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ABSTRACT, An understa nding of the m echa nica l beha \ 'io ur of th e basa l zone of 
a n ice mass is fund a ment a l to und ersta nding th e ove ra ll d yna mics of th a t ice mass, 
D espite th e fac t th a t d ebris-l ad en ice is found in th e basa l zo nes of ma ny glac ie rs a nd 
ice shee ts, its mec ha nica l beha \'io ur is onl y poorly understood , This pa per a ttempts to 
ex pa nd o ur knowled ge of th e mecha ni cal behav io ur or d ebris-lad en ice by exa mining 
th e uni ax ia l compressi\ 'e streng th o r d ebri s-l ad en basa l ice sa mpled rrom th e snout or 
th e T ay lo r Glac ier, Anta rc ti ca, 

The mecha ni ca l beha \'iour of deb ri s-lad en ice (d ebris content 5- 20% by \'o lume) 
under uni axia l compressio n, a nd th e rela ti onship be twee n th e behav io urs o f'd ebris
lad en basa l ice a nd 'clean ' g lacier ice, is complex a nd va ri a ble, At the rel a ti ve ly wa rm 
tempera tures a t whi ch uni ax ia l compressi\'e streng th tests we re condu cted in th e fi eld , 
deb ri s-lade n ice was genera ll y wea ker th a n c lea n glac ie r ice , At th ese tem pera tures, 
be twee n 0 0 a nd - 5°C, pressure melting was th e d omina nt d erorma ti on m echa nism in 
th e d ebri s-la d en ice and crac king th e d omin a nt d efo rm a ti on mec ha ni sm in clean ice , 
A t -25°C, howe\'e r, d ebris-lad en ice reac hed higher streng ths th a n th e clean g lac ier ice 
a nd crac king \I'as th e d omin a nt d efor ma ti on m echa ni sm in both ice types, Th e cha nge 
in rela ti onship be twee n th e streng ths o f d ebri s-l ad en a nd clean ice with tempera ture is 
inferred to be a ttributab le to th e tempera ture d ependence o r th e ra te of pressure 
melting, 

Th ese res ults sugges t th a t th e d yna mi c eITec ts a nd sig nifi cance of th e p resence 0 (' a 
d ebris- lad en ice layer in th e basal zo ne of a n ice mass a re likely to be highl y variable in 
space a nd time, 

CONTEXT AND AIMS 

Th e iss ue o f th e mecha ni ca l behaviour of de bri s-lad en ice 

is h ighly sig nifi cant fo r ice shee t mod elli ng, since it 
perta ins to th e sta te or th e basa l bo unda ry conditi on , 
Clea rl y, in ord er to mod el effec ti vel y th e pas t, present a nd 
future beha \'io ur of ice shee ts, mod ell ers need to includ e a 
rea listi c pa ra meteri za ti on of th e basa l bo und ar y condi 
t ion in th eir mod els, A t p resent, hO\l'eve r, mos t a ttenti on 

is direc ted towa rds d e ta ils of th e pa ra meteri za ti on of th e 
upper surface bound a ry condi tion, This im ba la nce is a t 
leas t pa rtly a run cti on o r th e ongo ing unce rt a inti es 
surround ing bo th th e na ture a nd behaviour of th e basa l 
bound a ry, This pa per a ims to contribute to a furth ered 
und ersta nding of th e m echa ni ca l cha rac teristics o f o ne 

possib le basa l bounda ry config u ra ti on , by ex plo ring th e 
beha vio ur of d eb ris-laden ice , 

Previo us wo rk on the mec ha ni ca l beha vio u r of d ebri s
lad en ice has produced di\'e rse a nd a ppa rent ly contra
di c tory conclusio ns, On th e o nc ha nd , wo rkers condu ct

ing la bora to r y experim ents on la bo ra tory-produ ced 

d ebri s-lad en ice (H ooke a nd o th ers, 1972; Nickling a nd 
Bennett , 1984) have conclud ed th a t th e presence of d ebri s 
streng t hens ice, a phenomenon th a t H ooke a nd o th ers 
a ttributed to inhibitio n o f di sloca ti on mo tion by th e 
ph ys ica l presence of solid pa rticl es , On th e o th er ha nd , 
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structura l fi e ld o bserva ti o ns (Ec helmeye r a nd Zongx iang, 
1987; La wson, 1989 ) a nd ex periments on samp les from 
ice-shee t co res (Shoji a nd L a ngway, 1984; Fisher a nd 
K oe rn er, 1986) ha ve indi ca ted th a t de bri s-l ad en ice is 
wea ker th a n co ntig uous clea n ice, Th e wo rk ers o n d eb ris
lad en ice from ice shee ts h3\'e ge nera ll y a ttri buted the 
con tras t in behav io ur no t direc tl y to th e p resence or the 
deb ri s but to \'a ri a tion o f ice c rys ta l fa bri c a nd texture 
cha rac te ri sti cs, 

