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ABSTRACT, A th eo n ' of e ros io n a nd depositi o n as a co nsequ ence o f subg lac ial 
sedim ent d efo rm a ti o n O\'e r bed s o f un lith ifi ed sedim e nt is reviell-ecl and appli ed to 
la rge-sca le till sequences fo rm cd o n th e so uth ern Da nks o f th e North Am eri can a nd 
Briti sh a nd Eu ro pea n ice shee ts durin g th e las t g lacia l cyc le , Th e di stributi o n o f till 
thi c kn ess, till lith o log\' in rela ti o n to source m a teria ls a nd intra -till e ros io n sud~l ces 
a lo ng a nOll'lin e in th e :\ ri c higa n lo be o r th e :\1o rth Ame ri ca n ice shee t a rc sho ll'n to be 
compa tible Il'ith th e d efo rm a ti o nal th eo ry but not \I'ith o ther m od es o f' till ge nes is, 1 t is 
th en d emo nstra ted, in th e case of th e Briti sh ice shee l. hcm th e ass umpti o n o f' a 
d efo rmati o na l o ri g in for till s ca n be used to infe r tim e-d e pe nd ent pa tte rn s o f ice-shee t 
dy na mi c beha l 'io ur. By re fe rence to a n exa mple- fro m th e Neth erlands. it is a rg ued th a t 
m a n y till seque nces inte rpre ted as melt-o ut till s a rc m o re like ly to ha\'C fo rm ecl b \ ' 
su bg lac ia l sedim e n t d efo rm <l ti o n, 

INTRODUCTION 

Th e d yna mi c prope rti es o r ice shee ts a rc integra ted o n a 
contin ent a l scale , S in ce liT ex pect s tro ng co uplin g 
be tween th e d yna mi cs o f ice shee ts a nd processes o f' 

e ros io n a nd d e pos i ti o n (e, g , Bo ul to n a nd j o nes, 1979; 

:\facA yea l, 1992 ), lI e sho uld a lso expect la rge-sca le 
spa ti a l integra ti o n of processes o f e rosio n a nd d epos i­
ti o n, H o wc\Tr , th e la rge-sca le no \\' geo me trv o rfo rm e r ice 
s h ee ts c h a nged dra m a ti call y durin g g lac ia l C\T les 

(Bo ulton a nd C la rk , 1990 ) , so th a t res ultant pa tterns o r 

e ros io n a nd d epos it io n must refl ec t integra ti o n thro ug h 

bo th tim e a nd space, 

Processes of subglacial erosion and transport by ice 

Th ese processes I'a ry accordin g to subst ra tum . On rock 
beds orji'o<.ell sedimenl beds. crushing a nd rege la ti o n co upl ed 

w ith plu ckin g prOl' id e th e CUllin g too ls fo r a bras io n 
(Boulto n , 1974 . 19 79 ; H a ll E' t , 1979 ) , a nd th e products o r 
bo th processes a rc in co rpor a ted in basa l ice by rege la ti o n 

(Bo ul to n , 1970 1 as g ra ins o r g ra in aggrega tes , 

On 1I111illtified, III1Jro::.en beds, d efo rm a ti o n of subglac ia l 

sedim e nt res ults in transpo rt a nd erosio n o f sedime nt 

e ntirel y benea th th e g lacier ( Bo ultoll , 1987 ) . 

Processes of subglacial deposition of till 

Processes o f d epositi o n a rc linked to th e processes of 

e ros io n a nd tra nspo rt. Th ey can be defin ed by the 

res ultant till type. 

L odgemflZllill ( Chamberlill. 1895) 
This is m ad e up o r d e bris pa rti cles o r masses o f'd e bris-ri ch 

ice , transpo rted basally in th e g lac ier but whi c h pro trud e 

thro ug h th e g lac ier so le so th a t th ey com e into co ntac t 
lI'ith th e g lac ier bed a ncl. beca use or th e res ultin g 
fi-ic ti o nal drag, co m E' to res t 0 11 th e bed as till. 

.11(11-0111 lilL ( BollllolI , 1970) 
If d ebri s-ri ch g lac ie r ice stag na tes, progress il'e melting 

\I'ill release eng lac ia l d e bri s as m e lt-o ut till. o n eith e r th e 
upper o r 10 llT r surface o f th e ice m ass, Th e thi c kn ess or 
th e res ul ta nt me lt-o ut till w ill directl~ ' re fl ect th e m ass o r 
d e bri s in th e ice at th e tim e o r stag nati o n, 

Deformalioll lill ( ElsolI . (957) 
If a g lac ier is und erlain Iw unlithifi ed sedime nt a nd if th e 
e flec tin' pressure in th e sedim ent is 101\' because o f a hi g h 
int erstiti a l I\',ll e r press ure, th e shea r kJl-ce exe rt ed by th e 
111 0\' ing g lac ie r m<1>' be e no ug h to ca use d efo rm a ti o n o r 

th e sedim e nt Bo ulton a nd j o nes, 1979 ), 11' th e a m o unt 

a nd na ture o r stra in is suffi cient substa nti a ll y to c ha nge 

th e ge0 111 e t ri c rc la tio nshi ps be t \lTe n sed imc n t g ra i Il S . 

dlecti\T ly produ cing a nc\\' sedim e nt , th e dcfcl r111ccI 
sedi111 ent bec0111cs d e fo rm at io n till. 

Th e a reas \I' hi c h und e rli e th e centra l p a rts o f 

Qu a tern a ry ice shee ts in Euro pe and i\o rrh Am eri ca 

co mpri se a n c ie nt ig n eo us a nd m e tam o rphi c ro c ks. 
occas io nalh- olT rlain bv thin , di scontinu o ll s. unlithifi ed 
scdime nts suc h as till. Th ev a re na nk ed by c1 ee p basins of' 
yo ung c-r a nd o ft e n unlithifi ed sedime nts. sll c h a s th ose in 

the so uth ern Ba lti c in Euro pe a nd th e Grea t La kes in 

i\ o nh Am e ri ca. \\'e mi g ht thus expec t "h a rd-bed" 

erosio n a nd tran spo rt processes to d ominate in th e co re 
a reas, and " so li-beel" procC'sses to el omina te in th e o Llte r 
a reas . 

Bo ult o n ( 1987 ) a rg u ed th a t m os t o r th e tills h-in g in 

th e low-reli e f, so ft-sedim e nt a reas, whi c h pred o min a ted 
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BOlltloll : 0 rigill oJ lill sequeIlces 

o n the bed s of the North Ame ri can a nd European ice 

shee ts in pe ri pheral zo nes, were prod uced b y d eforma­

tion of pre-existing sedim ents. This has led to th e 
d evelo pm enr o f a th eory of' e l-osio n a nd depos itio n 
(Bou lto n , 1996 ) fo r an ice sh eet now in g O\'e r a 
d e fo rm ab le bed , w hi ch integrates th e temporal a nd 

spatial evo lut io n of d efo rmation a l processes to predi ct 

the res ulta nt m agnitude a nd di stribu t io n o f erosion a nd 

the thi c kn ess, c ha racte r a nd di stributio n of till. Th e 
purpose of thi s pa per is to d emonstra te the a pplica bilil Y 
o f the theory to sed i m cnrary seq uences produced by 
Pl e is toce n e ice sh ee ts in th e mid-l a titud es of th e 

North e rn H emisph e re . 

