lil l mass lI'ill be: 

(18) 

11 hnc Q A is gilTll hI' Eq U<l lion , 91 and Z", hI Eq Ll :lt ion .). 
The mean I'elocill ' of' a dclclrllling su l)g iacial sediment 

package at alll point along a !lOll line al a gil '(' n time is 
gilTn by Equation I R , The nct di spla n' nH'nt (d) or the 
sediment package through time rmm any slarting point is: 

j' l " 

d = ['b!, 
, I I 

(19) 

L sing lhi s, the d isp laccnll'nt or sedilllcnl packagcs 
thr()u g h lime ha, becn cietcrmill l'd f'mlll lh l' ddcl1'1l1<lli()]1 
l'(' loc ilies calculated ICll ' F igurl' 7 and is plOllCci as li111c 
di , tancc lrajel'lories of' subgl ,lc ial sedilll c nt pac kages in 
l-'i g ur(' 10, Erosion ralL'S dcterlllined Ic)r the model in 
I"ig url' 7 ha\'{' :1i so been plotted in the S,ll11l' spa ce , Thu s, 
it is poss ible to dCterlllilll' hoth thL' amount or sedimcnt 
pmgrcssin' h acquired hy a 1ll00'ing scciim ent packagc in 
thc ('rosional I.onc a nd thc rclatil'l' am()unts or material 
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TIME - DISTANCE TRAJECTORY 
OF DEFORMING TILL AND 
EROSION RATES 

SOUTH 

RlIl/llo lI: 71t1''')T 1!/gl({ci({1 1' 1'11,1 ill 11 , lram/)()I'I ({I/{I dCjJu,lilill1l 

picked lip f"ronl dilrcrent so urces, '\otc lhat the increasing 
di sc harge in the erosiona l zonc perm its a sedillll'n t 
package co nlinuoll sh- to acqu ire nc\\' mat e rial , so that 
the package is continuou sl> changing ils composit ion, 
\\ 'hen it 11101,(,S into thc dcpositional zo ne, h()II'(,I'Cr. it 
begins to lose material and does not runilcr change 
composition. 

Figure I I a sholl's the compositio]] 01" a sedimc]]l 
package as it 1ll0W, along th e limc ciist:1ncl' trajectory 
13\ in Figu rc 10 .. \ particular trajecLOl'\ is unique to a 
particu lar pac kage: a IatCl' package lI·ill 1ll0l'l' alon g a 
cl ilkren t t rajcctol'\·, Li thol()gics dl'1'il'('d li 'o l1l bet 11 l'l'n 
200 and ~OO kill appca l' to be OI'Cr-reprL'scnted , Th is is 
l)l'C1USe , bet\\'l'en 200 and ~OO km. tht, trajectory lies in a 
/.OI1L' 01" hig h ('I'osion rat e lilr a rclatil '(' h long period, 
Subsl'quenth- , the product 01" erosion rall' and res idencl' 
tilll c dimini shes, unli l it beg'ill s lO incrcasl' st rongl\' in the 
terminal /.Oll( ', lI'here localh c1cr il 'Cdlitholog ies dom inate , 
In the th e{J l'\, il is onl> the packag'Cs in the local lilho log>
dominatl'cI t(')"minal part or the t rajl'Ct 01'\· lI'hi ch are 
dcposited ;lS till. Dillr rcnt lrajel"lorics in till' t illle' di st<1n ('(' 
lie lci shIm sls tt 'mali call) c1illi.' lTnl pattl'l'1l'; 01" cl"(l lllt ion, 
rcllcctin g the cl) nall1ic l'\ '()lutioll 01· the Sls telll, 

Fi g ure I I iJ , holl s the ch;lnging composition or 
sUl'l'ess il'(' seciiment packages as thl'l ' mO\'(' OITr point .\ 
in Figure 10 iJetll ('( ' ]] 11..'i <111(1 1.5 . .) k model I'('ars, :\Ot( ' 
that in the l':lrli('l' part oj' t lli s pniod. l;lr-tral'C llcd debri s 
is relati\'l' ly 1110rl' ill1portallt than laler. lI'hen the site is 
Illul'h nearn th e ice marg in. T he lilhologi('a l compmiton 
at 15 .. '> ka lT I))'( ',l' lllS the litllologl 01,(,1' tile site imml'd-

NORTH 

OL--L ____ -L ____ -L ____ ~ ____ -L ____ ~ ____ -L ____ ~ ____ ~ __ ~ 

+800 +400 0 - 400 

DISTANCE FROM ICE SHEET SOURCE - km 

F ig , 10. '1 illlf rli,l/all(,(, Imjl'l'llIrifl ( It em:)' lilll' l ) II/Iill COII ,llillll'lIl.l Ihrollgh l/tl ' glal'illl IJr/1 ,I ItO /I' 1I ill J-'iglll'l' 7, 11 a ,I,IIIIIIl',1 

IfI({llirl' ddill'lllillg 1r~)'t'I' il /) fr/i'l'li)' lIIilerll~l'.Ji-l'lllIflll/illrlillg flllrllirllllirl' lillle rlil/llll({' Irru'nlol)' O/I/tl' 1'IIII.IIillll'/ll.I 11111 1'1',1 

III a /JIICkll,!!,I' 1,'IIIi,II' 1'!'/oci(l' il ,!!,il'l'II I~)' ,lNlillll'll1 di.ll'iral'g!' rli l'irlerll!)' ril'/imllillg - lrl) 'l'/" lirir!.-III',I,I. 110/.10 Ifllllt'l I'rIJ,l ioll mil'l 