The \'a ri o us works outlin ed a bove a re clea rl y no t 
direc tly compa ra ble, beca use th e)' ex plore th e iss ue of the 
st reng th of d eb ris-lad en ice rro m a r a nge of perspec ti\ 'es 
using \'a ri o us meth ods, H o\\'c\'e r, th e a ppa rent contra
di c ti ons be tween th eir conclusions point to th e impor
ta nce of the subj ec t ma lle r of thi s pa per, Th e im porta nce 

o f th e iss ue of th e rela ti\'e streng ths of deb ris- lad en a nd 
clea n ice lies in th e poss ib le d yna m ic effec ts of th e 
presence of a d ebri s-bea rin g layc r a t the base or a n ice 
mass , If d ebris increases th e streng th of ice, th en a d eb ris
bea ring laye r in th e basa l zone will ac t as a reta rd a nt to 

mo ti on, whi lst if d ebri s d ec reases th e streng th of ice, a 

basa l d ebri s-bea rin g laye r will in effec t ac t as a lubri cant. 

W here mod ell e rs ha \ 'e a ttempted to fac to r in th e e ITec ts of 
the presence o f a rh eo logica ll y different laye r a t th e base 
of a n ice mass , they ha \ 'e ge nera ll y ass um ed tha t th e basal 
laye r wi ll be soft er tha n th e ove rl ying ice (e ,g , R eeh a nd 
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Pa te rson , 1988 ) , I t is clea r th a t th e prese nce of a 

rh eologica ll y different layer a t the base of a n ice mass 
\\'ill ha\T a m aj or eflec t no t onl y on the d yna mi cs o f a n ice 
mass but a lso o n its morph o logy a nd extem (Bege t, 1986) , 
This iss ue is th e refore of fund ame nta l impo rta nce to 
m od ell e rs, 

T he o\'e ra ll a im of thi s pa per , th en , is to elucid a te th e 

re la ti\ 'e mech a nica l behav io urs of d ebri s-l ad en a nd clea n 
g lac ie r ice sa mpled con ti g uo usly ri'om rh e sam e g lac ie r , in 
order to shed some li ght o n th e problem o utlined a bO\'e, 
The pa ra meter of mecha ni ca l beha\' iour used fo r thi s 

compariso n is th e un co nfin ed uni ax ia l co mpress i\'e 

streng th (UeS ) in ra pid loadin g o f cy lin d ri ca l ice 

sampl es , This pa ra mete r was chosen because it is readil y 
measu rab le in fi eld conditi ons a nd therefo re suited to th e 
fi eld o ri entat ion of thi s resea rch , It is a lso rapidl y 
m eas ura ble a nd thus cond uci\'e to th e acc umula tion of 

a representa ti ve da ta se t. In additi on , ues is a unique 

single mcas ure of th e beha vi o ur of a sa mple a nd th erefo re 
use ful fo r th e d e\'elopm ent of th e com pa ra ti ve d a ta se ts 
required her e , Experiments we re necessa ril y condu c ted a t 
hig h strain ra tes (sce d isc ussion in " P rocedu re" ), in o rd er 

to ensure th e failure necessa ry for th e establi sh ment of 

ues , Hig h strain ra tes a lso fac ilita ted th e coll ec ti on of a 

la rge number of d a ta , 
In the con tex t of the O\'e ra ll a im a nd th e se lec ted 

m ec ha ni ca l pa ra mete r, th e spec ifi c a ims of th e pa per a re: 
(1) to compare th e unconfined uni ax ia l compressi\'e 
streng th (UeS ) of d ebri s-l a d en a nd clean ice samples O\'e r 

a ra nge of tem pera tures a nd (2) to com pa re qua lita ti\ 'C 

aspects of th e beha\' io urs of th e two ice types during 
d eform a ti on a nd fa ilure, 

This pa per p rovides a compa ra ti\ 'e stud y of th e ne t 
differences in beha \'io ur be twee n groups of samples o f two 
ice typ es r a ther tha n of d ifferences be twee n indi\ 'idu a l 

samples, Th e b ulk sedim entologica l a nd ice tex ture 

cha rac teristi cs of th e two ice types arc su m ma ri zed in 
th e nex t sect ion , 

