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An investigation of the deforllling layer/debris-rich basal
ice continuulll, illustrated frolll three Alaskan glaciers 
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ABSTRACT. Three small Alas ka n g lac iers with different bed eonditio ns \\'ere 
studi ed: E xit Glac ie r h ad a thin d efo rming laye r a nd produ ced subg lac ia l a nd 
prog lac ia l glaciotec tonic la nd fo rm s; Ch ilds Glac ier a lso had a thin d efo rming lavcr 
hut th e upper pa n was frozen to th e ice; t-.la tanuska Glacier had no d e fo rming layer 
but ha d subglacia l d eb ri s-ri ch ice . Since it h as been shown th a t sedime nt at th e base 
can acco unt for th e m aj o rit y of ice movem ent , it is suggcs ted th a t th ere is a d eforming 
bed /d e bri s- ri ch continuum \\'hereby simil a r processes occ ur throu gho ut th e d ifferent 
subg lacia l environme l1ls. Th ese includ e: sim il a r longitudin a l deform a ti o n pa tterns 
(co mpress ion a t th e m a rg in , ex tension a nd simple shea r up-glacier); simil a r ve rti ca l 
defo rm a ti on pa lLerns, in crease in d eform a tion (a nd ra b ri c strength ) upwa rds th rough 
th e sequ e nce (leadin g to th e a tt enua ti o n o f strat ifi ed ice in to d ispersed ice ) ; and simila r 
a nd inte rrel a ted in corpo ra ti on processes . Th e major diffe re nces we re th a t th e processes 
occ urred at a mu ch fas te r ra te within th e d eforming laye r and that probab ly onh' th e 
d efo rmin g laye r \·\·i11 b e recorded in the geo logical recorcl. 

INTRODUCTION 

Over recent yea rs th e re have been m a n y in ves tiga ti ons o r 
bo th th e glac io logy (Bo ulton and J ones , 1979; All ey a nd 
o th e rs, 1986; Boulton a nd Hind marsh, 198 7) a nd th e 
sedim entol ogy (H a rt a nd Boulton, 199 1; Hicoc k a nd 
Dreim a ni s, 1992 ) o f the deformin g -bed model. Thi s 
mod el proposes that, when a g lac ie r mO\'es OIT r an 
unconso lid ated sedime nt , th ere is a co upling bet\\' ee n th e 
g lac ier a nd the und erly ing bed , whi c h resu lts in a 
lowering of slope a ng le a nd /or in crease in veloc it y of th e 
ice shee t a nd d eform a ti o n in th e und e rl ying sed ime n l. 
This subg lac ia l sedim e nt d eform a ti o n has begun to be 
studied in deta il a nd it s e fTects on th e till sedim entati o n 
ha\'(> been reported (e .g. H a rt . 1994; H a rt and Roben s, 

1994) . 
H owe\ 'e r , studi es h ave a lso bee n made o n th e 

defo rm a ti on of ice (e.g. Hudl eston , 1983; Knight, 1992; 
Sharp and o thers, 1994) a nd Tiso n a nd o th ers (1993 ) 
sugges ted th a t " th e ·tud y of th e basal -ice layer (BI L) ... 
is th e th e key to und ersta nding th e mec ha ni sms operating 
a t th e bed- rock interface" . H O\-I'Cve r , th e re ha lT bee n few 
a ttempts to link th e ice shee t and sedim ent d efo rm a ti o n 
toget he r. Boullon ( 1979) showed th a t a t Breioamer
kurjo kull , a pproxim a te ly 90% of the g lac ier mOl'em ent 
occurs within Lh e subg lac ia l deforming bed. However , 
pa ra ll e l studi es on th e d ebris-ri ch B IL h<l\'e show n th a t 
these can a lso be a sig nifi cant pa rt o f ice mOl'em enL. 
Echelm eyer a nd Zhongx ia ng (1987 ) sh owed that th e 
deformation 0[' a froze n su bg lacia l sedime l1l acco un ted fo r 
ove r 60% of th e mo ti o n with in a 36 cm thi ck ice zo ne o f 
U rumqi G lac ier N o . I , and Brugm a n ( 1983), from a 
srud y o f th e g laciers in lh e .\'tount St. H clen a rea , a lso 

reported th a t d efo rmati o n in th e BIL was th e main mode 
of ice now. Thus. it ap pea rs th a t sedim ent a t th e base of 
th e glac ie r , whether it is in the sa tura ted defo rming laye r, 
a frozen subglac ia ll aye r o r th e d ebris-ri ch base of th e ice. 
may be the m os t signifi ca l1l p a rt of ice mOl·e l11 ent. 1 n Lhi s 
paper, the subglac ia l en\'iro nmenls of three Alaska n 
g lac iers wi rh differen t su b g lac ial bed co nd i li ons a rc 
in\'es ti ga ted a nd a n a tt em pt is mad e to describe a nd 
model a d e bri s-ri ch basal-ice /subglac ia l sedim e nt deform
a ti on continuum. 

SEDIMENTOLOGY 

Alaska has OW l' 100000 g lacie rs (Pos t a nd .\te ie r. 1980), 
whic h cove r a bout 5% of A las ka 's la nd a rea (Pewe, 
1975 ). Th ese a rc fed by moist , l\onh Pac ifi c a ir masses 
th a t mo\'e northwards fi 'om th e Gul f of Al as ka (Calkin , 
1988). Th e three glac iers il1\ 'es tiga ted in d e ta il were Exit 
G lacier , C h i lcl s G lacier a nd ~I a ta nuska G lac ie r (Fig. I) . 
Th ese are three relati\'el y lo w-a ltitud e va lley glaciers, 
foun d in th e so uth ern ce ntra l part o f A laska . A 
desc ripti o n o f these g lac ie rs will fo lI o\\'. 

At two o f th e sites clas t-fa bri c a na lys is was ca rri ed out 
eith er in the frozen de bri s-rich layers in th e base of th e ice 
o r in th e fro ze n pa rt of th e d e forming laye r. At each site, a 
minimum o f 25 clas ts with a n ax ia l rat io g rea ter th a n 
1.5: I were sam pled. Th e in iti a li zed eige n va lues were 
th en ca lcul a ted . These e igen values (S I , S2 a nd S3 ) 
summ a ri ze fabric strengt h a lo ng th e three prin cipa l 
d irec ti ons o f c lusterin g (a ft e r M a rk , 1973; D owd eswell 
a nd Sharp, 1986). A fabri c w ith no prefe rred o ri enta ti on 
(weak fabric ) wo uld have eq ua l eigell\'a lu es, whil st a 
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Fig . 1. Location maj) of the three ALaskan gLaciers. 

stro ng fa bric wo uld have a high valu e in the dircc tion of 
max imum clustering (S I ) which is usua ll y the direc ti on of 
tec toni c transport , and a low va lue in th e direc ti on o f 
leas t clustering (S3). 