( Iigftln Iille.l) ill /IIi1lill/ ell'e,1 /11' 1' Jl'ar . . 1.1 Wrii lll f lll /)(Ir/.-flgl' ,1 IIWl'f alollg 1III'il' lrajallll)' ill 1ft !' I'/'O,lir)//1I1 :r)}/I' , 1111)' 

cOllli lll/OIl.lil' III'/fllil'l' lilO/'(' \l'rlillll'lll. al ami!' gil'l'II I~)' 1111' I'l'li.IiIJII wll' , ' I I/(~)' 11111,1 /I/IJ,!;I'I',I.It'1 'I'(I' III,I!' 11111 ,1,1 11,1 r/r'/Jo,lilirlll 

IIC{'I/I',I, 'l it !' cOllljJosilill1l 0./ lillbeill,!!, dl'/HI,lil('(/ji-o/ll a /)(fl'liculal' /Jacka.!!,i' Il'ajl'l'lolJ 1['ill Ill' cOlI ,l/alll , I /Iltl' Im l il,ji-O'::'I' II 

bflleallt lit!' iC!'-dil'ide '::'0111'.110 IIlI/lnial zt'iII IH' dl'l"il'l'riji-II/II 1111', ji-O:1'II :0111' , F iglll'!' Ila I/ulll'.1 Ifte cftallgill,!!, r()III/lo,lilill ll Il/ 
Ift l' ,I i'dilllml jJa ckage /lllI ri ll,!!, alollg 1ft!' 1J'{(jl'l' lol) B.~ ( Iftl' 11111' Imllillalillg al 800 kill ) (/lId F i,!!,lIl'!' lib ,1/z1ll1',1 lit!' cftall,!!,illg 

COIII/JII ,lilioll 0/ ddil/'ll/ill,!!, III a Il'I'ill I 1I11Il'i ll,!!, IIl'er /IOilll .1 ( Iomll'd III 675 kill ) Ill/'Ii/I,!!,1t lillll'. 
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Fig . 11. ( a) 7 he challgillg lilhological {o1II/)osilioll '1/ a sillgle rlejorlllillg-,lf(lilll!'ll1 /){/ckage Im(('d alollg il.1 lillle/di.l/allce 
I raj('(I()/~J ' ( B J ill Figllr!' 10) . The C/llTr.1 shall' Ihe /Jroporlioll 0/ each lilholog), ill relalioll 10 Ihe /)osilioll oJ Ihe SlIlIrCl' 
lilholog)' ill km alollg Ihe lral/.lerl ( 1IOri::,olllal (11 is ) . T he diJlallce a/ollg Ihe Irallsecl at u'hic" COIll/JII.l ilioll iJ sam/)Ied is 
marked 011 md/ WIN . T he /Jeaks rdlecl ::'Oll /,S oIhigl/ erosioll rate.l. ( b) The challgillg lilhologiml (olll//oJilioll I!/SI!cce.lsil'e 
deforlllillg-sedimml packages as lit !:)' j)ass ONr /)01111 .1 ill Figure 10. T he plolled lilies ShOll' Ih e /Jercmlage q/debris dl'l"i lwl 

}i-Olll a dislallce ill kill les.1 Ihall Iltal sho/( 'II olllhe lilies. For illslallCf , Ihe /Jro/Jorlioll oIlIIalerial dl'l"iudjrolll a dislallce 11'.1.1 
IlwlI 96klllJrOlll /Joilll. 1 illcre(OesJi"olll 20% al JJ .5 IJka 1050% al 15.5ka . 

ia te ly befo re depositi o n begins there . Th e superimpos iti o n 
o f'l11 a tni a l fro m suceess i, -e tra jecto ries . wh ieh bu ilds up a 

till sequ ence " i th a , "C rl ica l lit h o log ica l gradi ent , is 
d esc r ibed la ter ( Fig . I ·~ ) . 

Fig u re 12 5ho" -5 t he bulk compos iti o n of th e re trea t
p h ase t ill depositcd du r ing th e g la c ia l cyclc illust ra tcd in 

Fi g ures 7 a nd 10 in re la ti o n to so u rce li th o log ics . A se ri es 

o f' possible so urce litho logies is ShO'\"I1 , to the so uth o r th e 
initi a l andlina l ice di,·icl e ( I to 19) a nd to th e no rth o f th e 

di" id e ( I to 12). Because o f'th c shi ft o f th e d i,-id e to th e 

so uth a nd lh en bac k to th e no rth during th e glacia l cyc le 

(Fi g . 10 . d ebris is ca rri ed across th e di" id e to the no rth 

but not to the sout h . Fo r the firs t 300 km to the so ut h o f" 

th e lI na l di" ide. d ebri s is o n ly ca rr ied for a sma ll d ista nce 
beyond its so u rce . Th ereafter, an increas ing propo rt io n o f' 
th e ti ll is l~lr-t ra ,"C ll ed , so tha t at the fu rthermos t extent o f' 

th e g lac ie r to the so ut h a lmos t 50(% o f th e till co nstit ue n ts 

h a \ "C trm'C lled mo re th a n 200 km. 