THE FIELD SITE: TA YLOR GLACIER 

T a ylo r G lacie r is a 90 km long, eas terl y fl owin g o u tlet of 
th e E as t A nta rc ti c ice shee t in the Dry V a ll eys a rea o f 
A nta rc ti ca , T ay lo r Glac ie r was chosen (o r thi s resea rch 
beca use its sno u t a rea has a I'ery di stin c ti\ 'e sequence or 
d eb ri s-l a d en basa l ice cl ea rl y exposed a nd r eadil y 

accessible a roun d approxim a tely 4 km 0 (' th e te rminus 

(Fig , I ) , This d eb ri s-bea ring layer has been th e su bj ec t o r 
a pre\' io us d eta iled stu dy (R o binso n, 1979 ), whi c h 
toge th e r w ith o bse rva ti o ns fro m th e p rese nt \\'o rk 
p rO\' id es th e fo ll owing summ a ry of th e b ulk cha racter
isti cs of th e d eb ri s-l ad en a nd c lea n ice types , Field ice

fa bri c a na lyses were pl a nned as pa rt of th e current stud y 

but we re impossible in th e event due to wa rm a mbi ent 
tempera tures, As a res ult , no fabri c inform a ti o n is 
C\ \ 'ail a ble fo r eith e r ice type, 

This d ebris-l ad en basal ice laye r o f T ay lor Gl ac ier, 
(i'om wh ich d eb ris-lad en ice samples we re ta ken fo r thi s 

\I'o rk , is up to 5 m thi ck a nd comprises a ra nge of d ebris

lad en ice fac ies, in c ludin g la min a ted, di spe rsed a nd 
m ass i\'e d ebri s-lad en ice (see cl ass ifica ti on o r Hubba rd 
a nd Sh a rp (1995 )) , The d ebris content o f thi s ice ra nges 

Fig, 1, The ia l7/argin ill Ihe lermilllls area of T(~)'{or 

Glacier, shoLe'illg the distil7ctil'f debris-laden basal ice 1a,,)!fI 
fljJo sed al Ihe/ool of a vertical ia cliJJ 

from less th a n I % to grea ter th a n 50% by volume a nd 

th e d ebris is pred omin a ntl y sand-sized (sa nd fraction 

>50% by \\c ig ht ) , Ice crys ta llog rap hi c wo rk b y R o bin
so n ( 1979 ) sugges ts th a t th e ice crys ta ls in th e d ebris
bea rin g basa llayer a rc coa rse r th a n th ose in th e o\'erl ying 
c lea n g lacie r ice laye r, a ltho ug h this findin g is no t 
consid ered to be ve ry reli a ble , 

The clea n glacier ice ove rl ying th e basa l layer , a nd 

compri sing th e bulk of the g lac ie r's \'o lum e, has less th a n 
1% by vo lum e d ebris content. R obinso n 's ( 1979 ) work 
indica ted tha t th e ice tex ture may be fin er tha n th e 
d ebri s-l ad en ice b ut , as ind ica ted a bO\'c, thi s findin g may 
be unreli ab le, 

PROCEDURE 

ues tes tin g requires cy lindri ca l sam plcs \,vith a leng th - lo
width ra ti o::::2 (BrO\I'Il , 198 1), l ee sampl es mee tin g these 

crit eria \I'e re obta ined from T ay lor G lacier using ha nd 

held drilling eq ui p men t, consisting of a cha insa \\' fitt ed 
with a n o ff- th e-shelf ro ta r y ad a ptor. Drilling \I'ith this 
equipm ent \\'as constra in ed to \c rrical sa mpling, since 
sufficient pressu re co uld onl y be a p pli ed with th e axis of 

th e a ppa ra tus upri g ht. This equipment was porta ble, 

inexpensi\'e, did no t require drilling lubri ca nt a nd was 

highly success ful in use , Specia ll y d esigned di a m ond
tipped b its we re used fo r o b ta ining d ebris-l ad en ice 
samples a nd S<l \\,-too th drill bits fo r c lea n ice sam p les , 
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These bits \\'e re d esig ned \\'ith a ll inte rn a l d iameter of 
63 mm (a standard of geom ec ha ni ca l tes ting ) a nd 
produ ced samples with a diameter of a pproxim a tely 
60 mm. The raw sampl es were prepared (o r tes tin g by 
smoo thing their end surfaces with a ha ndsaw a nd /or by 
rapid melting on a hot plate. [n addition, load was 
a pplied slowly during th e initial moments of each test in 
orde r for pressure melting to comple te the smoothing or 
th e cnd s urf~lces a nd thus to a llo\\· th e load to be e\Tn ly 

distribut ed thro ug h th e cross-section . Th e loading condi

tions were no t, therefore, precise ly constra ined but a rc 
cons idered to be sufTi cien tl y constra ined to suppo rt th e 
compa ra ti\ ·e in ferences intended here. 