Exit Glacier 

This is a sma ll glacier (a pprox. 5 km2
) th a t dra ins th e 

eas tern side of th e H arding lcefi eld , whi ch is a la rge ice 
cap in th e K enai Fjords a rea (Fig. I ) . Th e summit of th e 
H a rding Icefield is a t 1700 m and E xit Glacier flows down 
th e ice pla tea u a t 900 m , down to 120 min th e va ll ey . Th e 
bedroc k benea th th e glacier is fl ysch of the Chugach 
T erra ne (Connor and O 'H a ire, 1988 ) . Th e H olocene 
ma rg in a l flu ctu a ti ons of thi s g lacier have been studied by 
Wiles a nd Ca lkin (1994), who reco rd ed th e Li ttle Ice Age 
maximum moraine (age = A D 1825 ) a pprox ima tely 2 km 
in front of the 1990 ice ma rgin ; a nd some ice-vcl ocity 
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mcasurem cnts in the centra l p a rt of the glac ie r were made 
by Ri ce ( 1975 ), who recorded velociti es of 5 1 cm d 1 

Th e p resent-d ay glac ier front stretches fo r a pprox im
a tely 1 km a nd consists o f a seri es of fres h non- vege ta ted 
moraines oyerl ying an o utwas h pla in . L ocal observers 
(perso n a l communica ti o n from M. T e trea u) ha \·e 
reco rded tha t , the glac ie r h as been rc-ad vancing since 
1989 (40 m bet\\'een 1989 and 199 1). The su rface of the 
glac ier is rela tively stec p with la rge crevasses but it is 
clean (Fig. 2a) . There is a lso a sharp juncti on between the 
und erl ying sediments and th e ice; the basal ice is deb ris
free and th ere is a sa tura ted debris layer b enea th . This 
debris layer is a bout 40 cm thi ck and is being currently 
extrud ed from benea th th e ice. Th e media n g rain-size of 
thi s ma te ri a l is Imm. I sugges t th a t thi s layer is th e 
deforming laye r and 1 sh a ll p ro\·ide furth er reasons for 
thi s asse rti o n below. 

The res ulta lll land fo rms a t Ex it Gl ac ier can be 

https://doi.org/10.3189/S0022143000034936 Published online by Cambridge University Press

https://doi.org/10.3189/S0022143000034936


H art : flll'esligalioll Cf! deformillg /c~) 'erl debri,\ - rielt ba,wl-ice cOlllillllll1ll 

a b 

c 
di\·id ed into progla c ia l a nd subglac ial fea tures whi ch J 

sh a ll di sc uss in turn. Th e e nd mo ra in es a t th e m a rg in o r 

this g lac ie r must be push m o ra ines beca use (a ) th e- re is no 

suprag la c ia l so urce o f debri s a nd (b ) mate ri a l lI'as 

obse l'\ 'Cd be ing ex trud ed Cro m beneath th e g lacirr to 

fo rm th e m o ra in es Fig . 3a a nd c). Th ese Ill o ra in es ha \T a 

stee p di s ta l s lo p e- of 45 and a shallower prox imal slope o f 

34· . Th e m a ximum heig ht o r the mora in es is 5 m but th e\ ' 

have built up into a mo ra in e comp lex sce Fi g . 3 b ,. lI'he re 

a numbe r oC Ill o ra in es a r c fo und . Th ese Ill ay be a nnu a l 

pushes. 

Wh e re th e ice has m e lt ed bac k in 1994, th e yea r oC thi s 

stud y, subg lac ia l surfaces h a \'(' bee n prese n -cd ( Fig . 3d 

a nd e) . On e oCthese IT \ '('a I5 a se ri es o r sl11all p a ra ll e l rid ges 

(20 c l11 hi g h b y 30 cm wid e ) ",ith a larg e c las tll'ithin th e 

int e rvenin g fUITOII'. .\no th e r comm on fea ture h enea th th e 

ice a re flut es ( Fig. 31' a nd g ) . Th ese co n sis t of sli ghtl y 

hi g her and wider rid ges (20--4 0 Clll hi g h b y 30 60 cm 

lI'id e ), \\'hi c h run pa ra ll e l \\' ith th e ice fl ow a nd join th e 

push m o ra ines . . \IL1 lO ug h o nl y th e di sta l parts of th ese 

flutes \Ve re exposed , it co uld be see n th a t th ey liT re 

composed o r satura ted till a nd IIT IT se p a ra ted b y Ice 

to ng ues . 

A fin a l fea ture co ns is ted o r crevasse infilling on th e 

g lac ie r surface, lI'hi c h includ ed circ ul a r , a rc ua te and 

Fig . 2. Pllolo/;rajJhJ q/ llte glaciers : (a) E \il 
Clacier: ( b) Child,1 Glacier : (e) .I/alallllska (; Iacil'l . 

lin ear rid ges ( Fi g . 3 i) . Th ese crevasses we re lilled with 

su bg lac ia l m <l te ri a l. 

ft ll er/HPla I iOIl 
The feat ures see n a t this g lac ier a re \·t' I,\, simil a r to th ose 

reco rcl ed in Icel a nci where til e g lac iers arc h 'ing o \ '(' r 

dcfc)J'Jn a ble sed im e nts, e.g. Bre io<l ll1 c rkurj o kull ( Boulto n, 

1979 ) a nd Fj a ll sjo kull (Sh a rp , 198-1·) . Th e push J11 0 ra in es 

a rc f() rlll ed b y th e Ill O\ 'C' m ent o r th e subg lac ial defo rmin g 

la\'(' r to th e fro nt o f th e g la ci e r, so th a t th e m o rain es a rc 

fo rmed by a combin a ti on o f' ex trusio n a ndlatcra l pushin g 

(Pri ce, 1970; Sh a rp. 1984: Bo ulto n , 1986: H a rt. 1990 1. 

It has been sugges tecl by Bo ul LO n 1976 tha t flut es 1'0 I' III 

du e to th e presen ce or la rger cias ts produ cing cil\ ' iti es in to 

\I'hi ch sa tura ted till fl oll's. In thi s stud\', th e pl'Ox im a l end s of' 

th e fl u tes \I'C re no t ex posed ; hO\\'l' \·er. th e di s ta l ends 

IT \'('a lcd th e presence o f' ice LO n g ues . It is sugges ted th at 

these flut es fo rm ed as a res ult o f satura ted till m O\'ing int o 

th e low-press ure a reas behind ci asts. On the subg lac ia l 

surfilcc. thi s process co uldlw see n o n a la rger sca le . \\·hcrch \, 

a clas t was pro ba bl y dragged a lo ng by th e ice produ cin g a 

prow in rro nt o r it and a f'm ro\\' b e hind . Thi s is \T r y similar 

to th e sma ll-sca le subglac ia l lin ea ti ons d rscr ihed b y H a rt 

( 1995 ) f'rom V cs tari-H aga fcllsj o kull , ce ntra l Ire la nd , w hi ch 

\I 'ere a lso assoc ia ted with a ddo nning bed . 
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Fig . 3. t.·xit Glacier. ( a) Schematic diagram showing the jHoglacial and sllbglacial marginal area; (b) PhotograjJh oJ fh e 
jJllsh moraines; (c) PhotograjJh oJ fhe deJ01'ming layer; (d) PllO fograjJh of the recently exposed subglacial swface; (e) 
Schematic diagram oJ Ihe subglacial sll1face; U) and (g) PllOtograjJhs oJ flutes beneath the glacier; ( It ) Schematic 
diagram oJ the flu fes; ( i) Crevasse irU/Us. 

Th e fin a l fea ture~ a re crevasse infilling. I sugges t th ese 
a re fi ll ed by subg lac ia l ma te ri a l as th e sa tura ted 
d eforming laye r fl ows up into th e base of the crevasses. 
These have been described before (Sh a rp , 1988 ; Bo ulton 
and oth ers, 1989) bu t not when assoc iated \Vi th a non
surging glacier. 