56 

Th e increase of' the m ea n tra nspo rt d istance ShOI\"[l in 

Fig ure 12 be" ond 300 +00 km refl ec ts th e h ig h n tiues o [ 

icc "c1 oc ity and erosio n rate in the o ut e r zo n e during th e 

ice sh ee t 's g rea test ex p a nsio n. The p rese n ce o f'lith ologies 
I , 2 a nd 3 bC\"()Ild WO km , th ough th ey a re a bse n t 

between 250 a nd +00 km . re fl ects the ir rapid tra nspo rt 

during th e g rowth ph ase o f' th c ice shee t. 
F ig ures 13 a nd I·J. ill us t rate th e di sp e rsa l f'ro m a sing le 

ta rge t in th e mode l ill u sL rated in Fig u re 7. Fig ure 13 
5ho\\'s a zuuc 0 250 km so u th 0 [" the fi n a l c1i\'icl e du ri ng 

the ice -s h ee t d ecay ph ase . Sed im e nt tim e di s ta nce 
tra jeClo ri cs , erosio n ra tcs a nd th e o u te r d e posi lio na I 
zo ne a rc m a p ped o n Lo th e timc dis ta nce d iagra m . I t is 

ass umed th a t ind icato r e rrat ic di spe rsa l f rom a spec ific 
source w il l ha , 'C ta ke n pl ace dur in g th e ice-sheer 

<lc" -a n ("c ph ase but t h a t th is \I 'ill Iea \ 'e o nl y trace 

qu a nt i t ics in th e r e t re a t-p h ase till. T h e furth es t 

d ispe rsa l of erra ti es e roel ed during th e re trea t ph ase 
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Fig, 12, T"I' hlllk /illJlJlogical ((1I1I/IO,lilioll ill relaliollll! ,Iour{(' lillllllllg)' o/ I"e rfireal-jlha,ll' I/I/.I rlfjill ,lileri durill,!!. 1"1' C),r/t,1 

,1//01l'1I ill F igure,l 7 alld lO, Soula lillwlogiej are SI/oll 'lI a/ollg 1111' !Jollo!ll, I /9 III IIIe ,11111111 q/I"e illilial l/ illal icl' rlh'idl' 

111111 I III 1210 lite Iwrlll , T"e hlllk Cllllljlo,lilioll qf lite lill alIllO' di,I/IlIICI'ji'O/ll 1111' illililll rli l' ide i ,l "IIOWII ill Ifl'lll ,l o/IIIe 

/)J'ojJorlioll ,1 r/l'I'il'edji'oll1 illrii l' irillal ,lollrcl' lilllologie,\. I 'ill ill ,l/allCl'. 1111' 1/11111 ';O()!.-III ('olllaill ,1 Fj% o/lillllJlogJ' 8, 25% 0/ 

lilll%,!!,r 7, /8% q/lilllo/II/!,.)' 6.1'11', ,l/ lIlnial i ,l Irall ,l/Jorled 101111' 11111'1" 11(1'0,1,1 Iltl' jillol rill 'ide /lo,lilioll !Jl'l'all ,l f o/Iltl' rii r ide 

I'\cur,lioll 10 111 1' ,1'011111 durillg 111 1' glacialll/{l\illllllll ( I :ig, 10) !JIII il i ,l 11 111 Irllll ,l/lIIrll'ri III 1111' ,Ioul" IlIfO,1,1 1111' rii l' irie, ,\ '011' 

11101 1111' .lilll/JIiji'mlioll,1 illllerl'lll ill lite iCI'-,IIII'I' I lIIodP{ Ol'l'fI',l/ill7(111' lralll/lorl rii.,/r/lI((' I, 

\\' ill hc din;lted b\' th e rurthest CXU' lll of' the carli es t 

retrcat-pha se traJC'Cl()I'\ ' cicri\TcI I'rolll the so urcc. 

cictl' llllincci in thi s casc by the tillle al \I 'hi c h the icc 

ci i\ ' icie mOlTd no r th orthc so urce I I: ig, 1:,11, Thi s carlicsl 

Irajc('lol'\' tran s portcci mater ial ahoul 100 km rrolll till' 

so urce hd()\'C icc-"hct't Illargin ITIIT,I1 past thi s point 

tn\l1illateci lI 'a ns pO\'l or th e ciehri s package, I I' liT 

consider a lal('r traj cClOl'\' \\ ' hi c h crosses the indi cato r 

so urcc c ,g , I: ig, 13, trajcctory 0 , il lI'ill ha\ '(' crossed 

Ihe sourcc \\'hcn this co incided 11 ilh a hi g her rat e or 

erosion. a ncl \\ ' hen the so urcc \\ 'as cloo .. {'\' 10 th c till which 

I(JI'\lled at Ihc cnd of' tht' trajC'('[on. so th a t indicator 

crratics lI'('rl' nOI so dilutcd by suhsequ c nt cl c hl' is added 

to thc tral'<' lI ing sediment packa g(' , Th ll s, if Ihe 

cOlll'Cnlration or inclicat o r e rralic, ill the l'('tITat-rate 

till is plottecl I Fi g, 15 ' it incrca scs t(JII'arcl s thc indi cato r 

so urc t', I II the spccific case mocklled hnC' , the peak 

conn'nlration occurs sO llle 10 km so uth o r the source, 

This rel1ccts thc ract that., I(J r thi s tilll c distance clynamic 

pa I I cm. th e g rca tCSI amou nt or i nd iea tor clehris is pickcd 

up a lollg Irajccton' 6 7 Fi g, I :'i <IlIcI. a llhou g h sli g hth 

diluted , it st ill e:\cl'l'ds the propo!'lioll pi cked up a long 

1;ltn Irajcctories , The ind ica tor nrat ic pea k Fig , 15 
ca n iJe mO\'l'cI nca rer to or rurthcr li 'o l1l thc so urce hI' 