THEORY: LARGE-SCALE PATTERNS OF EROSION 
AND DEPOSITION AND TILL PROPERTIES PRO­
DUCED BY DEFORMATION OF PRE-EXISTING 
SEDIMENT (BOULTON, 1996) 

SediInent tran sport 

\ Vhere a n ice shee t, me lt ing basa ll y, !lows over a low­

permeabi lity substratum , pore-water press ures w ill tend 

to ri se towards the va lu e of ice pressure. At a critical \ 'a lue 

of effect i\T pressure, sedim cnt d eform a tion will occ ur 
above a leve l a t w hi ch sed iment streng th is exceed ed . The 
thi ckn ess o f th e d efo rmin g A -h o ri zo n (t A) w ill b e 
(Boull on , 1996 ): 

(1) 

\"h ere Po' is th e effec ti\T pressu re at th e g lacier sole, Tb is 

th e shea r stress a t th e g lac ier sole, {jp' / {jz is th e \'CI'ti ca l 

effecti ve-pressure g radi ent , c is th e co hes ion , and cP is th e 
a ng le o f internal fri c ti on o f the sed im ent. Th e sedim el1 t­
d efo rm a ti o n \'e loc it y a l th e ice/ bed inte rface (lfl' ) is th e 
integ ra led stra in rate thro ugh thi s ho ri zo n , a nd is 

(Bo ulton a nd Hindmarsh, 1987 ) : 

u., ~ r' ( ,A%, r" 
Po +t;Z 

(2) 

whe re A, n a nd m a re co nsta nts. 

If bed d eformation is wid esp read , strong coupling 

be tween the ice shee t a nd its bed wi ll cause sediment 
deformation to be th e prin cipa l contro l on ice-shee t 
ve loc ity. The mass bal a nce of a stead y-sta te ice sheet is 
the u ltim a te d e termina nt o f' its now ra te, w hich, fo r a 

stead y sta te, must be eno ugh to disc harge th e acc umula ­

tion 011 its surface . Th e m ass flu x within th e ice shee t must 

th ere fo re inc rease dista ll y within th e acc umulation a rea, 
a nd as th e ice-shee t surface must, on a na t bed, fa ll in th e 
sam e d irec ti on, in o rd e r LO drive th e now, th ere must be 
a n increase in velocit y in th e d ow n-g lac ie r direction. At 

th e ice-shee t te rminus, the ho rizonta l ve loc ity will be nea r 

zero, equi\'alent to th e ho ri zonta l component of ab la ti on 

( a/ (t an a), where a is th e surface slope of the ice-shee t 
Lerminus a nd a is th e a bla tion ra te) . \Ne th erefore expec t 

76 

the ice-shee t \ 'eloc it y (a nd shear stress ) to peak eith er at th e 

equilibrium line or at so me distance d ow n-glacier from it. If 
d eform a ti on of th e bed is the principa l co n trol on ice-shee t 
\ 'e locity, th e bed-deformation \'e loc ity shown bv Equation 
(2 ) mUSl increase dista ll y in th e acc umulation a rea and 
diminish dista ll y from a point nea r th e equilibrium li ne in 

the ab la ti on area . T hi s can occur bv a n increase fo ll owed 

by a decrease in shea r stress, o r a co nverse cha nge in 

effec ti\T press ure, or a combina tion of both . 
The sys tem is c lea rl y strongly co upled (Fig. I) . Fo r a 

given deform ing sed iment bed and c limat ica ll y de termin ed 
m ass nu x through th e sys tem , th ere will be Lt compa tible 

combinat ion of shear stress, effe ctive press ure a nd ice-shee t 

profi le . U nfo rtun a tely, we do no t ye t ha lT sufli cient 

physica l understanding of subglac ia l dra inage processes 
to ana l),ze th e hydra uli c component o f effe c ti ve pressure 
a nd th erefore to a na lyze th e full co upled sys tem. \Ye ma)' 
there fo re ass ume th a t effecti\'e pressure o r shea r stress is 

ei ther kn own or cons ta nt , a nd th en de termin e th e o th er 

propert ies consistent wit h th e assumption. Both approaches 

pred ic t simil a r patterns of eros ion a nd d eposition. 

~ 
~ 

ICE SHEET 
PROFILE 

BED DEFORMATION 
(EROSIONIDEPOSITION) 

Fig. I . The cOll/lter! ice-slteet/deJonning-bed s)'slem . 

Erosion and deposition 

Eros ion a t a g i \Tn po i n t is th e net loss of mass , a nd 
depositio n is th e ne t ga in of m ass . 1 n th e d efo rmin g-bed 
sys tem, eros ion a nd d epos itio n a re ta ken as loss or ga in 
from a s ta bl e B-h ori zo n . Th e d efo rmin g A-hori zo n is not 

d epos ited sediment , a nd th ere fore cannot be erod ed , but 

is a na logo us to th e " bedload " of a river , part o f th e 
tra nsporting sys tem . 

H there is comple te co uplin g a t th e ice/ bed interface, 
th e \'ci oc ity of the g lac ie r so le is th e integ ra ted stra in ra te 

in th e unde rl ying A- ho ri zo n. [n a stead y-state sys tem, 

where shea r stress a nd ve loc ity in crease down -ice in th e 

acc umul a ti o n zo ne, th e di scha rge in th e A-horizon ,,·ill 
in crease down-i ce in th e acc umul a li on zo ne. This increase 
w ill be provided from th e B-ho ri zo l1 , since th e A lE 
inte rface is lowered clu e to an in c reasing shea r st ress 

(Eq ua ti on ( I )) . Th e loss of m ass by th e B-h or izo n is th e 

process o f erosion. Conversely, in th e ab la ti on zo ne, where 

th ere is a d own-i ce decrease in shear stress a nd \ 'e loc ity, 
th e AlE interface will ri se, a nd m ass wi ll be lost fi"om th e 
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A-h o ri zo n a nd ga ined il y the B-h o ri zo n , produ cing 

d e positi o n. Thus, in a stead y sta te, e ros io n \I·ill occ ur 

\I 'he re disc ha rge inc reases d o wn-g lacier , and d epositi o n 

whe re it d eCl'eases . Sedim e nt di sc ha rge in th e A-horizo n 

(QA) will be 

a nd th e ra te o f e rosio n will be 

. bQ A 
E = ­

bx 

(3) 

wh ere x and z a rc hori zo ntal a nd \ 'C rti ca l coo rdin a tes, 

res pec ti\ 'C ly. Eros io n occurs when E > O. a nd d e positi o n 

when E < O. Fo r a bed o f unifo rm rh eology , e rosion w ill 

d o minate in th e acc umul a ti o n a rea , inc reasin g to a 
ma:-;imum just a bO\'C th e eq uilibrium lin e . Th ere \\'ill be a 

ba lance be t\l'ee n e rosion a nd d epos itio n a t th e equili­

brium line , a nd d epos iti o n will occ ur in th e a blatio n a rea . 

This is a large-sca le pred ic ti o n for an ice shee t in a stead y 

sta te. I t d oes no t tak e account o f \ 'a ri a ti o ns in bed 
rh eo logy a nd dra inage , or of three-dime nsio na l d yna mi c 
el em e nt s in th e ice sheet such as Ice streams a nd inter­

strea m rid ges . 