Debris-l ad en and c lea n ice sa mpl es we re obtained 
from ma rgina l ice at se\'e ral sites in th e snout area of the 

glac ier. \V ea thered surface ice was rem oved prior to 

sa mpling . Samp les were taken within I m ve rti ca l 
distance of th e deb ris-la d en /clean ice contac t (sce Fig. 
I ) . Each sa mple was ob tain ed with its ax is as close as 
poss ibl e to orthogonal to a n y ice laye ring, a ltho ug h thi s 
criter io n was secondary to th e need to drill ve rti call y, as 

outl in ed above. 

Th e overall proced ure for U CS tes ting of a m a te ri a l 
invo lves the ax ia l load ing of a cy lindri ca l sa mple until 
fai lurc occurs, i.e . until no furth er load can be supported 
a nd th e sampl e d e-stresses . The ues is ca lculated [I-o m 
th e maximum meas ured stress during the tes t, which is an 

index of the max imum streng th of th e sample during the 

ex perim ent. For thi s work , a comm ercia ll y a\'<l il a ble field
loadi ng d ev ice d es ig ned for point-load tes tin g was 
adapted ['or ues tes tin g by the substitutio n or stee l 
pla tens [or th e poin ts (Fig. 2). This devi ce was a ha rd

load ing machine, in which a strain was app li ed by th e 

manu a l opera tio n of an hydrau li c pump a nd a stress 
produced as a res ult. Th e stress was displayed in rea l lime 
on an LeD a nd a lso output a t 0.25 s inten 'a ls to a daw 
logger . Th e hydraulic pump was operated in such a way 
as to obtain as constant a strain ra te as poss ible, both 

throug h individua l tests a nd between tes ts. Most tests 

required more th a n onc stroke of th e pump before fa ilure 
a nd th ese samples were therefore d e-st ressed during lhe 
off-stroke. Stress strain C'U ITes for th e experiments in 
which thi s dc-stress ing was necessa ry indicate th a t Slress 
was recovered during subsequent strain. This tes ling 

appa ratus was used successfull y in a ll experiments a nd 

required no adapt a ti ons for use in co ld-l abora to ry 
cond i t ions. 

Most or th e ues test ing programme was ca rri ed out 
in the fi eld , adjacent to th e sampling site a nd as soon as 
possibl e after sampling, in o rd er to minimize th e effects of 

tra nsport of th e ice and th erefore to ob ta in res ul ts as close 
as poss ibl e to th ose which would be obtained were it 
p ossible to test the ice in situ. Labo ratory leS ts were a lso 
carried o ut , alSo, - 15° and - 25 °e , in o rd er to 
inves tigate th e clTcc t of temperature. I ce was stored and 
tra nsported where necessary in insul a ted containers a nd 

tested as soon as possible a fter sampling. Field tes ting was 
generally co nducted within 2- 3 ho urs o f' sampling. 
La bora tory testing was conduc ted up to 5 days afte r 
sampling . Samples les led in th e la boratory were allowed 
to equilibra te with th e a mbi ent tempera ture of th e co ld 
room for a t leas t 24 ho urs prior to tes ting. 

fn fi e ld tests, the temperature of each d ebris-lad en ice 
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Fig. 2. ",jjJjJ{lI'{tlllS llsed forji'eld ami laboralol:Y leslillg (!f 

lIllrol/filled tlllialial rOIll/Jressil'e strellgth oJ ice samples. 

sample was measured after tes ting b y the inse rti o n of a 
temperature probe into a small hol e drilled in to the 
sampl e with a ha nd drill. Cl ean ice samples almost a lways 

di sintegrat ed after tes tin g and it was not th erefore 

possible to obta in a useful indica tion of their tempera ture. 
Tests were cond ucted at strai n rates in th e ra nge 

10 2
- 10 '$ I. Th ese strain ra tes a re 2 3 orders of 

magnitude g reale r than wou ld occur in mos t naturall y 
d eforming ice bodies. T o ta l stra ins during testing were 3-

15%, with small e r total stra ins occurring at cold er 

tempera tures. The duration of tests ranged from a few 
seconds to lo nger th an a minute. Pos t-tes t temperatures of 
debri s-l ad en ice sampl es ranged fi-o m just below 0° 
(-0. [ 0C) to - 3.4°e. 