adjusting t h e g laein ch'namies and th c rClre;lI rat e , Th e 

cOIH'Clllration inn'ilabh' 1 ~t! l s to th e ri g ht or t h e c\ is tal 

c:\trelll il y or Ihl' SO UI'{'(' ( unless there arc icc-rl'Ont 

osc illalions in this zo ne ) as th e p{'\'iocl cluring \I 'hi c h 

eros ion occul'J'cd a long am' trajt'l'lon' diminishes to thc 

ri g ht of' Ihe di sta l (':\Iremi[ y Fig, 13 

'I'h c p<lllC\'I1 s h CJ\1'\1 in Fi g ure 15 is "imilar to the classic 

pattcl'I1 or illdic<lLOr-dellri s d ccrc; ls(' in a till dOIl'n-icc 

rrolll th e incli ca to r so urce , Shilts, 19 76 1, Thc d ispl'l'sal 

di s tan cc is, 11O\1'C\Tr, typically 2 20 lilll( 'S largn than is 

lIo rmal'" li>lllld in the ccntral a rea or an iee shcet 

analogous to th e ZOIlC lIlodelleci ill Fi gu re I S, This ci()('s 

not arisc [i 'o m the thcory nor n ecessa ril y [i 'o lll the li ll 

rheol ogies used, but rrO\ll the \\'ay in lI'hi c h th c s implilicci 

icc-shcc l Ill o del is used to c:\clllplill th e th eo ry, b\' 

o\'C 'Tm ph as iz in g th e becl-dcl()rmatioll compo ncnt o r icc-

,sh CC I 1\l00'('nH·nl. I I Illa\' also hc th at Ihe mass balancc 

usccI 10 dri\'(' Ih c in'-s h ('C' t 110\1' is lOO I<lrgc lilr an iec shee l 

cluring il s linal dcca\, 

I t is also poss ible 10 I'('COllstruct thc di st ribulion or till 

litholog ies rrom a g i\ 'C' n so urcc ill a \'('\'tical plane parallel 

to icc 11( 1\\ li'om th c const ru ct ion shown in h g ure I I" 

I'rogl'('", i\'(' lill aeculllulatioll in the clcposilional ZO Ilt' is 

s iloll 11 lilr a IlUIlIi> c r 01' c1ellris Irajcctories, Bccausc of' thc 

cOll linuous mi:\ing- process rl'li-r rcd to abO\'l'. thl' cleiJri" ill 

tr,lIl~pOI'l a lo ll g- a g i\ '('n traj l'l' to r \ ill thc clcposition /'OIH' 

h as a (,(Jlb tallt cOlllposi ti oll, HOII e\T!'. thl' t ill \\ 'hi c h 

a(,(,III1IIII;\l('s at onc placc do('s so b) cleposition li'om a 

se ri cs 01' lime cii s lan ce Irajcclories , Bl'l'aIISl' cicbris 

packages Oil ciilfc lTlI1 trajl'l'lories ,lIT 01' dil'i'er c llt 

CO lllpositioll , Ihe till "cculllulalill ,~ ,It Ollt' point progl'l's

si\TI) l' hangl's co mpos ition, The cO II ('cll trat io n or illdi

cator ('I'rati('s li-olll thc so urce shO\\'1l in fi g'lllTs 1:1 a nd I ~ 

; dOIl ,~ ;1 11011 sel'l i()1l or the rCl rea t-ph ;lsc till i" Silml'll in 

l.' igul,(, IG, C:oIHTntrationl'OnIOUrs ill the lill clip in all up

ice clircl'lion. a" is liJlIl1c1 ill real c:\amples c,g, K a uranllt' 

,111(1 Olh(Ts. 1977 , 

. \ s 1101('c1 aiJol'(', prccli c tccl (Tratic ciispnsal ciist<lnct's 

arc a cOllsequ cllt'l' of' presnibccl itT-,dl('ct ()('l'u paIlC)' 

tinll's, ice 11[\ :\cs and till rh co logy. ,1I1c1 thc ariJitran 

clccouplillg. in t ilt' int('\'('S! s or s implicit y, 01' thc icc / till 

ddi)\'\lla I iOIl s\'s tc m, ('rccl iClcci cl ispnsa l dislances pro

cl uccd 1)\ this approach (,; lIl1l ot Illnci()I'l' \ ('t Ill' IIsecl 10 

tcst Ih c thcory iJ\ comparison \1 ith oIN'I'\'l'cI cii"pnsal 

cli sta nu'" Th e prcci i('[ cd \T!'lical pall('I'lI, o r c rratil' 

distribulioll ill till can. ho\l('\'(' 1'. i>c Ll ser! 10 I('st the 

thco\'\ ' , Th l' thco\'\ ' co uld Ihcn Il l' Il sccl 10 illli-r aspec" 01' 