In th e tra nsient case , a progressi\ 'C inc rea se o f shea r 

stress o r d ec rease o f eITec ti\ 'e press ure can increase th e 

d epth o f th e A-h o ri zo n, inc rea se th e ra te o f e rosion , o r 

ca use a cha nge fro m e rosio n to d e positi o n. Fig ure 2 sho \l's 
th e m od ell ed g ro \l·th o f a n ice shee l a ll or \I ' hose fo rwa rd 
mO\'e m e nt takes pl ace b y dcCorm a tion o r th e bed 

(Bo ulton. 1996) . It shows th e prog ressl\'e di sp lacem el1l 

BOllllolI : Origill qf lill sequences 

o r bed sedim ellt s as an ach 'a ncin g wa \ 'C benea th th e ice 

shee t. In th e inne r zo ne , th e re is a ne t loss o f m ass 

(erosio n ) beca use o r acce lera tin g no w of th e d efo rming 

sedime nt , whil s t in th e o uter zon e th ere is a ne t ga in of 

m ass (d e positi o n ) because of d ece le ra ting fl o \l ' o f the 
defo rmin g sedim ent. As lh e ice shee t m O\'es O\'e r a g i\ 'en 
POilll , th e bed at th a t po int is subj ec t to a seque nce o f 

three sedime nta ry regimes : 

( 1) Initi a l acc umul a ti o n o f till o\'e r th e site. 

(2) As eros io ll begins, pre-e:-;i stin g till is progress i\'C h ' 
IT m o \ 'C'd. 

(3 ) Erosio n has now remO\'ed a ll till and begins to bite 

d O\\'n into th e pre-e :-.:i st ing surface . 

In the res ults shown in F ig ure 2, effec ti\ 'C press ure is 
prescribf" d a s a co nstant \ 'a lue, in contras t to lh e e:-; a mple 

gi\'e li in Bo ul to n ( 1996 ), \I 'he re shea r s tress is prescribed . 

Eflcc ti\'e pressure is sm a ller in m od el B th a n in m odel A . 

:'fod e ls A and B produce simil a r rates o f ice-shee t 

ach-a nce , larg el y d e te rmin ed by m ass ba la nce , but till 
thi c kn ess in m od el B is sm a ll e r , a s lh e sorte r till (sm a ll er 
effeC li\"(' pressure ) produ ces a n agg regate shear s train 

simil a r to th a t o f m od e l :\ throu g h a sm a ll e r till thi c kn ess . 

I t is a ss um ed in thi s m od el th a t th e bed is m a d e 

entirely of unlithifi ed sedime nt. I n stage 3, so ft -bed 

eros io n m ay remO\ 'C all unlithifi ed. defo rm a bl e sedim ent 

a nd e:-;pose underlying bedroc k. U nder th ese circ u m ­
s ta nces, th e re is no rea so n wh y th e d e fo rmin g m ass sho uld 
no t produce eros io n of und erl y ing bedrock b y a bras io n , as 

ell\' isaged by Gj essing ( 1965 ) , a lthoug h a t a muc h 
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Fig . 2. illodelled evolul ioll 0/ ice-sheel /Hq/ile ( II/)/Hr diagram) a/ld lite pal/em oJ erosion alld de/Josilioll dill' la d~/orlll a l i() 1l 

0/ all IIIz/illt iJied slIbglacia/ bed ( Ion'er diagra lll ) , ~)I/) ical qf lite Oilier ::'011 1'5 0/. \ 'orlhem J-iell/i,pli ere ire .Iheel, . durillg !Cf­

sheel growt!, . T wo lIIodels are sh01('II. ill which a rOllSlall1 W eclive /Jres Sl/re i.1 (,, !> /lIned al Ih e ire/bed ill ffljace. T he if/ecli z'e 
jJre.I.\ ure ill model B (50 kPa) is sll/al/er Ihan ill 117 ode/ ,,1 ( IOO kPa) . . \ ole Ihal a less viscous lill ( //Iodel B ) z.('ill df/'e /ojJ a 

sl/IaLler Ihicklless il1 JaeililaLillg the same ice-si/eeL resjJonse. For details oJ comjJutatioll , see Boulioll ( 1996) . Erosioll and 
deposilioll are re/a led to all ill ilia/(J' hori;,oll ta/ bed. 
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Bou/lolI : Onj?ill OJ li// sequellres 

redu ced ra te compa red vvith so ft-b ed e ros ion . Such 
erosion w ill cease a nd till wi ll be d eposited o n th e 
bedrock surface if condit io ns cha nge so th a t fA (Equation 
( I)) is less th a n the till th ic kn ess. 

Large-scale patterns 

The co nsequ ences o f a co mplete g lac ial cycle a re 
illustra ted b,' th e t ime-d epend ent simulat ion in Fig ure 
3. It is produced b y pe rm itt ing th e ice shee t, with its 
ma rg ina l zo ne oC d epos iti on and its inn er zo ne of e ros ion , 

to advance a nd retrea t O\'e r a surface. The hi story o r' a 

number o f" ind i"idua l sites is follo\\ ed through time. 
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Th e fo llowing zones are identified: 

::'0111' J (D- E, Fig . 3) . The ice-d i\ide zo ne, \\·ilh sli ght 
erOSIO n a nd a thin till d epos ited du rin g th e re trea t 

phase . 

::'olle 2 (B- C, Fig . 3). A zone of stro ng e rosion with a 
ti ll derived from th e re trea t ph ase on ly. 
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Fig. 3. Time-sjJace eII ve/ojJe of all ice sheel during a sim/lle 
glacial ()'Cle alld Ih e hislolJ' oJ erosioll alld dejJosilioll al 
sjxciJi'c siles ( A- E ) . AI these sites . l'erlirallillfs shou' the 
origillal sill/are. alld Ihl' ({{ITal lille ils erosiollall 
dejiosiLiollal e1'o/utioll. Deflalioll oJ Ihis li lle to the lefl 
sholl'.I· 111'1 dejJositioll, alld def7ectioll to fh e righl s/tou 's /lel 

flOS/O II . • 11 E B. lifl is .first de/Josiled as Ihe glacier 
aNn/des Ih e sill'S. III lite juraedillg erosiollal ::'0111' . Ih e 
adl'{{IICf-/Jhase til! is remol'ed ullti! erosioll bites dOll'1I 
bellealh Ihe origillal subslralulII. alld a jl//{t! retreat-pha je 
til/ is Ih ell de/lOsiled 011 Ihe eroded sUI/are. AI . 1. de/Josllioll 
dur/llg 1/1 1' rell"fat phase reCOl1lmfllCfS before all the 

adl'{lIIce-jJliase Iill has bel'li eroded, resullillg ill two I/lls 
leillt all illtm'enillg erosioll .\"III/ace (jJossib()1 marked ~)' a 
bOlllder /J{/l 'elll en I ) . TIle ellrellle margillo/ ::,oll e at Ihe 
glacial 1I1(lIilllllll1 lies mlire()' ill the de/Jojiliollal ::'0111', alld 
so lil! deposilioll is cOlllillIlOUS, thollgh tlte rail' lIaries. TIle 
diagram aLso shows 1/11' sillllllated fim els/lace h {u'eclol} oJ 

de./olmillg-sedimelll /Jockages. Th ese /Jackages acquire 
sedimellt ill ::,olles if erosioll alld Lose il ill ::,olles of 
deposilioll. so determillillg 1111' comjJOsitioll (V' the reslIllalll 
Lill III relolloll 10 lite source oJ malerial ( Fig . 4) . 

o 

ZOlle 3 (A , Fig . 3). A zo ne of no eros ion of preglacia l 
bed s, o\'e rl a in by Cl thick ti ll seque nce conta inin g both 
ack a nce- and re trea t-phase ti ll s but w ith an inten 'en­
ing e rosional inte rface . BoulLOn ( 1996) has sugges ted 
that th e lowest lewl to which eros ion d escends w ill 

tend to be marked by a bo uld e r pm·ement. 