Thus, a t thi s si te there is evidence for proglacia l (push 
moraines ), subglacia l (flutes and li nea tions) and d ead- ice 
(crevasse infil lings ) glac iotec tonic d eformation (H a rt a nd 
Boulton , 199 1) . Th ese occur in associa tion with a 40 cm 
thi ck (a t th e m a rg in ) deforming laye r. r f it is ass umed 
tha t th ese push moraines were formed in 4 years (si nce th e 
observed re-advance), and that th e push mo ra ines were 
fo rmed by debris beneath the g lacier (as th e g lacier 
ad vances ove r a n older outwas h surface) being "sq ueezed 
o ut" a t the ma rgin, then an es tim a tion of the max imum 
sedim ent flu x can be produced. The tota l volum e of push 
moraine ove r a 1 m sec tion is 19.8 m3

; this imp lies an 
annua l sediment acc umula tion of 4 .95 m3 year I m 1. 

Childs Glacier 

2 T h is is a la rge r glacier (approx . 100 km ; Ferguson , 1992) 
tha t fl ows down th e eas tern sid e of th e western C h ugach 
M ountains (Fig . I ). The local summit in the a rea is 
M ount Willi ams a t 1967 m and Childs G lacier fl ows d ow n 
from 1430 m to a lmos t sea leve l in the Copper Ri ve r 
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va ll ey . The glacier fl ows out into a pi edmos t lobe in the 
va lley a nd is unusua l because th e centra l pa rt of th e ice 
front is currently being und ercut by the Copper R iver. 
This results in drama tic ca lving into the rive r and a steep 
ice fro nt, 75- 90 m hig h . The bedrock in this area is th e 
ear ly Cre taceo us f1 ysc h of th e Chugach T erra ne (Connor 
and O 'H a ire, 1988) . 

Th e ice front inves tiga ted in this stud y was in th e 
north ern pa rt, where the glacier termina tes on land. This 
sectio n stretches for a pproximately I km a nd also consists 
of a se r ies of fresh no n-vege tated mora ines overl ying a n 
outwas h p la in and a se ri es of older vege tated morain es . 
The surface of the g lacier is a t a rela tively low angle but 
the surface is relati ve ly clean and is cut by large crevasses 
(Fig. 2b ) . 

Fig ure 4a shows a schema ti c cross-secti on of the 
ma rgin a l zone. Benea th the glac ier th e re is a thin basa l 
debris-r ich frozen laye r (10-30 cm th ick) a nd a 10- 50 cm 
thick sa tura ted debris layer benea th . The debris-rich 
frozen la yeI' has a sha rp upper juncti on 'vvi th clean ice bu t 
was th a wing a t its junc tion with the deforming layer (Fig . 
4b) . Th e concentra tion of the debris in thi s fi-ozen layer is 
92% by weight and th e grain-size was 0.5 mm. A till 
fa bri c was a lso taken in the frozen debris wh ich yield ed 
res ults of S I = 0.69 7 a nd S3 = 0.036 (m ean orienta tion 
248°, dip 2°) (Fig. 4a) . In places it can be seen that the 
deb ris-ri ch laye r is being shea red Lip in to the main bod y 
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Fig. 4. Chi/rls Glacier. (a) Schema lie diagral7l q/ Ihe 
/JI"oglacial alld slIbglarial marginal ({rea : ( b) PllOlograjJh 
of IlteJio.::.en 10jJ 0/ lite diformillg Ir~)'er bfllealh tlte glacier 
being sheared IIjJ illlo all englacial debris band: (c) 
PILOtogra/J/i J1101L·illg the trees lital have collapsed due 10 

jJroglacial deJormalioll. 

2m 

of th e ice to fo rm englac ia l d ebri s ba nds (Fig . 4a a nd b). 
The salura ted de bris laye r is being ex trud ed from th e 

g lac ie r in a way similar to th a t seen a t E xit Gl ac ier. This 
subglac ia ll aye r is composed o f well-rounded cl as ls, whilsl 
th e maj o ril Y of th e supraglac ia l ma teri a l is fa r more 
angul a r. It can be seen th a t th e g lacie r is in fac t O\ 'e ["
run n i ng a p re\'ious ou t"'as h su rface a nd th a t acco u n ts fo r 
th e ro undn ess of th e claS ls. 

In fi'o n t o f th e ice is a se ri es of" sma ll push mo ra ines . 
T hese a re un consolid a ted a nd consist 0 (' threC' ma in 
ridges . Th ese mora ines a re ve ry recent as th ey ha \'e O\'e r
run trees (Fig. 4c ) . Thus, I sugges t th ese represent three 
annu a l ad\'ances a mi show a recent re-ach" a nce sim il a r to 
th a t see n a t Exit G lac ie r, 

In/er/He/a I ion 
I sugges t th a L th e cnd mo ra ines re prese nt push mora in es 
fo rm ed in a way simil a r to th ose a t Exit Glac ier, by 
longitudin a l sedim ent move ment a nd prog lac ia l pushing . 
I also sugges t th a l th e subg lac ia l sa tura ted d e bri s laye r is 

Harl : Invesligalion oJ drformillg la)ler/debris-rich basal-ice conlinuum 

th e d eformin g laye r. Th e de bri s-ri c h basa l laye r a ppea rs 
to be th e upper pa rt orthe defo rming layer th a t has frozen 
to th e base of th e glac ier. 

If it is ass um ed Lh a t th ese push m ora ines we re fo rm ed 
in 3 yea rs, th en a n es tima ti on of th e sediment Ou x can a lso 
be produced. The to ta l \'o lum e o f push morain e ove r a 
1 m sec ti on is 9 m 3

; thi s implies a n annua l sedimenl 
acc umula lion o f 3 m3 yea r I m I 

Matanuska Glacier 

This is th e la rges t of th e lhree g lac ie rs studi ed (a pp rox . 
a rea 320 km 2

; Fe rg uso n. 1992 ) a nd it Oo\\'s d own th e 
no rth ern side oC the wes tern C hugaeh M ounta ins a lo ng a 
lo ng " a ll ey (O\ 'e r 30 km long; Fig . I ) . Th e g lacie r fl ows 
fro m close lO th e summit of :\10un t :\I a rc us Ba ker 
('~0 1 6m down to 500 m in th e \'a lley, The g lac ie r stans 
o n Chugac h T erra ne fl ysc h sedime nts but fl ows o n to 

T erti a ry sedime nts (Chi cka loon Fo rm ation of mudsto nes, 
sands ton es a nd conglomera tes; Con nor a nd O ' H a ire, 

1988 ) a t its m a rg in. 
Th e ice m a rg in is a pp rox im a le ly 7 km ae ross a nd 

m os tl y cO\'e red , pa rticul a rl y o n th e north ern sid e, by 
supraglac ia l de bri s. Th e surface of th e g lacier is rcl a ti\'e!y 
fl a t ,,·i th la rge cre\'asses (Fig. 2c ) . The a rea in front o f th e 
g lac ier consists o f se ri es of mora in es a nd th e ice fr o nt has 
bee n repon ed as being rela ti \'C ly sta ble O\'e r th e las t 
ce ntury. Thi s g lac ier has bee n m a d e f~lm o u s b y the work 
o f La ll'son ( 1979 b. 1982 ) o n th e aCl i\'C proglac ia l 
sed iment gravilY Oo\\'s a nd th e d ebri s-ri ch ice (BIL ) . 

At th e base o f th e g lac ier th e re is a n 8m thi c k unit of 
d ebri s-ri ch ic[' ( R I L ). T his h as a \'el'\' sha rp u p per 
bo unda ry Iyith c lea n ice, a lth o u g h th e lower boundary 
was no t ex posed , but th ere was no e\·idence 0 (' a ny 
sedim en t being ex truded rro m ben ea th th e g lac ie r. At 
:\I a ta nuska G lac ie r , t\\'o sites II'(' re studi ed in d e ta il w hi ch 
I will disc uss in Lurn . 

