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ABSTRACT. A ro bo ti c subm a rin e was used fo r th e first o bsen'a ti o ns o r a 
grounding-lin e a rea o r a fl o atin g g lac ie r. Th e site \ 1'<15 ~lac kay G lac ie r \\ 'hi c h 
te rmin a tes as a fl oa ting g lac ie r to ng ue in th e R oss Sea, a t la titud e 77° S . H a lf of th e 
20 m thick b asa l d ebris laye rs in :'IIac kay Glac ie r a re d eposited as subg lac ia l till in th e 
las t 1.8 km th a t th e g lac ie r rem a ins g round ed , Subglac ia l till o bse rved a t a nd be \'ond th e 
g ro unding lin e \ 'a ries rapidly in tex ture a nd rh eology spati a ll y, occurring as a Oa t sh ee t, 
as fl ow-pa ra ll e l Ilutes, o r as b a nk fo rms into \\'hi ch it has bee n pushed at th e gro undin g 
lin e , \.' e l'\: littl e free-Il o \\'ing subg lac ia l \\' a te r was prese lll during lh e o bse l'\ 'a li o ns, a nd 
no m aj o r subg lacia l Wa le I' di sc ha rges appea r to ha \'C occ urred in t he past. The o th er h a lf 
o f th e b asa l d ebri s is m elted o ut up lO 1. 5 km in fro nl oflh e g ro undin g lin e , produ cing a 
shee t o f' g lac im a rin e sedim ent as she lfs to ne di a mi c ton a nd mud dra ped o n subglac ia l till. 
Bo th till a nd g lacim a rin e sedim enl m ay be lUl'ba ted b\' ice be rgs . This simple m od e l of 
till O\'erl a in b\' she l[s to ne dia mi c ton a nd mud is a direc t contras t to sedim en ta n ' 
d epos ition a l sys lem s a t tid e-wa ter te rmini o f tempe ra te g lacie rs. . 

INTRODUCTION 

Processes a l th e g ro undin g lin es o fO oa tin g m a rin e te rmini 

o f cold g lacie rs, suc h as ice she h 'Cs a nd fl oa tin g to ng ues , 
a re less we ll und ers tood th a n th ose at g round ed tid e­
w a te r dim o f te mpe ra te g lacie rs, beca u se access to 

fl oa ti ng co ld g lac ier te rm ini is m o re d ifTi c ul ( ( Powe ll 

a nd D o m ack , 1995 ). Previ o us worke rs h a ve sugges ted 

so m e as p ec ts o f sedim e ntati o n stv le a t g r o unding lines o f 

fl oa tin g ice-sh ee t te rmini e ith er b y con ceptua l h yp o th e­

li ca l m od e ls o r b y infe re nce from se ismi c re fl ec ti o n reco rd s 

o f th e R oss fce She lf g ro unding lin e a nd o f Qu a te rn a ry 

sedim e nt o n modern contine nta l sh eh-es (DrewI')' a nd 

C oo p e r, 198 1; PO\~'ell , 1984; All ey a nd o th e rs, 1989; 
Engt' lh a rdt a nd o th e rs, 1990; H a mbrey a nd oth e rs, 199 1; 

Kin g a nd o th e rs, 199 I ; And erson a nd Ba rtek , 1992 ) . 
R epo rted he r e a r t' th e first o bsc rva tio ns o f' p rocesses a t 

th e grounding line o f a co ld g lac ie r w ith a fl oating 

te rminus. F o r th e stud y we used a submersible rem o te ly 

o p e ra ted ve hic le (ROV ) thro ug h access h o les in th e sea 

ice a t th e ton gu e m a rg in. Th e ROV h as a bo ut 500 m o f 

te th er a nd is equipped with a \ 'a ri e ty o f ocea n ographic 

in s trum e nts a nd sa mplin g a nd o p e r a ti o n a l se n so rs 

(O a \\ 'be r a nd PoweIl , 1995 ) . 

Th e stud y site is :'Iac kay Gl ac ie r , a n o utl e t g lac ie r r1 'o m 

th e Eas t Ant a rc ti c I ce S h ee t w hi ch fl ows thro ug h th e 

R oya l Socie ty R a nge o f' th e Tra nsanta rc li c ~lountain s to 

end as a fl oa tin g g lac ie r tong ue in Gra nite H a rbo ur o f' th e 

R oss Sea region a t 7T S ( Fi g . I ) . The ?\lackay IS a n 

inte rm edi a te typ e o f Anta rc ti c co ld-i ce g lac ie r ly in g 

bC'l ween th e two cold-g lac ie r end-members: thin g lacie rs 

\\ 'ith frozen bed s endin g as g ro und ed tid c-water cli ff> a nd 

thi ck, fas t Oo \\'in g ice s tream s. On a \ 'erage th e g lac ie r is 

5 km w id e, a ncl radi o · ec ho so unding indicates thi ckn esses 
of'm o re th a n 430 m (Ca lkin , 1974 ). Th e ~lac k a\' has a 

dra in age basin a rea o f a bo ut 10 000 km 2 with ~ centrt' 

Oowlin e leng th o f 165 km , a lo ng \\'hi ch th e surface \'elocit y­

in th e terminus region is 250 m yea r I (i\bcpherso n , 198 7), 
As p a rt oC th e W es te rn geo logica l pa rty o n Scon 's 

19 10 13 T erra ,\'01'(1 expediti o n, D ebenh a m ( 1923 ) ca re­

full\' sun'eyed G ra nite H a rbo ur in 19 11 12, a ncl his 

d e ta iled pl a n e-ta bl e m a p s sil o \\ ' th e i\l ac kav Gl ac ier 

T ong ue ( r.IGT ) ex tendin g 10 km be\'o nd Cuff C a pe. 