ZOlle 1-. A zo ne \T ry nea r th e limit of g lac ia ti on , w here 
th ere is no e rosion of preglac ia l bed s, w hi ch a re 
O\ 'er la in by a th ick till sequence th a t is continuousl\' 
deposited throughout the local g lac ia l cycle. 

Till composition in relation to source materials 

Th e th eo ry a lso pe rmits th e u'ajec tori es o f d e fo rming ­
sed im e nt packages to be [ollowed through tim e a nd 
spa ce ( Fig. 3) and th e re b y th e li th o logica l compos iti o n 

o f till s to be relat ed to th e so urce o f the compo nents. 

Th e m O\T m ent of I i th o logicall y c1i st i n c ti\"e d e form i ng 

packages can be like ned to tra rTi c 00\\', in w hich 
ma teria ls fro m nea rb y so urces becom e progITss i\ "Cly 
furt lt cr se pa rated in zo nes of ex te nsion (eros io n ) , a nd 
cO I1\"Crge in a zo ne ofcompressi\ 'e Oo w (depositi on ) . In 

a zo ne o f d e positi o n , far-tra\" e ll ed m a te ri a ls wi ll be 

d epos ited a bO\'e m OIT local m a teria l. Th e d istr ibution 
o f so urce lith o log ies in relat io n to till thi c kness 
resulting fro m th e g lac ia l cycle in Figure 3 is shown 
in Fig ure 'k Note th a t in zone 4 (se!" above ) an e rosio n 

surfa ce wi ll tend to sepa ra te lith o logica ll y di stinc ti ve 

ti li s. 

\' e rti ca l and hor izo nra l trends in till li th ology in 
rel a ti on to th e so urces o f compo nent sedim ents are 
a nal yzed and d esc ribed by Bo ulton ( 1996) in greater 
d eta il. 

APPLICATIONS TO LARGE-SCALE GLACIAL 
DEPOSITIONAL PATTERNS 

Introduction 

I t is intrinsica ll y d irTi cu lt to es ta bli sh th e magn itud e of 

eros ion except thro ug h the sed imcnts tha t ha\'e been 
genera ted as a consequ ence (Be ll a nd Lain e. 1985 ) , 

a lt h o ug h C lanon ( 1974 ) has a t tem pted to do this 
qua lit a ti\'eh ' (i'om th e a ppare nt inte nsit\· of g lac ia l 
e ros iona l la ndfo rms in Brita in . 

A ltho ug h it is th eo re ti call y eas ie r to reconstruc t 

patterns o f" till thi ckn ess a nd compositi on in ord er to tes t 
th e a bo \'e theor y. m os t detailed d a ta o n thi ekn ess a nd 
litho logica l \'a ri a ti o ns in tills com e fro m a reas th a t are 
sm a ll co mpa red \\'ith th e ice-shee t-wide scale o f" the 

modcl shown in F ig ures 2- 4. Th ere is cl ea rl y a need to 

coll ec t fi e ld data on a la rger sca le than has been 

customary. 
T o ill ustrate app li cations of the theory , two ap­

proa ches ha\'e been chose n. I n tlt e first. itis a rg ued th at 
th e sed iment-d eformatio n o rig in fo r a g i\'en till sequcnce 
is the o n'" plausibl e ex planation compatible w ith rhe 

d a ta. I n th e second, a sed iment-defo rm a tion or ig in for 

ce rt a in till sequences is ass umed , a nd inre rences a re mad e 
aboLlt g lac ia l hi story and d yna mi cs by a ppl ying the 
th eory. 
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BOllllolI : Origill ~llill jl'{lUflltfj 

30 

Ti ll composit ion 

]: 20 

~ 
~ 

'" c 

"" 
Erosion 
surface 

'"' :2 
10 f- Advance-

phase till 

0 

tooo 800 600 

Retreat­
pha;e till 

400 200 o 
Distance rrom datum (km ) 

Fig. 4. The lIet dejJositional consequence of Ihe glacial (Veil' Sh01.t'1I ill Figure 3. Th ere are./our jJrillei/lal zOlles: all ice-riil'irie 
::' 0111' of hllle erosioll and Ihil1 relreal-/J/wse tills (0-300 kll7 ) : all illlenllediale :::olle oj slrollg erosioll alld Ihicker relreal­
pha.le lilLs (300- 820 km ) : a ::'0111' (!/Ihickesl lill . reslillg 011 all 1ll7froded subslrall/III, com/Jrijillg a lower. ad1 lana-jJhase lill. 
sejJaraled /J..v all erosio ll slIIfaceJrom lite relreal-/Jhase lill (815-925/\111); ((nd all ol/Ier ::'0111' ojlltillllillg lill ill ll'ltielt lite 
advance-jJhase tilL grades u/Jl.cards illto the fetreal -jJhase til! (925- 960 km ) . 

The diagram also shol1.'s the challgillg soum of Ihe lill ( ill relalion 10 10 Ihe sOllrce of ils cOlI/pollell1 !il/tologie:, ) . If 110 

m/\illg due 10 joLding ~C'ere 10 occur during shearJ7oll' oj the de/orllling till, t/le tiflll'ollld consisl oj (Ill /I/llcard sequence 
wltich reflecled /lfogressive(J I more distalll source lil/tologies .. \f i\illg due 10 }lolt '-joldillg dilules Ihis lendenc), ( 1301111011. 
1996) . • \ ale Ihe lilltological colltrasl a{l"oss Ihe erosiollal di.)colllilllliO'. 11 is slIgge:,led ( Boulloll . /996) Iltal Ihe laller u'ill 
be marked b)i a boulder /)(I1'elllenl . 

A sediInent deforInation origin as the only plausible 
explanation: the late-Wisconsinan tills of northeast 
Illinois, U.S.A. 