Si le 1. Fig ure 5 shows a schem a ti c sec ti on of" th e site, a 
c ross-sec ti on a nd ice log. Beca use thi s is a t th e m a rg in or 
th e g lac ier th e ice is d ipping a l 40 . The cross-sec ti on 
co nsists of" twO sm a llmora ines abo ul 0 .5 m hig h in f"ront or 
lh e stee p ice m a rg in . These m o ra ines consist o r fa ult ed 
la mina ted sand s, silts a nd c lays a nd al so fin e-g ra ined 
di a miClon (Fig . Sf) . The inner m o ra in e is sepa ra Led rrom 
th e stee p g lacie r m a rgin by 1 m (F ig . 5d ) , Pres uma h ly, 
Lh e inner mo ra in e ma rks th e las t w imer limit o r th e 
m a rgin. During th e summer, aC live m elting has produ ced 
h ig h qu a ntities o f" wa ter a nd d e bri s rrom th e BlL a nd th e 
supraglac ia l sedim ellls. This has led to th e devclopm elll o f" 
d e bri s fl ows di sc ussed in deta il b y L a wson ( 1979 b , 1982 ), 
w hich become tra pped betwee n the m o raine a nd th e ice . 
I n thi s a rea lh e re a re a lso sma ll la kes, ma rgina l r ive rs a nd 
(d a nge rous!) poo ls of liquifi ed mud (Fig . Se ). I n p laces 
th ere is a lso a third , \"C ry sm a ll m o ra ine (0.3 m hig h ), 
which is found be twee n the ice m a rg in and las t winte r's 
m o ra lll e . 

In ord er to in ves tiga te th e o ri g in or th e m o ra in es, a 
slud y of pa rti c le sha pe was und e rta ken. At eac h site, 50 
clasLs we re meas u red a nd bo th th e leng ths of th e lh ree 
axes a nd th e overall roundn ess (a n g ula r, se m i-a ng ul a r, 
semi-ro und ed , ro und ) reco rd ed. Th e sa m ples we re la ken 
fro m th e suprag lacia l eJ1\'ironm enl (\ iJa t I ) , th e BlL 
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(M a t 4), and th e inner (IVl a t 2 ) a nd outer (i\J a t 3) 
m o ra ine. The res ults a rc plo lled o n a tri ang ul a r g ra ph 
using th e techniq ue of Sneed a nd F o lk ( 1958 ) a nd Benn 
a nd Ba ll antyne ( 1993 ) (Fig. 6 ) and th e va lues for GIU 
(pe ree l1lage of ci as ts with ( : a axes ra ti o of less th a n or 
cqu a l to 0.4) a nd RA (percentage o f \"Cry a ng u la r a nd 
a ng ula r cl as ts) we re ca lcul a ted (T a b le I) . 

Th e su prag lac ia l ma teri a l co nsisted mos tl y o f a 
co mbin a ti on of ob la te- a nd prola te-sha ped cl as ts ,,·ith a 
high CI O \·a lue. I n contrast, th e debri s-ri ch ma te r ia l \\'as 
more spherica l w ith th e lowes t C IO \·a lue. Th e two 
morain ic sa mples ha d both a n inte rm edi a te sha pe a nd 
C 10 \'a lue, a lth o ug h closer to th a t o f the debri s-ri c h ice 
sample. Onl y th e supraglae ia l sample had a non-zero 
\'a lu e of RA. 

Th e schem a ti c ice di agra m (Fig . 5c ) shows th a t there 
a re a number o f o pen folds withi n th e debri s-ri c h ice, 
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T able 2. Debris collcentration 1Il the debris-rich ice at 
1\Jata71uska Glacier 

SamjJle 

l a 
lb 
2a 
2b 

kg l I 

0.0304 
0.1 520 
0. 213 
1. 93 

% b)' weight Cmi71-si::.e 

mm 

2.7 0 .0 11 
13.2 0 .009 
17.6 0.0 77 
59 .1 0. 0011 5 

whilst the ice-fac ies log (Fig . 5 b) shows th e n a ture of the 
BlL. This is more complex a t thi s site th a n site 2 becausc 
of th c steep dip. The debris-ri c h ice consists of la ye rs of (a ) 
deb ri s-poo r ice; and (b ) fr ozen debri s, in differin g 
a mounts. At th e base of th e sec ti on there a re Lhiek ba nds 
or frozen d ebris (ave rage 6 mm thi ck) se pa raLed by tbin 
ba nds of d ebri s-poo r ice (ave rage lmm thi ck ), whilst a t 
the to p of th e sec tion th ere a re thi ck ba nds o f d eb ri s-poor 
ice ( IO ClTl thi ck) with thin b a nds offrozen d e bris (I cm 
thi c k) . T wo sam ples we re ta ken to ca lcu la te th e 
concentrat io n of sediments a t this site: one in the midd le 
(sampl e I a ) a nd onc a t th e to p (sample I b ) (res ults a rc 
shown in T a ble 2). Th e middle sampl e ( I a ) was ta ken 
from the d ebris-poo r ice a nd has a conce ntra ti o n of 3% 
by weight, th e upper sampl e take n from th e d ebris/ra ti o 
of 1/ 10 has a concentra tio n o f 13.2% . Th e m edi a n gra in
sizes of th ese sampl es were as follows : sampl e I a = 

0.0 1 I mm ; sa mple I b = 009 m m. Fa bri cs we re ta ken a t 
th e base, in the midd le a nd a t the top o f th e BIL. The 
res ults (show n in Figures Sc a nd 7; T a b le 3) show a 
ge nera l d ecrease in fab ri c streng th upwards. 

Si le 2. Fi gure 8a shows the na ture of site 2 . H ere the beds 
a rc hori zo nta l beca use the rive r is acr i\·e ly eroding away th e 
fro nt of the g lac ier. There arc ma ny structures seen within 
the BIL, including folds (Fig. 8a ) and fa ul ts (Fig . 8b). 

l ee-fa bri c measurements were also ta ken in this area 
but a t diffe renr loca ti ons: o n c a t the base o f the section 
a nd a second a t the up pe r juncti on (Fig. 8c ) . The resul ts 
(F ig. 7 a nd T ab le 3) indi ca te th a t the ice fa brics a re both 
relati\·ely wea k. 

T able 3. i ce-jabric results at M atanllska GLacier 

Site DejJth 

m 

Site I a- LOp 0 
b- m icldle I 

c- base 2 

Site 2 a- top 0 
b- base 8 
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Figure 8d shows the ice fac ies at site 2. Thi s sh ows a 
simil a r pa ttern to sit e I. At th e base of th e sec ti o n th ere 
are thick band s o f frozen debris (6 .5mm) a nd thin ba nds 
o f debris-poor icc (1 mm) (sample 2a ). Furth er up , the 
f)"ozen deb ris b a nds a nd deb ri s-poor ba nds a re o f simila r 
thickn ess (5 mm ) (sample 2b), th en to wards th e to p th ere 
a re thi cker ba nd s of frozen d ebri s a nd debris-poor ice, 
a lth ough th e laye rs of debri s- poor ice are a lways thi cker. 
A debris con cen tra lion of 59% was found fo r th e lower 
unit and 18% for the upper unit. Th e media n g ra in-size 
of the two sam p les is as follows : sample 2a = 0.0 77; 
sampl e 2b = 0. 0011 5. 