P;lst i('e-shc('1 cl y n am ics IJ\ d e lerminill g IlIe i(T-shcct lill 

paralllCll'I'S lI'hi c il proclu('e a goocl lit 10 a pal'l ic ular 

cii spns,Ii tra in, 

ISOCHRONOUS SURFACES IN TILL 

I n am' c1cpositional S\ 's tC!ll , it is impol'lant to ullderstand 

the pallel'l1 o r scdim c llt acculllulation in timc and spact', 
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Fig. 13. I ill/e dijloll{f /)I'o/)erlie.1 0/ all i(e .\'1I('el ll'ltich 
(01111'01 illdica/or erratic di.I/)er.l({/ ji-Olll {/ .ljJecijlr source. II 
.lho[['.I a de/ail q/lhe rfireal /)//{/j(' o/Ihe (reil' illllstral('d ill 
FI~gllre.1 7 ({lid 10. Ic·ro.\'ioll rale.l. lime- s/)[LCf deori.\ 
Iralls/Jarl /rajeclorie.1. 1Il01'ell/ml !if Ihe ice dil,ide alld Ihe 
localioll 0/ lite dejJo.liliollal :Ollf are .lhOlt'lI . .'ls Ihe ice 
dh,ide 1Il01'e.l lIorlh uJ Ihe illdi(alor SOlllIe sill' . ma/erial 
ji-Olll il begillj 10 oe lralls/Jorled .\I)lIlh. The illlerseclioll 0/ 
Illi" earliest trajcclol) Icillt Ihe rtlrealillg ice l11([1l,i1l 
delf}'lIIilles lite 171(11 illl 11 III ellfIIl o/di.ljJl'I'.\{/ljiolll lite .IOlIrre 
durillg Ihe re/real /Jhase . Sedill/eIIl /)(fckage.1 alollg 
"lIcU'ssi!'e lrajeclories Idzidl crO.\ .1 the source (0- 6 ) Icill 
((m la ill illcreasillg /Jro/)orliolls ~/ Ihl' illdimlor lilltology as 
Ihe decreasillg dislaMI' b('II('l'm lite SOllla alld lite lo(alioll 
q/ rle/JoJilioll Icill/JrodllCf le.ls dilulioll oj illdicalor errali(s 
ill lite jJackages. alld Ihe IIWIIIIIIIIII C/'osioll lIlies OCCllr OL'er 

Ihe SOIIl'Cf l1'ltell IrajeclorieJ 6 alld 7 C/'O.I.I il . T ltis will lead 
10 Ihe lraill SltOII"1 ill Fij;ures 15 alld 16. 
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Fig ure 7, lI'hi c h sholl's the seCl ue nt ia l e\'o luti o n o f' till at a 

number o f' sites, an d Fig ure I L whi ch sho ll's acc ulllul

a ti o ll of th e ret reat-phase till in detail . pe rm it LI S to fo llol\' 
telll po ra l c\'o lu t io n o f a til l b \' plo tting isoc hrollous 

s urf~l ces lI'ith in th e till. In b o th Ilg urcs, ho ri zontal lines 

a rc lim e lin es. A long th e 2 1 ka tim e line ill Fig ure 14, fo r 

example, d e pos iti o n was JU St ccas ing a t 205 km a nd just 
bcginn i ng a t 180 km , a de pos i t io na l zo ne o r 25 km ex tent. 

The 2 1 ka isoc h ronous surface within th e ti ll is not, 
howcve r. a s t ra ig ht line fi"o m th e top of the till a t 205 km 

to its base a t 180 km . ~ear t h e u p-glacier ex tremi ty of the 

dc pos i t io na l zone a t 2 1 ka, i ni ti a l cles pos i tio n ra tes a re 
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Fig . N . Delail DJ Figllle 13 showillg 1111' /)(1111'111 DJ lill 
deposiliOIl . II ShOll'.l Ihe /Jrogres.lil'f acclllllltialioll Il/ lill 
(culllltialil'f Illicklll'JS Sh01t'lI ill lIIelres) ji'olll Ihe sl'{lillll'lll 
/Jockages Iraz'I'IIiIl,l!, alollg lime .1/){ICf Ireu·eclorie.1 O. 2. cl 
olld 6 ( 11011' IlIal Itori,::olllal lillf.l are lime lilll's ) . AI 128 km 
aud 1·1-+ kill. /JrogrI'S.lil'l' acclIlllulalioll 0/ lil/lhrough tillle 
a/filed loraliOll.1 is sholl'lI . III lite.\(' Iwo laller (({Jes . Ihe lill 
ouilds Il/J ill illcrelilfll/J deril'edji'()JlI sllaesJi,'e lillle .1/)(1(1' 
Ir{u·erlories .. 1.1' Ihf' lilholol!,iml (OIll/JO.lilioll 0/ sll([(wlillg 
"edilllelll /Jackages alollg 111l'''!' lrajeclories cllallges. so It,ill 
IlLe arclllllll/aling Iill .1'I1Oll' I'nlim/ challges ill IilhologJ' . 11 
call be seell IlIal Ihe oase o/Ihe lill accl/llllllalillg 0/ 1+4 km 
(Ihe dijlal n Irl'1I1iO' o/Ihe illdimlol sOllrce ) will {(illlalll a 
grealer /lIo/Jorlioll o/Ihe illdirolor litelll Itigher Ifl'els. as Ihe 
Irr(jI'Clol),jeedillg Ih!' base h((j Iral'el/('d jin' a 10llger /Jerlod. 
01 higher no"ioll lIlies . 01't'/' 1111' iuri/mlor .lOll/a (.11'1' aho 
Fig . 16) . 

slo w , whilst nea r its cJ o \\'ll-glar ie r cx tremi t y, d c pos i ti o n 

ra tes a rc hi g h (Fi g . I cl·) . Fi gure 16 shows th e up w arcll y 
CO J1\ 'CX isoc h ro no u s SU rf;ICCS fe) r til l produ ced b y th e 

tra nspo rt trajecto l"ies in Fig ure 14 . It ra n a lso be sce n 
[I'o m Fig ure 16 th a t isoc hrono us surfaces cu t th e til l

trans po rl traj ecto ri cs. a nd thus th at th e co m pos iti o n a l 
co nto urs in th e till \\·ill he stee p er tha n isoc h ro n o us 

s urf~lces. reneCling th e ti llle- tra nsgr essi\'l' ach-a ll ce or a 
compos iti ona l \\',l\'e ill th e d rl() rming t il l. 