I t has been suggcstcd by Boulton a nd J oncs ( 1979 ) and 

A ll ey ( 199 1) th a t th e till shce ts nea r th e so u th e rn marg in 

or thc la te-\Visco nsina n La urcntid e ice shcct in th e 
\·icinit\· or th e Grca t La kes co ul d ha\'e been ge nera ted 
b y subg lac ia l, so ft-b cd deformat ion. Til l units in thi s area 
\'ar)' in lith o logy and con ta in intra - a nd inter-t ill erosion 

surfaces. W ork by the Illino is Geological SUr\'C\' OW l' 

m a ny years has es tab li sh ed a detailed strat ig ra plw ror th e 

ti lls produced by thc so-ca ll cd L a ke lVli chiga n L obe of'th e 
la te-\\ ' isconsin a n Laurentide ice sheet. South or La ke 
l\li chigan. the ice sheet p iled up stac ked ti ll shee ts whi ch 
te rmin ate in pa r a ll c l, loba te end mora in es. Fig ure 5 shows 

a ge ne ra li scd cross-sec ti o n produced by H a nsc l and 

J ohnson ( 1987 ) across th e outcr part or th c depositiona l 

stack. I t shows three li thologically d istin c ti\ 'e till units 

whose compo nents, 1"om lowes t to hi g hest till , were 

w 

margin 

_ + __ + ~adationaJ cont act 

- - -+--
red· 

d eri\'ed from subglac ia l so urces located progrcssi\'e ly 
further no rth. Th ese lith o logica l units a ppear to be 
separa ted by erosion su rfaces in prox i m a l posi tions. 
ge ncra lh' marked by boulder pa\'C mcn ts, but appea r to 

grade into each other nea rer to the formcr ice-sheet 

maximum. 

These a rc preci sc ly the re la tionships that II-o uld bc 
expec ted rrom Ih e theory. Tn ge nera l, thc dOlI'n-ice 
sequ ence o r Iith o logica l boundaries in the substrat um 
\I·ill be ref1eClcd in the up wa rd lith o logica l sequence in 

th e tills. Th ere arc complications. ho\\,eyer. :\ear th e 

terminus of th e g lac icr , tills dcposited during the adulnce 

phase g rad e up into th ose deposit ed during d ecay. 
Furthcr rrom the tC'rminus an eros iona l phase il1len-cnes 
be LII'ce n the ach 'a nce-phase and retreat-phase tills to 
produ ce a bou lder pa\'Cme nt in the way described b\' 
Bo ul ton ( l 996 )' As ShO\U1 in Fi g ure 3. there is a 

sys temat ic shift in the location a nd Iridth or the zone 

rrom w hi ch deforming-sediment packages passing OI'Cr a 
particular po int are c1cri\'ed , an d thu s th e mean 

E 
B c 

Wedron 

-+--+ 
grey Tiskilwa 

re I Iwa erosional contact 
older drift and bedrock 

80 km 40 o 

Fig . 5. D iagrall7 s/zoll'illg the lale- II 'iscolIslllall lill seqlle/lCf alollg aj1ow/ille IllOmgh a lermillal ::'0111' of 1111' ,\!irhip,all lobe 
0/ lite Laurenlide ice sheel ill 111i1l0is,ji-om Hallsel alld J OIIIISOII ( 1987). Three ::'0111'5 are dijlillgllished: A. COIuimllal 
jacies sUjJerimjJosilion 1.( 'i/h gradatiollal cOlllact:, belween red-gre)1 alld gr~)' T iskihC'a jacies lIear Ihl' II 'isconsinan II/({}gill. 
E, COI!formal and gradational contacl belll'een .\falden IInit I alld red-grq Tiskilwa. alld unconjormable. ero:,'iollal {olllact 
belwell red-gr~J I alld gr~J' TiskiLwa facies. C, Cllcoluormable alld erosional ron/ac/s bellc'eell .\la/dell / and red-gr~J' 

Ti:,kihm alld belween red-grq alld l;r~J ' Tiskih('({ facies. 
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BOllllolI : Onj;ill o/lill sequences 

d eri\ '<l ti o n d ista nce of th e litho logies acc umul a tin g in a till 
\I 'ill tend to increase progress i\'e ly with time , I f' souree 
litho logies cha nge a lo ng th e nO\l' direc ti on, \I 'e wo uld 
ex p ec t th e progress i\T acc umul a ti on of till to renec t this, 

In th e d isLa I zo ne, acc umula ti on oCtill \I 'ill be continuo us, 

a nd th erefo re till litho logy \I'ill cha nge g radua lly, \I 'he r-eas 

mo re p rox ima lI\- , \I 'here ad\ 'a nce- a nd re treat-ph ase till s 
a re se pa ra ted by eros io n surfil ces, \IT \I'ould ex pec t sha rp 
litho logical cha nges ac ross th e e ros ion s url~lce (Fi gs 3 a nd 

4), This pa tt ern occ urs in th e tills of no rth eas t I llinois, 

G,S,:-\, 
A sc he m a ti c di ag ra m inte rpre tin g th e no rth eas t 

Illin o is till seq uence by th ese processes, is shO\l'n in 
Fig ure 6, and is companlbl e with th e g lac ia l hi s to ry 
infe rred by H a nscl a nd J o hnso n ( 1987 ), Th e changes in 
till litho logy , \I'he th er th ey a rc g rad a ti o na l o r sha rp, must 

be di achrono us a nd reDec t progress i,'e ack eC li on of a 

co m pos itio na l \I 'a\'e, Thus, th e o ute r ex tent o f th e ~Ia ld e n 

till , shown in Fi g ure 5 , need no t ma rk th e m a rg in o r th e 
g lac ier a t th e tim e th e till \I 'as d eposited, Tt m ay have 
ex tended beyo nd th e ~l a ld e n till limi t o r ha \"C bee n 

sta ti o na ry fo r a long peri od a t th a t limit. On ly furth er 

e,' id ence ca n d etermine thi s, 

It is importa nt to no te th a t, acco rdin g to th e th eon ', 
th e ph ase o r m axim u m ice-shee t ex tension is represe nt ed 
in th e easte rn a rea no t b) ' till s but by erosio n surf;\ces , In 
th e th eo ry, reducti on in defo rm a ti on-till nu x towa rds th e 

g lac ie r te rminus is associa led with reduc ti ons in basa l 

shea r st ress a nd ice nu x which occ ur in th e , 'icinit y o f th e 

equilibrium line , This redu ction in till nux ca uses a 
cha nge ri-o m erosion to dq.Jositi on , \ " e m ig ht thus ex peeL 

th e o ut erm os t limi t o f intra -till e rosio n to indicate th e 
a pproxim a te pos iti on o r th e equilibrium line a t th e ice 
shee t' s m ax imum ex tent. Th e g rey Tiskih\'a /red-g rey 
Tiskih\'a and red-g rey Ti s kilwa / ~'fald e n e rosion surfil ces 

ex tend to \\'ithin 33 a nd 37 km , res pec ti ve h ', of" th e 

a pproxima tely contempora ry ice m a rg ins, This compa res 

with typi ca l di stances o f 30 60 and 20- 30 km , res pec­
ti\'e ly , ne twee n th e m a rg ins a nd equi librium lines on th e 
mod ern \\ 'es t Gree nl a nd ice shee t and th e V a tn aj okull ice 
ca p in Ice la nd , 