i nterpretation of the moraines and jJreservation oJ the Ei L when the 
ice melts 
The pa rticl e-sh a pe a nalys is showed tha t the supraglac ial 
sediments we re ve ry angula r, th e subglacia l sedimen ts 
very rounded as ex pec ted , a nd the res ults were very 
simila r to those fro m Slettmarkbree n, Norway, by Benn 
a nd Ba ll a nt yn e ( 1993 ) (sce T a b le 1). Th e mora ines 
were ve ry simi la r to one a no th e r a nd showed a n inter
m edi a te shape but close r to th e subglacial d e bri s. Thus, 
th e mora in es w e re mos tl y composed of subg lacia l 
m a teri a l but h a d a sma ll input fro m clas ts m elting off 
the glac ier surface . Because o f the clea r d efo rm a ti on 
scen in th c m o r a i nes, I wo uld sugges t th a t th ese a re 
push mora ines but , beca use o f the lack o f a n y visua l 
evidence [or subg lacia l defo rm a ti on, I sugges t th ese 
m o ra ines we re fo rm ed purel y b y compressio n (bull
doz ing) (a nd n o t subglacia l ad vec tio n as was p os tula ted 
a t Exi t a nd Childs G laciers); during the sum m e r wh en 
the ice re trca ts sediment bui ld s up between th e ice fro nt 
a nd th e m o ra in e, then durin g the winter rc-a d vance 
thi s is bu lld ozed . Using th e sam e technique a nd 
ass umpt io ns as used [or th e oth er two g lacie rs, th e 
volume produ ced in I yea r can be es tima ted , a nd a t 
Nl a ta nuska Glac ie r site I thi s is 0. 25 m3 year I m - lover 
a I m sec ti o n . 

As desc ribed a bove, the mcl ting of the BIL p roduced a 
yery d ynamic en viro nment d ominated by d ebris fl ows. 
L awso n ( 1979a) has described th e developmen t of melt
o ut ti ll due to th e slow melting of the Bl L. H owever, 
duri ng th e present stud y, no suc h o bse rva tions 'vve re m ade 
a nd it seems very unlikely in such a d ynamic em ·iro nm ent 
th a t the ice co u ld melt out a nd prese rve its stru crures 
except in ra re sites of low therma l conducti vity . 

SI 53 Oriell tation 

0.634 0.1 43 94 
0.59 1 0.056 167 
0.807 0.0 76 84 

0.649 0.024 88 
0.633 0. 023 14 1 
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Hart: Investigation of deforming Layer/debris-rich basal-ice continuum 
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J ourl/al cif C'laciolog), 

DISCUSSION 

The three Alaskan g laciers \\'hich ha\ 'e becn im"Cstigatcd 
\\'ere shown to ha\-c diffcrent bcd co nditions: Exit G lacicr 
has a deformin g bed with a clea n ice base; Chi lds G lacier 
had a dcforming bed but with a frozcn top \\"hich \\'as 
o bse n 'ed being shea rcd into the icc; a nd ~latanuska 

Glacicr \\hi ch appeared to ha\'e no ekfo rming layc r but a 
thick dclormcd BI L. In ord e r to und crsta nd th c 
suhg lacial proccsses occ urring in th csc thrce glaciers, the 
o ri g in o r til e BI L at th e base or .\J a ta nuska Glacicr needs 
to be di scussed in m o re detail. 1 \\'ill first compa rc th c 
d esc ri ptions of ice fac ies from th e li teratllre \\"i th thosc 
sccn at .\ Ia ta nuska Glacier thcn look a t th c d iffcrent 
theori es for debris entrainmcnt a nd finall y compa re th c 
res ults from th c thrcc glacicrs. 

Ice facies 

A numbcr ofrcsearchcrs havc deviscd th eir own sys tems 
[o r d esc ribing ice fa cics; thesc sys tcms can be summar
ized as fo ll o \\'s (L awso n, 1979b; Knig ht, 1987 ) : ( I ) 
stratified (or laminated) fa cies wh ich arc id cntified in both 
tcn1.pcratc and sub-po lar g lac iers (K a mb and L a Cha
pell c, 1964-; Boulton , 1970) and (2 ) disjJersed (or do tted) 
faci es more co mmon ly rcported fi'o m sub-po la r g lac ic rs 
( La wso n , 1979 b ; Sugdcn a ncl othcrs , 1987 ) . At 
Nlatanuska G lac ie r , Lawson (1979b) desc ribed tvvo 
basa l zo nes, an uppe r di spersed facics 0.2- 8 m th ic k and 
a lowe r stra tifi ed facies 3- 15 m thi c k. Sedime nt 
con centra ti ons in the two zo nes were 0 .05- 8% and 
0.02 98%, rcspec tivc ly. H e suggcs ted tha t th e stra tificd 
raci cs consistcd of three sub-racies: (a ) discontinllolls 
irregul a r aggregatcs o r fin e sedimcnt ; (b ) susjJended 
di sp c rsed fin c d e bri s particles a nd aggrega tcs and 
cam prising the rc la ti\ 'e ly clea r zone between th e morc 
d e bris-rich layc rs; a nd (c) solid - b a nds of debris with 
inte rstiti al ice . I t is not clca r how La wso n's di spersed 
fa cles is di[Tercnt fro m his discontinllolls fac ics within th e 
s ll'a tifi ed fac ies, except he defined the fo rm e r a s 
conta ining no solid dcbris bands. Ho\\'e\'e r, Knig ht 
( 1987 ) sho \\"cd bands of dcbris wi thin the di spersed 
(clotted ) icc facies . 

This is dilll cult to rela te to th e ice fa cies obscrved a t 
~[a tanu s k a Glacier during thi s stud y. Th c BIL consistcd 
orone distinct laye r which was composed ofa hig h d c bri s/ 
ice ra ti o a t thc basc a nd a lo\\' debri s/ ice ra tio a t th e top. 
Th c indi\'idua l d cbris couplets consisted of a dcb ri s- ri ch 
layer (cqui"'tl ent to Lawson' s solid layer) a nd a dcbri s
poor laycr. This d cb ris-poor ice laye r \\"as cqui\'a lcnt to 
Lawson 's slIsjJended laye r a t the basc but conta incd morc 
d c bris pa rticl es towa rds thc top (cquiva lcnt to Lawson 's 
discontilll/OllS fac ies ) . 

Other resea rchc rs have notcd th e d cc reasc in dcbris 
conce ntra ti on up\\'ards through th e B fL , e.g . Boulto n a nd 
othcrs, (1979 ), Drewry ( 1986), Echelm cye r and Zong
xiang ( 1987 ). Kni ght a nd othcrs (1994- ) sho\\'cd rrom four 
Greenland glac icrs th at the stra tifi ed and di spersed fa cies 
have similar mincra l asse mblage a nd pa rti cle shapc but 
the dispersed fac ies is fin er-gra incd a nd the clots with in 
th e di spersed facics decrcase up ice . Knight (1987 ) has 
a lso sugges ted that di spcrsed facics (clotted ice) was found 
in a reas or ex tending no\\" . 
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Debris entraimnent 

Thcre have been a numbe r o f suggesti o ns o f how dcbris 
can be entra ined \\'ithin th e Bl L; thi s includ cs (Hubba rd 
and Sh a rp , 1989; H u bba rd , 1991; Ti son a nd othcrs 
1993) : (a ) prcss ure-melt ing regc la tion (W eenm an, 1957, 
1964-) a ro und obstacles a t th c ice bcd whi ch usua ll y 
produces debri s laye rs with low ckbri s/ice ratios separated 
b\' laye rs of clean icc; (b ) adfreez ing due to the oscillat ion 
of the fr cez ing front in a nd out or sa turated sed imcnt 
\\'cerLm a n, 196 1). I t has been suggested tha t the debris/ 

ice co up le ts could reprcsent a scasona l subgl acia l cha nge 
in elwironment such as co ld air entcring the glac ier 
(:\ nd ersen a nd others, 1982) or the pe nctra tion or th e 
wintcr co ld wavc through thin ice (Bou llOn , 1977) . 
Another possib ility is a changc in the nature of the 
subglacia l sediment. Gow and othe rs ( 1979) sugges ted 
th a t thc clean ice fo rm cd over debris-free arcas and th e 
debris-rich formed over a rcas of so rt sedim ent. I t has bccn 
sugges ted that thi s proccss will produce d ebris layers with 
high d ebris/ ice ratios (Sugden and others, 1987; Souchez 
a nd othcrs , 1988): (c) shearing-in ordcbris (G oldth\\'a ite, 
195 1; D ila b io a nd Shilts, 1979; Echelmcyer and Zhong
xiang, 1987; T ison and othcrs, 1993) wh ich results in th in 
altcrnatin g layers of debris-ri ch and clea n icc , and Tiso n 
and o th c rs repon ed low debri s/ice rat ios. 