Isochro no us s urf~lCes ca n be co mplex nea r to th c ice 

sh ec t's maximu m ex te nt. or \\ 'he re complex m a rg in a l 

nu c tu a li olls hm'e occ urred . I t can bc sec ll fro m Fi g ure 7 
th a t th e ach 'anee- ph asc til l will hmT isochro no Ll s S Urf~ICCS 

a lo ng w hi ch d e p os iti o n is initi a ted a t th e di sta l ex tremit y 
of' th e zo ne o r d epos iti o n (a t the po int where th c g lac ier 

t ra nsgresses o\ 'C r a site ) as it ceases a t th e prox ima l 

cx tre mitv. Thus. in co nt ras t to th e retrea t-ph ase ti ll, 
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FI~!!., 13, .I N' mge cOllcml ralioll IV' !lIdimlor erralic,l ill Ihl' rle/lo,lillllllfll 11'11111 deril'f'{lji'lllll Ihl' illll/mlor ,Io llrce ,lholl' ll ill 
F igllre 13, Th e mr/lejllrajeclo lJ'ji'Olll Ihl' SOIlJ'CI' ,lhoit'1I ill F igl/rl' 1-/ delnllllllfl Ihl' IO{{lliollllflhl' end a/lh e I/'{/ill. alld Ihl' 

/JI'(lk cO IICI'II1 ral /011 [oillcidl's 1('11/1 Ihl' /)([ckages dejJo,l il('(/ji'Olll lrajef'lor;I',1 () alld 7 ( F ig. 13) , Till' II'II/tlh o/Ihe I raill alld Ihe 

localloll 0/ Ihe /leak f'ollf'm lrali IJll C([II be clta llged I~I' adjll.l/illg g/{(f'ier / IIII ([rllolllin {(!I(/ Iltl' relrml rail' . 
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F ig , 16, Tlli cf.-lIes,l . (0111/)0,1;1;011 allll i,III(/II'IIIIOII ,1 ,llIrj(ll'I',l ;11 Ihe lill {((,(,(""lIllIlill/!, bl' ll('I'ell 120 kill IIlId 2. i() kill ;11 F i,!!.llrl' 7, 

Th e IlImlloll of Ihl' illdicalor .l(IIIrCl' ( F ig,1 13 ami N ) i.1 ,lhlll(,1I fllld lite cOII(('IIlral;11II '!/ ;lIrilmlor nral;r,1 ;11 lire lill. Th e 

l'olll'mlmlioll,l 11111 bl' ril'l'il,('(1 gm/)/ril'lll! r ji'lllll F iglll'l' N, /. lIJl'irrollolll ,llIljfla,l /rm '(' {( IIJII 'I' I dill 1/r{(1I 1/11' {Olll /)osiliollrt/ 

{(III1I1WIi!'.\' , T//{~ )' rejl!,1'1 11 dl'jJo,I;I;ollal ::'0111' It'iricir i.1 aboul 2:5 kill ill lI'idlh , 

isochronous SUri:H'CS Il'ill dip down-glacier [i 'O IlI th e lOp of 

th e ac" 'a nce-phase till to it s base (Fi g. 17). In the 

terminal zone, \I·herc an ach 'ancc-phasl' till is presc l'\Td 

Iw lo\I' the rc treat-phase till , though sc parateci [i'om it by 

an erosioll surfa cc, isochronou s s urf~lces int cT';cCl thl' 

erosion surl'ace but dip down-glacier in th e ach 'ancc-phasc 

till ~I nd up-glac ier in thc retrcat-phase till ( Fi g, 17). In th e 

ex tl'l'me term inal zo ne, lI'here there is a g rada tion 

iJ ct\I'('c n ach-an cc- and retreat-phase till s, isochronous 

suri;lces arc parali l' L 

111 \\ ' hi c h th e adl>ance-ph ~lse till ha s iJeell parti a ll\' erucied 

bclcll'l' i'urthn till is depositeci during the retrca t phase , 

INTRA-TILL EROSIONAL SU RFACES AND 
BOULDER PAVEMENTS 

Th e th eo ry suggcs ts th at, nea r 10 the m ax imum exte nt of 

a g lac ier ach-a n cc or rc-;]ch'an ee , \IT shou ld expect a zone 

Erosion c1uc to scdimcnt del(JI'll1ation takes placc Iw 

lo\\'nin g th e intcrlilcc I)('tll'('('n the rapidl \' cie[c)I'Ining . \ 

hori zo n and th e stab le B ho riz o n (Fig, 181)) , Th c 

uppermost part or th e 13 hori zo n , as it [;l ils anci bcg ins 

tu dclc)I'lll. dilates, takes in f'urth('l' pore \\'at('l' and is 

redu ced in cic-ns itl '. Th e In tlk ci c nsitl ' 0[' th e ddcll'111ing 

m ~ltri x lI 'ill he Illu c h smalil'1' than tklt o['incli\ 'idua l c las ts> 

In experim ell ts at Bre i() ;llllerk ulj iik uli ( i3ou ILOIl and 

I-lindmarsh , 1987 ), matri x IJUlk densit:, in a sandy till 

lI'a s t y pi cal'" be tll'Ccn 0,6 and 0.65 0[' the c1asl density. 