Altho ug h th ere is a bunda nt sedimentarv C\' id ence in 

no rth eas t I llin o is of subg lac ia l shea r deform a ti on within 

till s a nd assoc ia ted sediments (e,g, J ohnson a nd H a nsci , 
1990 ), th e app a rent a bse n ce o f macro-sca le sh ea r 
structures should nOl be ta ken as evid ence o r a bse nce oC 

shear d efo rmation , It is a rg ued by Boulton ( 1987 ) th a t 

progress i, "C d eformation will tend to produce a sm oo thl y 

d efo rmin g, hom ogenised , m ass ive till , w hose base m ay be 

pl a na r a nd ""hi ch m ay o \'erli e a ppa rentl y und efo rm ed 
sediments, 

J suggest th a t thi s seque nce, th o ug h compa tibl e with 

th e sedim ent-d efo rm a ti on h ypo th es is, is no t compa tibl e 

\\ 'ith eith er th e melt-o ut o r th e lod ge m ent hypothesis, 

There is no sedim entol ogica l evid ence of re trea t be twee n 
th e litho logieall y di stin c ti\ 'e till units, '\le lt-o ut wo uld 
th e re fo re ha\'e had to produce a sing le stra tifi ed sequence , 
Th e prese nce of intra -sequence e ros ion pa \T lll ents is 

incompa tibl e with such a n ex pla na ti o n, \ 10 reo\'e r , no 

sing le kn own mod ern eng lacia l-d e bri s sequence \\'o uld be 

th ick a nd concentra ted enoug h to produce such an 
extensi\ 'e thi ck till sequence (Boulto n , 1983), 

100 

DIST ANCE FROM DATUM (km) 

50 o 

80 

~ 1 

11 

RECONSTRUCTED 
GLACIER HISTORY 

RECONSTRUCTED STRATIGRAPHY 

EROS IONAL 
CONTACT TRANSITIONAL 

CONTACT MALDEN TILL 
RED-GREY - - - - - - ..... ~"2~~77 ___ - ~ _ _ _ _ TILL 

:':: GREY TILL " 

Fig , 6, , I schemaliediagram suggestillghow lh e lill seqllellee sl{o ((7l1iIlFigure .5I71(~). hm.e origillaled, COlU lII llS A- E 
illllslrale Ihe /Jallerns of erosioll alld dejJosilioll l!truugh lime al each sile, ill Ihe lIIallller showlI ill Figure 3, COll lillUOIIS 
dejJosilioll oCCllrs al siles A- B, willt a lime-lra llsgressive u'ave oJ red-gr~)I deb risJollowing lite grq debris, producillg grey 
Iill ol'er/aill kJI red-grq lill, AI C, lite lC'{{ve q/ .llaLden debris jJlor/uces de/Josilioll oJ ,li aLden lill , j 'ole l/tal Ihe exlenl oJ the 
.I/aldm till is 1l01Ilecessari(J' relaled 10 a dislillclille glacial /)Iwse or readval/cf , il ll1(~)i sim/J/y reJlecl lite aIT /ml of lhe debris 
Wal'f, AI D, (II{ erosiollal eVeIIl occurs, generalillg a bO ll lder jJa velllenl belween Ill(' grey alld red-grl?)l debris, AI E, Iwo 
erosiollal el'ellls ocwr , producillg Iwo bOlllder /}(lVemenls, ," ale Ihal boLlt lilhological boundaries al/d boulder /)(lVemel/ls are 
I ime-Iral/sgressive , 
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\\' h e reas th e lodgem e nt p rocess lI o ulel h a lT th e 

cO I1\Tyor-be lt capac ity to produce thi c k. stac ked till 
sequ e nces o f' te mpo ra ll y , ·<tryin g co m pos iti o n , th e re is no 
reaso n I,' h y sl's tc m a ti c palle rn s 0 [' eros io n a nd d cposition 

o r c ha nges II'om continuo us to e ros io n a lh- int errupted 

d epositi o n sho uld be produ ced in such a n a rea , 

Ice-sheet dynamic his tory inferred from the as­
s umption of a d eformational origin for tills : the till s 
on the ea s t coast of England and the adjacent North 

Sea area 

I nOlI' tak e a n exa mple 0 (' till sequ ences fi'o lll th e o ut c r , 
sedilll cnt-ri c h a rea o f' th e las t D c\'c nsia n g lac ia ti o n al o ll g 
th e cas t coas t o f' Eng la nd , w hose thi c kn ess c1 is l1 'ibutio ll 
a lo ng a la rge-sca le Il o ldin c h as bee n reco ns truned , a nd 

exa mine th e g lac ie r d y n a mi c hi story whi c h th e th eo r y 

1I'0 uld impl \' if' lIT ass um e th a t th e till s hm'e bee n 

empl aced bl' sedim ent d e fo rm a tio n. 
Large -sca le trends 0 [' till thi c kn ess arc difTi c ult to 

es ta b lish usin g te rres trial d a ta, II' hi c h an' no rlll a l!:' 
d e rived fi'o lll ex posures 0 [' limited I'e rti ca l a nd la te ra l 

ex tent o r fro m bo re ho les th a t a re iIlS ufTi c ienth- numero us. 

o r. at bes t , li 'o m sea clifT,. Continuo us-re fl ec ti o n se ismi c 

pro filin g a t sea d oes . hOIl,(, I'(' r , a 11 011' us to build up d e nsc 
sLlITey ne (\\'(J rks lI,hi ch . pro l ' id ecl th e litho logl ' o r th c 

BOllllolI : Origill of lill jfqlll'llCl',1 

sequ e nce ca n be prOlTd in bo reh o les, pe rmit us to 
reco ns tru c t la rge -sca le till-thi c kn ess I'a ri a ti o ns. Suc h a 
SLlnTY o ff th e cas t coa st o r Eng la nd has bee n a n a ll'zed 
(perso na l comlllunica ti o n fi 'o m C, S , Bo ulto n a n d P, 

D o nge lma ns, 1990 a n d p ron:'d b y bo re ho les (C a m ero n 

a nd o th e rs, 1987) to permit a reco ns tru c ti o n of' th e 

l a ri a ti o n in thi c kn ess 0 [' th e till masses d cpos it ed b y th e 
las t icc shee l th a t fl o l\T cI {'ro m 1I 0 rth eas t En g- Ia nd in LO th e 
Il'es tc rn l\ o rth Sea (Fig , 7 , Fig ure 8a sh oll's a nOrLhll'l's t 

so uth eas t senio n thro ug h th ese ti lls, Altho ug h th e re has 

c lea rl y bee n pos tg lac ia l e ros io n in th e nea r-sho re zo n e, 

this is rega rd ed as no t be ing o f impo rta nce m o re th a n 

a bo ut 50 km li'o m th e sho re , Th e till s a ppear to thi c ken 
fro m t he pres um ed icc-c1il ' id e reg io n in th e no rth c rn 
Pe nnin es 100\'<! I'c1 s th e coas t in th e " ic inil y o r th e ri , 'e r 
T yn e, Il'h e re th ey reac h a thi c kn ess o f' 35 -+0 m. BeI'C)I1d 

thi s. th e ti ll s a rc a gain I'e r y thin , a ncl th en thi c ken to 

a bo ut 20 m imm edi a te h ' n o rth o r th e limit o f' la t (' ­

D el 'C nsia n g lac ia ti o n , Th e zon es of thi c k till arc n o t 
m o ra in cs , Th c)' a re IT rv w icle (50 100 km ) , ha lT <! I'(' ry 
10 1\' as pec t l'<I ti o a nd IIT IT (' le a d y !l o t pl'oclu cccl a s 
mora in es a t a n ice m a rg in . 