Table 1. M ean UCS ( MPa ) for debris-laden and clean 
ice sam/lles ji-olll Taj /or Glacier. Sam/lle size n is 
illdicaLed ill parenLheses 

T est ing enviroll/llellL Debris-Iadell ice Cleall ice 

Field 1.1 ( 10 I) 2.7 ( 110) 
5°e 3.7 ( I ,~ ) 3 .4 ( 10) 

15°C 6.2 ( 16) 1.9 ( 12 ) 
- 25°C 7.6 ( 15) 3 .0 ( 15) 
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Fig, 3, Tlte re/aliollJliijJ belwel'll IIl1colljilled IIl1i(l\ia/ (olI7jJre.l.lil'e .llrl'llglli alld lelllj!cralllreIorji"e/d- alld /a/;oralol}-Ie.lled 

dehri,I- /adl'll ire sallljJ/esj'rolll T(~)'/()r Glacier. Set' arlo Table I . 

R es ults a re p rese nt ed as sca ll erg rams o f unco nfin ed 

UC:S aga inst tem pe ra ture fo r de bri, -I ad en ice (Fig . 3 ) a nd 

clea n ice (Fig. 4 ). S ummary da ta arc a lso presented in 

ta bul a r fo rm Table I ) . The sca ll e r of' U C:S a t eac h 
tempera ture conditi on Figs 3 a nd .j.) re fl ec ts t\\'o so urces 
or \ 'a ri a bili ty: i) rea l \'a r ia bilit \ d ue to the d iye rsity of 

sa m ple c ha racter isti cs a nd (ii ) apparent \ 'a ri a bilit ), clue to 

inco nsiste nt loadin g co ndilO ns, as o utl ined a bO\'C. In 

orde r to red uce the impac t o n a m ' C\'C' nlll a l co ncl usio ns of' 

the dli.'Cl or loading condi tio n \ 'a ri a bili t)" emphasis is 
g in' n in the fc) ll o\\'ing d isc uss ion to the 1II(l\illl/l1ll meas ured 
CC:S a t a g i\T n tem pera ture, as \\'C II as to the mean 
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Fig. -I. The re/aliollJliijJ belwl'I'lI 1II1COIlji"lIl'd IIl1ialia/ cUllljJl'I'.I.lil'e ,Itrl'llglll alld lelllj!eralllreIorji"dd- alld /a/;oralol} - le,l ll'd 

rlmll ice J(Jllllile.l.frolll T(!)'lor (;Iacier., \ iJ/i' /hallheji·dr/- /e,I/{·r/ wllljJlel arl' IJlolled al I c:. allhough illl 'a,1 1/01 llOssible 10 

1IIff/.IUre Iheir /ellljJeraluu'.I: .Ife /1'11 Jiil' de/ail.\. Sa aloo T ablr I. 
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meas ured ues . This a pproac h is used beca use th e 
max imum can be consid ered to be th e d a ta poin t leas t 
likely to be a ffec ted by ad ve rse loading conditions a nd 
th erefore mos t likely to a pprox ima te th e true streng th of 
the ma teri a l. The seri es of maxim a ove r a ra nge of 
tempera ture ca n a lso be consid ered to d efin e a 's treng th 
e l1\'e lope' for th e va ri a ti o n of ues with tempera ture fo r 
eaeh ice type. This streng th e l1\'elope a p p roach to d a ta 
illlnpreta ti on is a lso empl oyed in th e geo techn ica l 
lit era ture. The maxim a se ri es is used with a ppro pri a te 

caution in a nalys is of th ese res u lts, howe\'e r, beca use of 
th e statisti ca l li mitatio n imposed by th e effec t of sample 
size. lL is clea r th a t th e max imum of a sa mple is a fun c ti on 
of th e sa mple size, such th a t th e m ax imum o f a ra ndom 
sample of ten is li kely to be sma ll er th a n th e maximum o f 
a ra ndom sample from th e sa me popula ti on of 100. Th e 

different sa mpl e sizes a t different tempera tures in thi s 
wo rk (see T a bl e I ) preclud e d efiniti ve sta tem ents 
conce rnin g th e m ax im a. 

THE RELATIVE STRENGTHS OF CLEAN AND 
DEBRIS-LADEN ICE 

At th e nea r-ze ro tempera tures a t whi ch fi e ld tes ts wc re 
ca rri ed o ut , th e m ea n ues o f clea n ice (n = 110 
experim ents) was nearly 2.5 times grea te r th a n th e mcan 

u es of d ebri s-l ad en ice (n = 101 ; T a ble I ) . Simil a rl y, 

th e m ax imum ues ac hie\"Cd in tes ts on clean ice a t fi eld 
tcmpera tures (5 .3 ~fPa; Fig. 4 ) was g rea te r th a n th e 
max imum ues achieved in tes ts on d ebri s-lad en ice a t 
licld tempera tures (4 .0 ~lPa; Fig. 3) . At progressively 
co ld er tempera tures, th e mea n streng th o f" th e d ebri s

lad en samples in creased fa irl y sys tem a ti ca ll y as tempera 
ture d ecreased , with a mea n eSof 7.6 \lPa (n= 15) a t 

25°C (T a bl e I ) . In cO nlras t, th e mea n U CS of c lean-ice 
sa mples \'a ri ed erra ti ca ll y with tempera ture, with th e 
g rea tes t m ean u e s of clea n-i ce samples being 3.4 J\IPa 

(n = 10) a t - 5°C (T a bl e I ) . 