Entrainment of the debris at the Alaskan glaciers 

At Childs Glacier. the d c formin g la ye r was inco rpora ted 
into the icc by: (i) frecz ing-on by th c migra tion of th e 
freez ing front passing down through sa tu l'a tcd secl imrnts 
and then (ii ) shea ring of this materia l into th e glacier. 

At M a tanuska Glacier, th c form a tion of th e debris
rich laye r is not so obvious. At th is sitc, as a t other debris
rich basa l ice sit cs , th e d cbris/ ice ratio d ec reascd upwa rd s 
throu g h th c sequcnce; a lso th e grain-size of the debris 
dec reased upwa rds thro ugh th c sequcnce . There is also 
e\' id ence for deformation , including m ylonization , a nd 
folding a nd ra ulting where thcre are local pcrturba ti ons. 
The cntrainm cnt of th e d ebris will be di scussed in more 
dctai l be low. 

Formation of the BIL 

Most rcsearehers have thcn suggcs ted that th c strat ifi ed 
and dispc rsed facies ha ve a d iffercnt origin. Lawso n 
(1979 b) a nd Kni ght ( 1987 , 1994-) havc suggcs ted th a t the 
strati fi ed fac ies \\"as formed due to th e frc ez ing of 
meltwa te r a nd subg lacial sedim cnts to the g lacier, a nd 
Kn igh t ( 1994·) sugges tcd that the bandcd fa cies may be a 
dcfo rm cd \'ersion of th e strati[j ed Cac ics . Furthermo re, 
La\\'son ( 1979b) a nd Sugden and oth crs ( 1987) have 
sugges tcd that the cl ispe rscd facics is form cd due to 
regclation sli ding across a rough bed , wh ilst Kni g ht 
(1987 ) sugges tcd thi s facies is [orm cd from debris- rich 
water be ing sq ueezcd a way from th e b ed into the 
adj accnt vein network. 

However, I sugges t that a ll th e fac ies within the BI L 
a rc rormcd in a sim il a r ma nner and refl cc t d iffcrent 
dcg rees or cl eform a tion . Jf scdi men t is in i t ia ll ), cl1lra i ned 
a t th e base of the icc clu e to adfrcczing or regelation , as ice 
mO\'cm ent continues thi s will become both a ttenua ted 
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a nd moved upwa rd s throug h th e ice as more e ntrainm ent 

occ urs be n ea th it. Thus, as d eform a ti o n / ice mO\'em ent 

continues, a thick d ebri s b a nd is a ttenu a ted into a thinn er 
d ebri s ba nd, then into a e lo t a nd finall y a d e bri s pa rti cle. 

In thi s wa y, a debri s-ri c h laver is tra nsfo rmed into a 

d e bris-poor laye r as defo rmatio n in c rea ses upw a rd s 

throug h th e BIL. At th e sa m e tim e, d ebri s m ay becom e 

fin er, hi g he r in th e d e bri s-ri ch laye r. du e to a ttriti o n 
be tll'ee n pa rticl es during bo th th e hig h defo rma ti o n a nd 

lo nge r dura tion in th e ice . A simila r mod e l to thi s was a lso 

proposed b y Lavru shin ( 19 70 ) and later di sc ussed by 

Shaw ( 19 77 ) . They d escribed th e stra tifi ed fac ies or th e 

BIL as th e poo rl y a rte nu a ted fac ies a nd th e dispersed 
facies th e hi g hl y a ttenu a ted fac ies . 

If it is ass um ed th a t the BlL is form ed clue to 

deform a ti o n a l processes, th e n a numbe r o r tenta ti \'C 
es tim a ti o ns ca n be mad e : 

(a ) Changes ill coll eenLra Lioll oJ Ih e debris-rich laprs . Since 

man y o f th e debri s-ri ch laye rs a t J\fa ta nuska Glac ie r 

were \ 'e r y thin , some o f th e d ebri s-concentra ti o n 
meas ure ments includ ed bo th debri s-rich a nd debri s

poo r b a nd s. In o rd e r to ca lculat e th e d e bri s 

conce n tra ti o ns of th e d e bri s-ri ch ba nds a lo ne, th e 

foll ow ing calcul a tion was und ert a ke n. I I' it is ass um ed 
th a t th e concentra ti o n o f a ll th e d ebri s-poor ice is 

2 .7% (as thi s \I ' as the d e bris/ice ra ti o minimum 

sample I b ) a nd wh er e th e debri s/ice ra tio is 6/1 th en 

O\'era ll con centra tion was 59% (d e bri s/ ice max i
mum - sampl e 2b 300 cm do\\'n I,'om to p ' th en 

th e co ncentra tion of th e d ebris-ri ch ba nds \\'o uld be 

68% . u sing th e same ass umptions. a t a d e pth of' 150 cI11 

wh ere th e d ebris/ice rati o is 5 /5. th e co ncentra ti on of' the 
debri s \\ 'o uld be 33% . Ass uming th a t th e d e bris a t th e 

base (whi c h a t thi s loca ti o n was 400 cm ) was form ed 

from adfreezing, it would ha ve a debri s co nce ntra ti on o f" 

92% (as fo ulld a t Childs Gl ac ier . If'thi s theoreti ca l 
cha nge in co ncentra ti o n is plotted (Fig . 9 ), it ca n be 

seen that th e co ncentra ti o n decreases linea rly up\\'a rd s 

thro ug h th e sequ ence (y = 13.6 + +.2:r ) . 

(b) (;a/CuiaLio l/ of Lite amoll l/ I of de/anna lioll (s lraill )' If it 
ass um ed th a t th e cha nge in co ncentra tion is th e result 

o r de fo rma ti o n, then th e s tra in a t J\l a ta nuska Glac ie r 

can be es tima ted: 

-100 -,------- -------, 
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Fig . 9. Concel/ lra lioll aL sile 2a. 

f-farL: fll /'es ligalioll of deforll1illg h~)'er/deb ,.is - ,.iclt basal-ia cO ll lil/llllm 

Dc-for 111 cd concc-ntratio n -- Orig inal COll c(,ll t rat ion 
( = 0 .. I . x 100 . 

ng1l1a COlleen t rat lOll 

Stra in was ca lculated a t ~[ a ta nu s k a G la cier site 2a 

O\'e r th e sec ti o n using t\\'o tec hniques . First, s tra in \\'as 

ca lcul a ted o n th t' bas is o f' ass umin g th e d e bris 

concentra ti o ns in th e frozen d e bri s la yt' 1"5 we re a 
co nsta nt 68(X) a nd in th e d e bri s-poo r laye rs 2 .7% 

(;' tra in I ) . a nd th en more a cc ura tely using th e r es ults 

fi 'o m Fig u re 10, whert' iJ y th e d ebris co nce n tra ti on 

changed upwa rds thro ug h the sequ ence (s train 2). 