D a tin g co nstra int s o n th e gro" ,th a nd d ecay o rthi s ice 

sh ee t a re fell '. I t adl'a nced beyond Dimling to n o n the 

Eas t Yo rkshire coas t a['tc l' 18500 HI' IP e nn y a nd o th e rs, 
1969 a ncl re t reared rro m th e Isle o f' ,\ I a n befo re 15500 BP 

2W 0 2E 4E 
56~~~~--------~--------------~~------------~56 

o 

o 

x 

55r---~ __ --~~~~~ ________ ~-H~ ____ +-________________ -!55 

SCALE (KM) 

o , 25 , 50 75 , 100 , 
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Fig. 7, /so/Jad!)'les ojlale-Del le1/jialllilllhirklle,ls ill lhe wfslNII. \ 'orlh Sm , adjll(fIIllo 1/11' I'(!sl coast oj /~'lIglalld ,lholl'lI 011 

the LeJi oJ the diagralll , l_ille.1 oJla tit llde alld IOllgitude art' ShOlt' lI ill degree,l, Th e Iille oJseclioll ill Figure Ba rullS through .r 
alld ) '. 
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Bou/toll : Origill oJ till seq1lences 
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Fig . 8. (a) The distribution of thickness oJ Devensian tills along the east coastal area of England derivedJi'om the seismic 
i1lteljJretation shown in Figure 7 and Ji'om all -land data . The Line of jJrojile e.\tends Jrom the northern Pennines 011 the left, 
across lite coastLille in the vicilli~J ' oJ the river ~Vlle (260 kill ) as Jar as the margin oJ the till mass showll in Figure 7. ( b) 
T he I){II/em a)' D'lI1melric ice-sheet advalla and de[(~)' along the tral/sect reqllired to generate tlte liL! thicknesses shown ill 
(a) . At sevell localities the simulated time-de/Jelldetlt /)(lllem of erosioll alld dejJositioll is shaWl!, wiL/z de/Josttioll rejJresented 
by deflecliolls to the right of the curved line.from l/ie vertical Line and erosioll to Ihe left. T lte diagram is anaLogous la Figure 
3. (c) The modelled dislribulion oJ lill Ihickness showing the jneservatioll oJ advance-phase tills III two areas. 

(T oole)', 1977 ) a nd [i-o m the Eas t Yo rkshire region by, at 
la tes t, 13 050 BP (Ca tt , 1977 ) . 

Th e eros ion /d epos itio n m od e l has been used to 

es ta bli sh a tempo of ice growth a nd decay compa tibl e 
both with th e da ting evidence a nd with th e \'ari at ion in 
till thi c kn ess show n in Fig ure 8a. Th e n ' a rc fo ur 
ass umptions in th e mod el: 

( I ) Flo\\' is two-dimensiona l. 

(2) Th e time- space pa ttern of bui ld -up a nd decay is 
symmetri ca l a bo ut the time of th e glacia l maximum (it is 
recognised th a t thi s is unlikely to be true, bu t it is a 
reaso nab le ass um ption in th e a bsence of o ther cvidence), 
a nd therc a re 11 0 read vances. 

(3) Th e till s ha \ 'e a simil a r rh eo logy to th ose of 

Breid a merkurjokull , Ice la nd (sec Boulton a nd Hind­
ma rsh , 1987 ). 

(4) The ice shec t's ad\ 'a nce a nd d ecay we re contro ll ed by 
mass-ba la nce distributions a nd ELA traj ec to ri es simila r 

to th ose used for thi s ice shee t by Bo ulton a nd o th ers 

( 1984) . 

Althoug h th e mod el is Se nSIlI \'C to till rh eo log\', a 
rh eo logicall y <'so ft " till will te nd to dra w down the ice 
surface so as to in crease a bl a ti o n a nd halt ad va nce. T o 

ma i n tai n a su bs ta n ti a l ad va nce ove r a \ 'e ry "sort" su rface 

requIres a low ELA a nd high a bl atio n gradi ent. T he 
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Breid a merkurj o kull rh eo logy p ro ba bl y produces a mini­
mum tim e of g lac ier occ upa ncy. M ass-ba la ncc pa ttern 
4 ( 1/2) {i-om Boulton a nd o thers ( 1984) was used as th e 

mos t likely pa tt ern [or this tim e a nd loca ti on (cL K a ise r , 

1969) . 
There is a la rge \'ari ety of possible so lutions if com pl ex 

pa tte rns of ad \'a nce a nd d ecay a rc perm itted. Th e 
reconstru cti on a ttemp ts to produce th e simp les t pa ttern 

compa tibl e with the d a ta. It does no t cla im to be a unique 

so lution; it is merely int ern all y consistent. 
This simples t reconstructio n is shown in Fig ure 8b a nd 

c. In thi s, th e fa te of ad n lnce a nd d ecay must be 
rela ti vely slow in th e \'i cin ity o f th c coas tline in o rd er lO 

ge nera te a thi ckened till sequence th ere (a t 250 km ). As a 

consequence of th e ass umption of symm etry of ad va nce 

a nd re treat, pa rt of this thi ckening is ac hi eved by slow ing 
d OlV n th e ra te of ad \'ance a t 250 km, leading loca ll y to a 
lo ngc r per iod 0 [' till d eposit io n during ach·ance. The 
succeeding crosio na l phase d oes no t, however, com pletely 
remQ\-e th e ad va nce-ph ase till in thi s a rea before the 

phase of d eposition during re trea t. 

T he simul a ted stratig ra ph y a lo ng the tra nsect in 
Fig u re 8c prov id es a n ull ex peCled ma tch with loca l 
li thos trat ig ra ph y where th e tra nsec t crosses th e coast. On 
th e Yorkshire coast, two D eve ll sia n ti ll s \I'ere depos ited 
a ft er 18 500 BP (Penn y a nd oth ers, 1969 ); the Skipsea Till , 

with a northerl y-deri\'ed erra ti c assemblage, a nd th e 

ove rl ying With ernsea Till with a more wes terl y-d eri ved 
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asse mbl age , An a logo us ch a nges in c rra ti c d e ri\ 'ati on 
be t\l'een th e uppe r a nd 10 \1'(' 1' pa rts o f th e la tl" -DC\'l" nsia n 
till sequcn cl" occur furth c r no rth , in th e \'ic init )' o f th c 
10 \l'er T yne \ ' all ey (Eylcs a nd o th ers, 198 2) , This contras t 

may refl ec t two m a rkedly different stages o r till d epos iti o n 

se pa rated b\' a n e rosiona l hi a tu s, During th e ach 'a nce 
ph ase, ice fl ow m a)' h<l\'e bee n predominant ly from a 
nonh erl ), di\ 'id c, but , as th e g lac ia l phase progressed , th e 
ice di\'id e may hm'e shirt ed to tb e so uth wes t, enrichin g 

th e re trea t-ph ase till in lith o log ies d eri\'ed rrom rurth er 

so utll\\'es l. Su ch a south\\'es te rh'-di,id e shirt during th e 

g lac ia l ph asc in Brita in is clim a ti ca ll y und ersta nd a ble, 
1I1\'e rtin g th e a rg um ent , I would sugges t th a t th e sun'in 11 
o f a n ea rh' till in eas te rn Eng la nd refl ects a pe ri od o f' 
sta ndstill o r slow ach 'a nce in th e coa sta l zo ne dur ing 
hui Id-u p , 