Despite sma ll er sample sizes a t colder tempera tures (sec 

d iscussion a bO\·e). the max imu m ues of debris-l ad en ice 
a lso increased fairl y sys tema ti ca ll y with dec reas ing tem
pera ture (max imum U CS a t - 25°C of 11 . 1 J\'fPa ) , with a 
la pse rate of a pprox ima tely 0.6 J\[Pa °C 1 betll'een _5° a nd 

25 "e, a nd a grea ter la pse ra te a t nea r-ze ro tempera tures 

(Fig. 3). No te tha t the efTeCl of sa mp le size is such tha t, if 
sam ple sizes w('J"e simil a r a t a ll tempera tures, maxim a a t 
colder tcmpera tures wo ul d proba bl y be la rge r, a nd the _5° 
to - 25 C lapse ra te wo ul d be g rea ter. Th e max imum \',du es 
of UCS of clean ice displayed a n erra ti c pa ttern \I'ith 
tempera ture, unrel a ted to th e cha nge in th e mean CCS 
II·i th tempera t ure (Fig. 4; T a bl e I ) . At both - 15° a nd 

- 25°C, th e max ima lI'ere signifi ca nt outiiers (2.2 tim es a nd 
1. 5 tim e'S th e nex t nea res t ues, respec ti \'C ly). 

QUALIT A TIVE ASPECTS OF THE DEFORM
ATION OF DEBRIS-LADEN ICE 

The style of d eforma ti on a nd mod e' of r ~\ilure of d ebri s
lad en ice \',Hied I\'ide ly be twcc n tes ts a nd bt'l \l 'een tes tin g 
conditi ons. Pressure m elting, as indi ca ted b\' th e ge nera 
ti on of turbid wa ter during tes ting, occ urred prolifi call y 

27+ 

in a ll fi eld tests, bo th a t the pla tens a t th e sa mple ends a nd 
thro ughout th e sa mpl e. J\l e lting throug ho ut the sa mple 
\I'as indi ca ted by inte rg ra nular seepage of turbid wa ter 
fi-om th e sampl e. The qu a ntity o f pressure m elt ing 

d ec r eased sig nifi ca ntl y as te mpe ra ture d ec reased , 
a lth o ug h a sm a ll a mo unt o f press ure m eltin g was 
obsen 'ed in some tes ts e\'en a t - 25°C. I n tes ts a t thi s 
tempera ture, pressure melting occ urred onl y a t th e 
pla tens a nd \I'as indi ca ted by th e see ping of wa ter fro m 
th e ice/pla ten comac t a nd its imm edi a te refreez ing on 

contac t with th e co ld sample m a rgins. Overa ll , press ure 
melting a ppea red to be a hig hl y sig nifi cant deforma ti on 
mecha ni sm cna bling th e accommod a ti on of stra i n in 
d ebri s- lad en ice . 

In li eld conditi ons, fa ilure o f sa mp les occ urred mos t 
frequ entl y by th e d evelopm ent of a cone o r cones of 

compression with accompan ying bulge . This type of 
failure was pa rti cul a rl y commo n in sa mpl es d omin a ted by 
m assi\ 'e (i. e . non- la min a ted ) basa l ice. In sa mpl es 
composed mainl y o f lamina ted basa l ice, fa ilure a lso 
occurred by the d e' \ 'C lopment of a n ax ia l crac k or c rac ks 

(Fig. 5). In samples with a di st inc t la ye r of rela tively 

clea n basal ice, either within la min a ted ice or in a sa mple 
o th erwi se composed of massive ice, th e failure o f th e 
sa mpl e \I'as oft en contro ll ed by th e laye r of clea n ice 
which a ppea red to ha ve a greate r res ista nce to defo rm a
tion a nd f'a ilure. 