The res ults fi-o m this a re sh O\nl in T a ble c~ a nd Fig ure 

l Oa . Bo th tec hniques show a gen era ll y simil a r p a tt e rn 
o f' strain inc reas ing towa rds thl' to p ; ho\\'e \ 'C r , in th e 

co nsta nt d e bris-co ncentratio n m odel (stra in I ) , th e 

s tra in dec reases in th e to p 60 cm. Th e a mount o f s tra in 

in th e stra in 2 m odel is an o rder o f m agnitud e g rea ter 

than in the s tra in I mod e!. I wo uld sugges t that th e 
stra in 2 model is pro ha bh' m o re represe nt a ti\ 'e since 

prelimina ry res ults sugges ted a d ecrease in d ebri s 

co ncentra ti o n with height; ho \\'e \ T r , until th e a bso lut e 

co nce ntra ti o ns in th e d e bri s-ri c h ice la \ 'C rs a rc 
m easured , thi s rema ins o nl y a s ugges ti on. 

Table 4. (;flallge ill .llmin ill 11t(' iccjacie!J al .lfa/{lI l1/!Jlia 
Glacier sile 2 

% ,Iraill I % !J lraill 2 

0 16c m 2 1 ~~ 779 

16 30 CIll 387 2698 

30 77 cm 1365 2690 
77 85 cm 30 59 2 
89 2 10 cm 69 3.')0 

2 10 300 cm 0 60 
300 400 cm 0 15 

Because of th e o bs('I"\ 'Cd a nd pro posed drlOrm <.t ti o n a t 

.\I a ta lluska Gl ac ie r , it is difli c ult to say h o \\' th e 

sedim ents \\T IT initiall y inco rpo ra ted in to th e ice. [t 

may ha\'C bee n b y it simil a r process to that o bse r\ -ccl at 
Childs Gl ac ie r , th a t is initi a l fI Tl'z ing-o n clue to \\'inte r 

mi g ra ti o n o f th e freez ing fro nt , fo II O\\"l'd b y poss ible 

sh earin g-in. Th ese anllual adfi"('ez il1 g e\T nts m ay ha\"(' 
a cc umulated a t j\fatanuska Gl ac ier (ancl no t a t Childs 

Gl ac ier ) . because th e fo rm er h as a re la ti \'C h ' stagna n t 
m a rg in a l a hi g h altitud e (500 111 a.m .s. !. ) whil s t th e 

la tter has a lo w e r / \\'arm e r (0 III a .m. s.!. ) ach- a n c ing 

m a rg ll1. 

[t ca n a lso b e see n that at bo th sites a t .\lata nuska 

Gl ac ier th e thi c kn esses o f" th e d e bri s-poo r la ye rs change in 
a simil a r manl1 e r (Figs 5 b and SeI ) , i. e . thn' in c rease in 
thi c kn ess up\\·a rd s. If' it is a ss ulll ed th a t eac h yea r a 

co uplet of' de bri s-ri c h a nd d ebri s-poor ice is fo rm ed , thi s 

increase in thickness (01' th e d e iJri s-poo r la),e r ) must be 
du e to one o f' th e fo ll owing reasons: (i) th e upper units 

res ult fi'o m la rge r initi a l couplets o r ( ii since d e bri s-ri ch 

ice a nd debri s-poo r ice ha \"(' cJifl(.' r c nt rh eo logical proper

lies, the edges o f th e d e bri s-ri c h laye rs a re be ing 
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Fig. 10. (a) Strain al Matanllska Glacier site 2 using the 
two different concenlralions ( details explained in the text ) ; 
( b) A comjJarison of dijplacement over 10 d within two 
tyjJes of sllbglacial environmenls: ( i) Saturated diforming 
la),er at Breioamerklllj6kull, (ifter B oullon (1979) ; ( ii) 
Fro;:ell debris at Ummqi No . I Glacier, after Ec/zelmf1.yer 
and Zhangxiong ( 1987); (e) A comjJarison of long
illldl:nal slrai1l within Iwo tyjJes oJ subglacial eJlvironment: 
( i) Saturated diforming layer at Great Blakenhanz, 
Sl!ffolk, England, afta Hart and BOllllon (1991) ; ( ii) 
Debris-rich ice Layer al Malanuska GLacier (strain 2) site 2. 
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incorporated in to th e d ebris-poor layers during deform
a tion, so th a t the la lter become thicker. Thus, a t th e top 
o f' th e sequence the d ebris band s' ice will beco me 
comple tely incorpora ted (a ttenuated ) into the debris
poor ice, except for particula rl y resista nt laye rs. At site 2, 
there is a clast-rich lag at the top of th e B IL. I sugges t this 
la tter ex planation is m ore likel y from the e\· idence a t 
NI ata nuska Gl ac ier but cannot be proved with out 
com parisons with other si tes. 

Ie th e la ller exp la nation is true, then it is furth er fi eld 
evide nce th a t the d ebris-poo r ice has a g reate r compet
ence than debri s-ri ch ice (see H ubbard a nd Sharp (1989 ) 
fo r d eta il ed discuss io n of th is problem ) . It a lso impli es 
that the number of origina l couplets (yea rs? ) cannot be 
ca lcula ted, beca use th e upper co uplets have bee n 
com ple tely broke n down (atten ua ted ) to form th e 
debris-poor ice fac ies. 

C Onlparisons bet w e en the d eb r i s -rich layer and 
t h e defor tnin g b ed 

The interpreta ti ons I h a \'e made from th e stud y of th ese 
three glaciers sugges t to me tha t th ere are similariti es 
between the debris-ri ch layer and the d eformin g laye r. 
These are summ a ri zed in T a bl e 5. 

(a ) Longitudin a l d eformat ion s ty les within th e 
d eforming laye r (DL) and the BlL a re ve ry simil a r ; 
th ese include shear stra in and ex tension up-glacie r 
(flutes and subglacia l deforma tion {DL}/atte nua tion 
{Bl L} ) and com press ion at the m a rgin (push mora ines 
{DL} /fa ulting a nd fo lding {ElL}) , 

(b ) Tt has been sugges ted that deformation IIl creases 
up through the basal laye r. Echelm eye r and Zhong
xia ng (1987) reco rd ed displ acem en t in a frozen drift 
layer below th e g lacier. Simila rl y, Bou lton (1979 ) 
reco rded displace ment in a d efo rming layer, Th e 
di spl ace ment ove r 10 d (taken from a n ave rage d ay 
multiplied by 10) is shown from th ese two sites in 
Fig ure lOb , It ean be seen that the paltern o f' 
d ispl aceme nt is ver y simila r but th ere is mueh fa ster 
movement in th e deforming laye r . N et longitudina l 
stra in from th e different subglacia l en vironments can 
a lso be compared. It has been shown by H a rt and 
Bo ulton (199 1) that defo rmation increases upward s 
thro ugh the d efo rming layer a nd this is renected in 
d ec reasing fab ri c strengths (H art, 1994) , I t is very 
diffic ult to calcul a te stra in in the subglac ia l deform ing 
layer because: (a ) there a re few stra in ma rkers a nd (b ) 
th e thi ckn ess of th e d eforming layer ch anges as th e 
g lacier advances a nd retrea ts. One a ttempt has been 
m ad e from a Qu a ternary site a t Great Blakenh am , 
Engla nd (H art a nd Bou lton , 199 1) . Figure 10c shows 
th e res ults from the deforming laye r compared with 
those fi-om M atanuska G lacier, where fabric strengths 
a lso decreased upwards. I t ca n be seen lh a t the 
pattern of strain is \'ery simila r. It can a lso be a rgued 
th a t the style of deformation is simila r; increases in 
strain within th e d eformin g bed lcad to the form a tion 
of a homogeneous d iam icton (as a ll the componen ts 
b ecomc mixed toge ther); simila rl y, increases in strain 
in the BlL lead to the break-down of the deb ri s-ri ch 
laye rs to form la rge units of debris-poor fac ies. 
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Table 5. Comj)al'ison of the t!tree Alaskan glaciers 