Tdealh', th e th eo ry sho uld be a ppli ed to la rge-sca le till 

sequences \\'hi ch ca n, on sedim en to logica l grounds, be 

5ho \l'n to be d ef'o rm a ti on tills, An importa nt feature of'th e 
till shee ts nea r th e m ax imum o l' g lac ia ti o n in bo th Eu ro pe 
a nd :\o rth Ame ri ca is th e a ppa rent a bse nce 01' e ros ion 

imm edi a tely beneat h th em, Fo r insta nce, th e Ang li a n tills 

in Eas t Anglia , just to th e south o r the a rea shown in 

Fig ure 7, Q\'edi e, on a widespread basis, a sequence o r 

g lac ioOu \' ia l g ra \'e ls lying abo \'e a buri ed so il (R ose a nd 
o th e rs, 1976 ) , Th is seq uence ind ica tes th a t th ere has bee n 
\'1" 1' )' littl e eros io n benea th th e till O\'C r \'(' ry \I'id l" a reas 
nea r th e m a ximum o r g lac ia ti on, It is sugges ted th a t thi s 

re f1 l"('(s m a rg in a l zo ne 3 o r 4 , \\'he re th e d ero rm a ti ona l 

th eo ry sugges ts th e re will be no eros ion o f' pre-existing 
bed s, 

Long-dis tan ce g lacial trans por t , the orig In of 
petrographically stratified till and erroneous iden­
tifications of Inelt-out till 

Th ere a re m a ny exa mples o f' petrogra phiea lh' stratifi ed 
till s in whi ch so m e components hel\T iJeen d e ri \'ed fi 'o lll 
lo ng di sta nccs (e,g , K a uranne a nd o th ers, 1977; R a ppo l, 
198 7: Z a nci stra , 198 7), In so me, th cre is e\'id cnc l" o r 

\ 'e rtica l cha nge in d e bri s lith o logy, \\'hi ch reOeC tS in 

ujJ\\'ards o rder the sequence oCsubglac ia llitho logies OH' r 
whi ch th e g lac ier has passcd (S hilts, 1976; K a ura nne a lld 
o th ers, 1977; R a ppol and Stolt l" nbe rg , 1985) , I t has 
so me times bee n conc lud ed th a t rh e onl\- process \\'hi e h 

seem s a bl e to expl a in such sequences is sequenti a l rreezing 

oCsubg lac ia lm a teri a ls to th e base o f th e g lac ier , fo IlO\\'ed , 

pres um a bly , b y stag na ti o n o r th e stra tili ed m ass , 
.-\Itho ug h it has hith ert o bee n difTi cult to co nce i\'e o f' a 

m cc ha ni sm , o ther th a n m elt-o ur , ca pa ble 0 1' genera tin g 
sys tem a ti c pe tro log ical stra tifi ca ti on o r tills \I 'ith f ~tr­

tra nspo rt ed compon ent s. the re is no clear a na log ue from 

m od ern e ll\'i rOl1m en ts [o r an eng lac ia l-d e bris seq uence 

thi ck enough to ge nera te m ore th a n a Ce\l' centim e tres o r 
till o\'e r \I'ide a reas by melting-out ri 'om stagn a nt icc, 
a ltho ug h m a ny pres umed Plei stoce ne m elt-o ut tills a re 
m a ny m e tres thi ck, T \\'ould sugges t th a t th e re is a 

w id espread misa ttriiJuti on of'm a nv till s to th e m elt-o ut 

ca tego ry, that m a n :' o r th ese a re d efo rm a ti on till s o r th e 

type d esc ribed by Bo ulton ( 1987 ) a nd in thi s a rticl e, a nd 

th a t p e trog ra phical s trat ifi ca ti o n a nd fa r-tra nspo rt ed 
com ponents arc qui te compa tible \\'ith a d efo rm a ti o nal 
o n g lll, as is th e a bse nce o r O\ 'C rt defo rm a ti on stru c tures, 

BOII ILoII: Ongill qf /i/l sequences 

Fo r exa mpl e, man y Saa li a n till s in th e :'\Te th l" rl a nds 
sho \\' a c lea r pe trog ra phi c stra tifi ca ti o n , pa rti cul a rl y in 
th e no rth , \\ 'he re th ey a re excepti on a ll y thi ck, R a ppol 

a nd Sto ltenberg ( 1985 ) a nd Rappol ( 1987 ) sugges t th a t 

th ese tills o ri g in a ted as m elt-o ut till s a nd th a t , 'a ri a ri ons 

in th e fa r-trm'e ll ed components o f th e till in \ 'C rti ca l 
sec ti o n re fl ect a pe trog ra phi c stratifi ca ti o n within th e ice 
prio r to d epositi o n , \\ 'ith f~\I '-lI 'a\'(' lIed m a te ri a l in c re as­
ing upwards, \la ny o f' th e ti lls al so 5ho \\' stro ng shear 

d efo rm a ti o n , 1\ 5 m elt-o u t till is d e posited fro m stagna nt 

ice , such d e ro rm ed till s a re inte rpre ted as e"id ence o r 

reach-a nce o f' acr i\ 'C ice o\ 'e r a lread y d epos ited m elt-out 
till, 

I sugges t th a t in th e case qu o tcd a bo\ 'C , th e m c!t-out­
till ex pla na ti on is unlike I\- a nd th a t th e cha rac teri s ti cs o f 
th e sequence ca n be ex pla ined m ore simpl y as th e produc t 

o r extensi\ 'e subglac ia l sediment d e ro rm a ti o n, [or th e 

[o ll o\\'i ng reasons: 

( I ) The pres um ed melt-out till s a re o ften m ore th a n 
10 m thi ck a nd in pl aces o\'e r 20 m thi ck, Gi\'en th e 
no rm a l m ea n co ncentra tions 0 (' d e bri s in basa l iee 

( typica li! less th a n 10% by ,'o lume l , Ca r g rea te r 

thi ckn esses o r d ebris-ri ch ice than a rc kn O\\'ll from 

present-d a \' g lac iers \I'ould be required to y ield such 
thi ckn esses of m elt-o ut till (> 100- 200 m of'd e bri s-ri ch 
ice ), 

(2 ) If thi s d ebris \\'e re f'rozen-in basa ll y, th c (,reez ing 

ra te \\'ould need to be excess ively hi gh. wh ereas a 

Saa li a n ice shee t in th e .\'e th erl a nds is m os t likely to 

ha \'e bee n large ly tempera te in a broad margin a l zo ne 
(Bo ulton a nd o th e rs. 1995 ), 

(3 ) If' such eng lacial-d e bri s sequcnces did occ ur, th eir 

d e li\'e n ' a t th e g lac ie r m a rg in \\'o uld ge n e ra te 

enormous dump mora in l"s , Such mo rain es d o no t 
occ ur, 

The d cleJrlnational th eo ry prese nted in thi s pa per is 
abl e to p roduce dista nce-rela ted s tratifi ca ti on a nd \\'o uld 

rcadil y expl a in why th e fin c frac ti on o f' a ti ll sho uld be 

pa rti cul a rl y susce ptible to long-dista nce trans pon , Shear 

defo rm a ti o n o f' till s orig ina tin g as m elt-o ut till s requires a 
compl ex hi sto l'\' of' g lac ie r nu ctu a ti o n, I r th e pe tro logica l 
stratifi cati o n and lo ng-dista nce tra nspo rt we re th em se l\-es 
produ ced by s ub~ l ac i a l d efo rmatio n, expl a na ti on wo uld 

be much simpl e r, 
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