In p rogressive ly co ld er condit ions, d ebris-I acl en ice 

Fig. 5 . . -l .field-te.lted debris-/adfll ice salll/l/e (!lierfailllre 
~)' the dl'1'elo/JllleJlt 0/([11 ([lied crack. The lower ilL'o-thirds 
0/ tlti.1 sam/)Ie (ollsi.lt 0./ la lll illated baJ([/ ice alld the II/J/JI'r 

third 0./ lII({ssire ice . . \ 'ote tlte sligltl bulgillg fl'idml Oil !he 
rightlta lld side qI the 117(ISJive pari ~/ tlte sample. 
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L{/i(.'soll : Re/alil'e slrmgllt.l oj debris -laden basal ice alld dean glacier ice 

Fig . 6. A sample oj lamillaled debris-laden basal ice after 
lesling and jailure al 25"(;. The sample jailed slIdden(J' 
~J' Ihe del'e/o/Jll/eIll qf all {Ilia/ crack. The re/alil'e[J' cleal/ 
ire /a..)'fr IOl('ardJ Ihe loj; qf lite salll/l/e is o/laC/lle fiJ a re.wll 
oj mirrocrackillg. 

behan'd in a n increas ing ly bri t tle m a nn er, \\'ith th e 
typica l m od e o f' (;\ilure being th e d C\"(' lopm e nt o f a sing le 
axia l crac k lhro ug h th e centre of' lhe sample ( Fig . 6) . 
Altho ug h as ind ica ted a bo\'e, pressure m eltin g occ urred 

in some tes ts e\ 'e n a t - 25 C, fa ilure a t thi s tempera ture 

\\'as ge nera ll y explos i\T a nd \\' ith littl e d eform a ti o n prio r 
LO fa ilure. Cones o r compressio n a lso d C'\'clo ped in so m e 
tes ts a t cold tem pe ra tures. T he cont ro lling crfcc t o f'l ayers 
o f c lra n ice \\'ithin samples becam e less m ar ked a t co ld er 

tempe ra tures, as th c O\T ra ll UCS stre ng th o f th e d e br is

lad en ice incrcasecl. 

Th e infe rence th a t press ure m elting is d ec reasing ly 

impo rt a nt fo r the d elo rmat io n o f d ebri s-l ad en ice as 
tempera ture d ecreasC's m ay be linked to lhe o \) sC' J'\ 'a ti o n o r 
sys tem a ti ca lh- increas ing s treng th of' d ebri s-I ade n ice as 
tempera ture d ecreases. It is poss ib le th a t th e increasing 

s treng th is a direct res ult o f th e cha ng ing press u re mclting 

ra te, in th a t as press ure m elting d ec rea ses th e ice beco m es 

m o re res is ta nt to d eform at io n a nd stro nge r as a res ult. 

Q.UALIT A TIVE ASPECTS OF THE BEHAVIOUR 
OF CLEAN ICE 

Crac kin g \\'as by (ill' th e m os t impo rta nt d e fo rm a ti o n a nd 
fa ilure mec han ism o f c lea n ice samples in a ll tes ling 

conditi o ns. At fi e ld tempera tures , th e acc umu la ti o n o f 

d efo rm a ti o n ge nera ll y occurred by progressi\T m icro
crac king in th c initi a l SLagcs o fa tes t, with e\ 'C' ntu a l fa ilure 
occ urrin g by th e d en' lo pmenl o f' a d omina nt a xial crac k 
o r c rac ks ( Fig . 7 ). This mi crocrac kin g \\'as accompa ni ed 

by d ecreasing tra nslu ce ncy or samples during tes tin g a nd 

a change in sha pe or th e sample pri o r to ra ilure . This 
cha nge in sha pe \\'as a ppa rentl y ca used I)\' th e mi cro
crac kin g, whi c h d es pil e be in g a n inh ere ntl y brittl e 
process, res u lt ed in a sa mple-sca le pse ud o-p las li cil Y. 

At co ld e r tempe ra tures , c lea n ice sa mples te nd ed to 

rail " e ry sudde nl y, eithe r Iw explos i" e bloc ky fa ilure o r by 

th e insta nt a neo us a nd clea rly audib le dC\'C lo pme nt o r a 

sing le a xi a l crac k. l\ l icroc racking was less pre\'a le nt a t 
co lde r lempera lures, a llho ug h it did occ ur in som e leS lS a l 
- 5 a nd 15 C. 

Th e brittl e beha "io ur o r clean ice a t a ll tempera tures 

ex pl a ins th e lac k o r a sys tema ti c rela ti o nship bet\\'ee n clea n 

ice CC:S a nd tempera ture. Brittle b l" ha\' io ur is inh erentl y 
slOc hasti c, a nd lhere is no sys tem a ti c rale conlro l C'xe rt ed 
simi lar lO th a t inferred LO be exerted by press ure melling o n 
de bri s-l ad en ice st reng th th a t \\ 'o uld ge nera te a sys te ma ti c 

pa ttern o f streng th with tempera ture . 