Glacier 
D ebris incorpora ti on 

D eform a ti on styles 

Fa bric 

Stra in pa tte rn 
Contribution to ice fl ow 

Annu a l sed imenta ti on/ 
I m sec tion 

Sedimentary products 

Deforming bed 

Exit G lacie r 

Extensiona l a nd 
com pressio na l 

Dec rease in strength 
upwa rds 

Increase in stra in upwa rds 
90% Breioam erkurj bkull 

(Boul ton , 1979 ) 

5 m3 yea r 1 m 1 

D eforming bed till , flutes , 
push mora ines 

(c) Sediment incorpora ti on into th e basa l layers is a lso 
simila r . I n the d eform in g laye r it has been shown th a t 
sed im en ts a re incorporated by being sheared a nd 
fold ed into th e base o f th e deforming layer due to 
perturba tions but th a t m a teria l a lso m el ts in from th e 
base o f th e glacier (H a n a nd Bou llO n , 199 1). In th e 
BI L , m a teri a l is bro ug h t in by a com bina ti on o f 
adfreezing (oft en dow n into a d eforming laye r) a nd 
shearing a nd foldi ng du e to perturba ti o ns. 

(d ) M casurements o n the ra te of subg lacia l sediment 
acc umu lati ons a t th e three glac ie rs showed th a t 
sedim enta ti on a t th e two glaciers wi th a deform ing 
bed was a n ord er o f m agnitud e highe r th a n tha t with 
a d ebris-r ich ice laye r. I t was a lso sho wn tha t C hild s 
G lacie r with its frozen LOp had a sli g htly lower 
sedime nta ti on r a te th a n E xit Glac ie r with full 
defo rming-bed conditio ns even th o ug h thi s glacie r 
was th e small es t. 

Thus, I suggest th a t th e behaviour of the d ebri s-rich ice 
laye r is very simi la r to th e d eformin g bed , except th a t th e 
processes occur a t a slower ra te. Fig u re 11 a shows a 
schema tic d iagram o f th e different types o f d eform ing 
laye rs o bse rved a t the three sites, a lth oug h unfo rtun a tely 
it is no t known how fa r these ma rgina l condi tions extend 
up-glacie r. The ideas presented in this pa per can be 
combined to produce a n " id ea l" glacier w ith a d eformin g 
bed a nd /or d ebris-ri ch base (Fig . I 1 b ). T his res ults in a 
se ries o f d ecollemen t layers wi thi n the seq uence, a t th e 
base of th e d eforming laye r, a t the ice shee t-sediment 
interface a nd th e top of th e d ebris-rich ice . Th e noti on o f 
a d eforming bed /d e bri s- rich ice con tinuum is usefu l 
because th e processes o f inco rpora tion a nd d eform a tion 
a re simil a r in both types of d eform ing layers. H owever, I 
wo uld a lso sugges t th a t o n ly th e deforming bed remains in 
the geologica l reco rd ; in con tras t, on mel ti ng th e majority 
of th e d e fo rmed El L simply Oows away to produce the 
comp lex sed iment g rav ity- Oow depos its d esc ribed by 
Lawso n ( I 9 79b, 1982) . 

Deforming bed/ 
jiw;en tot) 

C hi lds Glacie r 
Adfreez ing a nd shearing 

Ex tensional a nd 
compress iona l 

60 % Urumqi N o . 1 Glacier 
(Ec helmeyer a nd Zhong

x ia ng. 1987 ) 
3 1 1 3 m yea r m 

D eforming bed ti ll , push 
m o ra lll es 

Exit Glacier 

Childs Glacier 

Debris-rich ice 

:Yfa ta nuska Glac ie r 
E x tensiona l deforma ti o n and 
adfreez ing? 
Ex ten sional a nd 

com pressional 
D ecrease in streng th 

upwa rds 
Inc rease in stra in upwa rds 
Nl a in co mpo ne nt o f fl ow , 
M o unt Sl. H elens (Brugma n, 
1983 ) 
0 .25 m 3 yea r- 1 m 1 

Pu sh moraines (bulld oz ing), 
d eb ri s fl ow depos its 

~ " ,~ ~~~~~i~O:layer ,------------ - ---

a 

b 

Matanuska Glacier 

~------ '."'-';0" ;0. "'.' 
.... , ..... '.:. ___ :::::-___ _ ~ ____ deforming layer 

Fig. 11. ( a ) Schematic diagram to show the different 
tJl/JeS of diforming la)lers at the three sites; ( b) 
Schematic diagram to show diformll1g bed/debris-rich 
ice continuum. 
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CONCLUSION 

It h as been shown by a number of researchers th a t 
sed i men t a t th e base of th e glacier, whether it is in th e 
fo rm of a sa tura ted or frozen subglacia l la yer or debris
ri ch basal pa rt of th e glacier , can produce the 1T1OSt 
signifi can t part of ice movem en t. VVhere the glacier 
m oves ove r a d e fo rmin g bed , subg la ci a l sedim ent 
moveme11l is \'ery high and land forms fi'om subglacia l 
a nd proglacia l deforma tion a re produced. If the freezing 
fr o nt p e netra tes d o wn i n to th e d eformin g laye r , 
d eform a tion ca n still go on be neath and withi n th e 
frozen laye r. At the same time , th e froz en top of the 
deforming layer can be incorporated furth er into the 
g la cier by ad freezing and sh earing. Subglacial sediment 
movement is still high although slightly lower than the 
unfrozen deformin g laye r. If th e g laci er is subjec ted to 
regul a r freezing-on events (such as winter cold p en e tra
tion ), th en these d ebris-rich la yers ma y both build up 
bu t become a lLen ua ted as the glacier moves. AILhough 
the d ebris-rich layer may increase the velocity of the 
glacier , this will be considera bl y less than those wi th a 
d eformin g bed a nd the res ultant sediment accumulation 
is a lso m uch less . 

Additionall y, deform a tion p a tte rns in the subglacia l 
d efo rming bed a re \'ery simil a r to those within subglacia l 
d ebris-ri ch ice, tha t is, fa bri cs becom e weaker upwa rds 
th ro ug h th e seq uence and stra in increases upw a rds 
through th e sequence. Thus, this stud y has shown tha t 
th ere is a deforming bed /debris-rich continuum, whereby 
simila r processes occ ur within the (a ) satura ted deforming 
layer ; (b) frozen layer and (c) debri s-ri ch ice layer. Th ese 
three " deformin g la yers" will haye a basa l deco llem ent 
surface but mO\'e a t different ra tes . Sedim ent movem ent 
a nd thus stra in is g rea tes t in th e satura ted deforming 
laye r and co rrespondingly d ec reases throughout th e two 
upper layers. Similarl y, onl y the subglacial produc ts of 
th e d eforming layer have a chance of preserva ti on within 
the geologica l record. 
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