Th e material wa s nea r 10 lil e liqu id limit a nd there lI'a s 
th e rc ic:)l'e a tcnd e ncy [()!> c lasts 10 sillk thro ug h Ihe matrix 

(L a\\'son. 1982 ). a tendcncy co ullteractcci b\' the mixing 

indu ced h\' [i-eqllclll [c) ldin g C\T nls a s a co nsequence of 

lhe irregu larit\ , or Ih e r\ /B il1ln[;lce. 
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Fig . J8. Formalioll q[a bOllldfF /Jal'flllflll ill lill. (a) BOlllder dislriblllioll dllrillg de/)osilioll. Till de/Josilioll ()("(UIS dill' 10 

1111' /"Ise oJlhe illleljaCf bel1('eel! Lhe A alld 1J Iwr/::,oll') . There is 110 lendflll)'Jor boulder cOllwllralion al all)' sjJeciJic hori::,oll, 
as all lel'els ill Ihe lill lial'l' Ollce bl'en al Ihe A/ B illleljace and (110' om is as Iike~J' 10 hm'f a bOlllder cOllalllraLioll as al~l ' 

olher. (b) BOllldl'l cOllcenlral101l al Ihe desrflldillg .118 illl('1j(lce dllrillg erosioll . ~l s Ihe .'11 B inl('1jace descellds aFOulld a 
bOlllder. Ihe lijiJorrf ill l/ie reLalil'e~)' 101('-dmsiO' deformillg IlOrizoll II/(!J ' 1101 be 1'II01lgiz 10 mol'f Ihe boulder aboN Lhe .'l IB 
/Jlallf. COIISfqllfll/SJ', boulders /( ,ill Iflld 10 be (o ll cenlraled al l/ie illln/ace as il des(ellds . (c) As a /)/wse oJ de/Josilioll 
slIucer/s Ihe erajioll /!hase . Ihe .'l IB IIllel/ace agaill begills 10 rise alld a bOlllder /!{f1'emmL is left marooned ill l/ie lill, markillg 
Ihe lou'esl LfI'ei 10 whic/i l/ie .'IIB /!Lane des(l'IIded durillg erosioll . • ~1s ill (a), Ihere is 11 0 Ifllrlenl) ,.!or bOlllder jJ(wemenls 10 

dl'l'elo/J durillg de/mil iOIl . 

During deposition of till ( Fig . 18a ), there is n o tend ency 

for boulder conccnt rat io ns to d('\'Clop a t a nI specific 

horizo n , as a ll hori zo ns halT, a t sO llle time, co incidecl 

with th e ri sing A /B plane. During subsequ ent erosion due to 

descc nt of the .\ /B int er/ace, w hereas we would expect 

dilatant matrix to mO\T readily into th e deforming mass 

a nd to be il1\ 'oh"ed in th e mixing process of fo ldin g, the 

dense clasts, o n being t'x post'd abol 'e the descendin g A/B 
interl~l("l', lI'o uld resist being drawn intO the [l Oll'. They 

1I"0u lclt encl to remain imm ed ia te ly a b o\"(~ lhe d escendin g ·\1 
B interface , thus concentra ting large r c las ts frolll the 

mobilized till a t the A/B inte rface (Fig. 18b ) . 

sun·il·ed subsequ ent eros ion , such as at a bout 900 km in 

Fig ure 7b, thal a bou lder pal'el11ent de\ 'elops (Dre iI11 Cl n is. 

1976 ) . I t \\'ill be left a t the 10IVes t point to \\'hi eh th e A /B 
plane desce nds. Subsequent deposition during the retrea t 

ph ase will presen T this erosiona l interface and its bo u ld er 

co n centra ti o n (Fig . 18c ). 

It is therefore suggested th a t th e intra-till eros io na l 

s uriaces, sLl ch as those ShO\l"ll in Fig ures 7 a lld 17, I\·ill 

te nd to be marked b y boulder pal"('l11e llls. \\'heth e r o r no t 

th is occurs w ill depenel on th e m a tr ix/clas t d ens i ty 

co ntrast eluring cl efor m at io n a nd the "' li Ct " for ces 

cl e\"e loped during [() lding ep isod es. 

It is on h ' I\·here part o f the acil-ance-ph ase till has Tt has been su gges ted by Bou lLo n and Hindl11arsh 
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( 1987 : sce II~ . 8-i\·) and Bou llOn a nd Do bbie 1993 ) lhat 
under certain condi lio ns the .\ B inlerface \,·ill be a 
sliding int errace rather lhan mcreh· a naITO"· ;(onc 0 1'\·(")"\ · 

hi g h shea r sl rain. :\0 matler ,,·hi c h 0 1" these il is, bUl 
panicularh in the 1'0 rill er c<Ise. ""(' mighl expect some 
erosion 0[" th e lOp su rra ce 01" a bo uld er pa\TI1lCnl to bc 
produ ced by mO\Tm enl of" a till SIUIT\· m"('r thcm. r r lh c 
bou ld ers 01" the p;I\Tlllel1l arc stable , \I ·hi ch lhl'\· ,,·ill lc nd 
lO bc ir they penelrate beneath the .\ B int cr/i1CC', lh('\· 
may acquire a s\·slemal ic patlcrn of" slrial ion rdlcctillg 
lhe dircCl ion 01" lill deformalion O\T I" lhem. This has been 
obscJ"\"('dli·om timc to lime on boulder palTIl1CnlS Elso ll. 
1957 ). 11" boulder P<llTIl1ClllS are a product or inlc r-till 
eros io n , li lhologica I con lrasts ,,·ill lend to occ ur I)e l \lTe n 
oHTh ·ing and uncler l>·ing tills. 