SYNTHESIS 

D e bri s-l ad en basa l ice fro m T ay lo r Glac ier was weaker 

(in te rms or UCS ) th a n clea n g lac ie r ice fi 'o m T ay lo r 

G lac ie r a t n ea r -ze ro te m p e ra t u res bu t s tronge r a t 

tem pe ra tures o f 5°c.: a nd colde r. In fac t, th e ues of 
d ebri s-l ad e n ice in creased sys tcm a ti ca lh' \\' ith d ecreas ing 

Fig. 7 . .cl j/eld-leJled cleall ice .Iam/lle after Iailure . T he 
screwdriz-er /)oillls 10 lite {lIial crad It'hich led la Iai/llre . 
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LaW,IOII: RelaliL'f slrmgllis 0/ debris-Iadm bawl ice and cleall glacier ice 

temperature , II'hilst there II-ere no apparent sys tem a ti c 
re latio nshi ps betllTen stren g th and tcmperature 101' rhe 

clean ice, QualitaLil'C obscl'I'ations of the relatilT 

behal 'iours of the ice types during test ing suggest that 

this ITI'C rsa l in re latil-it ies may be due to the changing 
importance of' pressure melting II'i th temperature in the 
defo rm at io n of'd ebris- Iaden ice , Qua lit a ti l'(~ obserl'a ti ons 
a lso indi ca tc that microcracking was importa nt in the 
delormation of clean ice, 

r t is clear that the findings of th is paper halT no 

d irec tlv tra nsferable implications f()r ice shee t modelling , 
since unconfined UCS at rapid strain rates is not a 
strengLh parameter that is like ly to be an immediate ly 
ust'ful descriptor oC the behaviour of' ice at the base of'ice 

sheets, Nel'e rth e less, the findin gs of' thi s paper a rc 

extremely interesting in themsek es and sugges t a range 

of alTnues for future researc h , In particular, wo rk is 
need ed in more 'glacio logieal' cond itions (1011- strain ratcs 
in shea r, confi nin g strcsses ) to estab li sh w hethe r the main 
findin g of' thi s paper (diffe rent and changing strength 
re latil'it ies II- ith temperarure ) a nd the main inference 

(pressure melting as the rate-controlling mechanism ) a rc 

app li ca ble to th e w ider mechani ca l behal'iour of th ese 
two ice types, 

The findings of this paper a lso help to sugges t possible 
exp la nations for the apparent con trad ictions between 

va ri ous prel'ious concl usions on the relatil'e strengths of 

debris-laden and clean ice, in that temperature mal' be a 

c ritical parameter beca use of the contro l it is inferred to 
exert o n pressure melting, In particular, the effect or 
tem pcra lUre ma y exp la i n the con tradinion betll-ee n 
conclusions from laboratory tes ts on debris-laden ice, 

II'hi ch hm'e usually been conducted at co ld temperatures, 

and obsen-at ions of structural features, II'hich halT 
genera ll y formed at near-zero lemperatures, It may be 
lhat , at co ld er temperatures, th e rate-co ntrolling process 
is the inhibitio n or d islocat io n motion by the presence or 

so lid particles , as suggested by H ooke a nd o th ers (1972 ) , 

Finally , fo r the purposes of illustration , let us suppose 

that the findin gs of this paper do indeed apply under 
g lacio log ica l cond iti ons, and under thi s supposition 
examine the consequelll im pli ca ti o ns of the presence or 
th e d ebris-l aden laye r at the base of T aylor G lac ier. Part 
of' th e bed of the cen tra l area or 1011'(' 1' Taylor G lacier has 

been estimated to be at th e press ure melting point, II-hil st 

ot her areas of th e bed are probably a t temperatures 10IVer 
th an 20°C (R obinsol1, 1979, 1984-) , If: as wc hal,(, 
supposed, th e pattern of' relatin' I)chal'io urs of c lea n and 
debris-laden ice in si lU resem bles the pattern of' thei r 

rel a tilT behaviours in unconfinecl UC:S testing, then th e 

effect of the presence of a debris-bearing ice layer at th e 
base ofTaylor G lacier wi ll be highly I'ariable, Where and 
w hen the basa l interface is cold, the p resence of a basa l 
debris-bearing layer will retard motion in th e basa l zone 
and thus th e ol'era ll motion of' the g lacie r. \\' here and 
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when th e inte ri ilce is \\-a rm , hOII'CI'Cr, the presence of a 
basa l layer or debri s-laden ice II-ill enh ance motion , It is 
clear, th en, th at th e effect or th e presence of a debri s

bea rin g layer a t th e base 0(' a g lac ier or ice sheet may be 

highl y I-ariable in space, a nd a lso in time , as tem perature 
I'aries in space a nd time, 

The find ings o f' thi s paper a re potentially hi gh ly 
sign ifi cant [or ice sheet modellers, Further work is 

necessa ry to es tabli sh the wider implications of the 

findings, 
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