C la rk 1991 has suggcslcd lhat hou lder pa\"(,IllCnlS 
w ill simpl y fo rm al the base or a de/arming ho ri zo n 
becausc of" si nkin g lhrough th e malrix. I suggest. 
hO\,·e\"(' 1". thal lhis \I·ill onh occu r \I·hne erosion. \I·hi c h 
is the sou rce or defi) l·m 'llion till, occ urs. 

CONCLUSIONS 

I I ) .\ theol"\· 01" l'I"osion, lranSpOI"l a nd deposilion IS 
den'lopcd fi))" a n ice shect ,,·herc the dominanl Illode 
of" t ra nsporL is b\· su bglacial sed i Illenl dC'iilrma li oll. 
Thc flu x uf"g lacia ll y lram,puJ"lnl s('d illl ent is rela led lO 
Ih e ice Ilu x. I l tcnds 10 in crease disla lh In lhe 
accull1ulatio n arca and decrease di slall) In t he 
ablation area . . \ s a consequc nl"C' . th e inn cr ;(one 01" 
an icc sheet is predoll1inantly onc 01" eros ion and lhe 
OUler ;(0 Ill' onc' of" deposilion. 

12 J :\] ode lling a simple l"\"(" ir 01" ~ro\l· lh and dccay 01" an 
ice shec t ,,·ilh a fix ed ice di\ ·id c sholls a resultant 
patt t'1"I1 01" a di\ ·id c z(J nt' ,,·ith littl c l'/"osion and lhill 
lill. an in termeci iale zone or inlTc;tsing crosion depth 
and lill lhicKness and a n OUler zone or littl c or zero 
erosion and large lill thicknesses. In th e inncr a nd 
inlerllledialc zonc. t1J(' resullanl till is dcposilcd 
during the cI('l"a\· ph ' lsc. In the OUl(')" ZOIl(" ti ll fi ·om 
lhe ;lch·an ("(' ph ' lsc slll "\" i\·l's bCllcat h th e cl c(";ly-pha sc 
till. There arc gracla ti ona l cont;Il"lS bCt\l"(,Cll thl' l\l·O 
in lh c outtTmOSl zonc. \lhibt a litl le fl lnhlT f"mlll th e 
out('/" lim il. an erosion ZOIlC, whic h nla\· bc marked hI· 
a bOlllder pan' lllcnl. intcl"\"cncs bctwcell litcm. 

3 I f" ice di\·id cs shif"t during the g lacial n e1c. l'arlie r lil ls 
ca n he presl'/"\"C'd belleath th e rel a li\ch- /Ilaul\"(' 
cli\·id e zo ne. Ea rli er l il ls can ,t! S() be plTsel"\"ccl in 
a reas \I·hi ch lay beneath /Ill c r-i cc-s trcam ridges. 
\I·herc 10\1· icc- flu x rates are cxpec ted. 

I ) Th e th cor\" perm ils thl' patte rn of" g lac ia l dispersal 01" 
dcbris to bc compulcd through a glac ia l cycle . l n 
ge neral. it prcdicts lh al the Illean dni\·alio n ciistance 
of lill lith olog ies \I·ill le ll d to increasc uJJ\I·a rd s in all\· 
onc s('qucnc-c; lhal thc deri\·al io ll distance \I ·ill 
Increasc d isla lh·; and lh a t sha rp contrasts in lill 
lilh ology \I·ill occu r across crosiona l illlnlilccs. 

;) The dept h and palllTn or erosion, lhc thickness, 
compos ili on a ncl distrillution 01" lills , lhc s trcll~lh of" 
lin e<.ltions and th e cli splTsa l of" e lTal ics durin g g lac ia l 
("\·e1es a ll depcnci on IlOl h la rgc-scale. clim al ica ll y 

BOil/lOll: T!t I'VI} I!/g/aci({/ f rv.lio l/. /r((II.I/)()ri ((lid dl'/) o.l i/ioll 

dClermined icc-sh(,(,l cll·namic propcrties, a lld slllall
scale altribUlcs of" lhc ice-shcct bed. In cl imal icalll 
marilim e a reas or i;lrgc I"lTtica l m,lss-balancc grad
icn ls, t hc resllltant cnngetic ict' shecls \I ·ill produce 
morc erosion. thi ckcT til ls and stronger lineation thall 
III a con tin enlal a rca of" smallcr mass-ba lance 
gradi e nl. 

,6 EXlensin' suhglacial aCJu ift-rs \I ill lcnd to clrain lhc 
glacier bed an d inhibil the dcliJl"l11alion proress, 
thC'l"c by rcdu c in ~ ratl'S or crosion and deposilion. 

7 hn l'-gra ined ,ed inll'llh on the glacier iJed \lilltendlo 
bc e rocied and lranspo/"led more readily than coa rsc
g l" ,l ill ed scdimC'nts and lhus cont l"i bule pl"cfc.' rentia ll y 
to the IT 'i ullan t l ill. This proccss is a principal 
dl'll'l"l11inanl or lill lilh o log)· and cx pl ains \1 ·111· lill s 
\I·ill tenci to bc cnricheci in the fincr- gr;l inecl sed im en ts 
a\·ailable in the a rca O\·cr \lh ich lh l' g lacier has 
expanded. 

181 Largc-sc;t!e I"('("ons ll"u l"lio\l.'i or till-lhid~lless di slrib
ution and drif"t lin eat io n prociucl'd during fcmner 
glal·ial pCTiods. and large-scale P;lt tCI"I1 S of" lTl"alic 
di striiJuti on in till s can be used to l"('Con SlruCl glac ier 
ch nall1ic hi 'i lor\" . 
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