H owe\ 'e r, th e exact leng th o f th e to ng ue a t th a t tim e is 

diffi cult to d efin e since th e pos iti on o f th e g ro unding lin e is 

un certa in. C urrentl y. th e ?-.IGT is Lip to 4 km long (Fig . I ) . 

AbO\'e sea le\' el, th e ?\IGT is made o f' c lean ice . free o f 
a ll but mino r aeoli a n d e bri s. Tt end s in 10\\' ice c liff<; th a t a re 

comm o nl y less tha n 10 m hi gh. Aro und th e terminus, la rge 

wed ge-sh a p ed ch as m s ex tendin g towa rd th e interio r o f lh e 

;\LGT (Fig . 1) art' form ed by ex ten sio n a I d efo rm a ti o n o f' 

th e ice as it beco mes la te ra ll v un co nfin ed a nd spread s upon 
ent e rin g (h e sea . These ch as ms a re sites a t w hi ch la rge 

ice be rgs d e tac h bv frac tures g row in g in to th e ;\IGT fro m 

th e c hasm ed ge . RO\' access ho les \\'e re m a d e d ee p in th e 

ch asms in o rde r to examin e as mu ch inte ri o r ice or th e 

g la cie r a s possibl e, The "'lGT surface is melted quit e 

ra pidh' b\' so la r ra di a ti o n durin g th e summ er m o nths oC 
la le J a nu a ry and F t' brua r y \\ 'hen so m e sm a ll supraglac ia l 
strea m s disc h a rge fr0 111 rh e te rmin a l c1ifE. 
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Using the ROY's dep th sensor, basa l debris a t the 
gro un d ing lin e was meas ured up to 20 m a bove the glacier 
so le in verti cal faces of sub g lacia l crevasses (Figs 2 a nd 3) . 
These o bserva ti ons of basal de bris a re supplemen ted by 
desc ri p tio ns mad e from icebe rgs ca lved fro m th e sides of 
the rvIGT nea r its grounding line. The icebergs had 
re ma ined virtua ll y in place by be ing frozen-in by sea ice 
and had rota ted such th a t a n a lmos t complete strati­
graphy of the M GT was ex posed up th eir sides . 

Basa l debris is brown a nd grey mud or di a micton in 

d iscontinuous debris-rich la minae or beds of dense bubble­
poo r ice be tween which ice is less dirty a nd more bubbl y. 
C las ts ra nge from a ngula r to rounded. Some a re face ted , 
a nd rare clas ts of fin e-grained rock types a rc stri a ted . 
A ngula r, subglacia ll y deri ved clas ts several centimeters in 
d iame ter indicate that qu a rrying processes a re ac ti ve 
subglacia ll y up-glacier where loca l melting a nd refreez ing 
m ust occur. I n ord er to preven t clasts from becoming edge­
ro und ed by a brasion against bed rock, layers of ice and 
deb ris a t leas t as thick as the clast di a meter must be frozen­
on a lmost immedi a tely th e c1ast is p lucked , in ord er to 

remove it from th e bed . Altern a ti vely, a soft subglacia l till 

m ay be present imm ed ia tely dow n-glacier fro m th e 
p lucked bedrock, a nd a clas t could p loug h through th a t 
withou t being rounded. 

Fig . I. RO V dive-site loeatiolls ( lIumbers) with water 
de/)th direct(v at each hole and sampled icebeJgs ( triangles) 
at the il l ackay Glacier TOllgue, located at Granite 
Harbour ill A1cAl llrdo Sound, Ross Sea, Antarctiea . 
The termillus is shown in its 1994 positioll , alld dive sites 
showlI within the tongue were oCClI/)ied ill fieLd seasons 
before 199..f. when t/ze termilllls had a different geol1letl)l. 
Breaks ill the termillus outline are Large chasms. D ive site 8 
is the pilllling-poillt Localioll. 

Composition of d eb ri s shows th at mos t comes from 
Preca m bria n basemen t, but a fe w of th e clas ts a re Beacon 

Superg roup sedimentary rock types orig in a ting from at 
least 90 km up-glacier where th e las t Beacon rocks are 
exposed in nun a ta ks. T he Precam bri a n rocks crop ou t 
a long \'a lley wa ll s a t th e terminus, a nd extend a t least 25-
30 km inl a nd from the p resent gro und ing line. H owever, 
th e subglacia l ex tent of Precambria n rocks is unce rta in 

beca use, regiona ll y, Beacon rocks res t unconform a bly 

above the Preca m bri a n roc ks, so the la tter could occur 
througho ut th e drainage-basin a rea . 

Su bg lac ia l co nditi o ns c ha nge fr o m erosio na l to 
p redomina ntly d epositio na l c loser to the gro un d ing line. 
R OV d i\'es on th e north side of the MGT, a long the last 
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Fig. 2. Images collu·ted during R O I' dives at and Ileal' t/ie grounding Line of Nl ackay Glacier. Relative scales are given in 
t/ie descrijJtioll ofeac/i image beca /l se absolute scales were 1I0t detennilledfor evelY image during R O V dives. Scenes (a) - ( e) 
de/)ict the wide variel)! of conditiolls at Ihe grounding Line: (a) subglacial tilL with a very high angle of re/Jose indicating a 
high degree of consolidation (c/asts are !ellge pebbles and cobbles) ( note scaLLoped melt cusps Oil the ice swJace); ( b) 
sllbglacial tiLL with a lesser degree of consolidation and a higher mud content than in (a) (dast in left foreground is a 
boulder) : (c) fluted sllbglacial till coming out from under Ihe grounding line which is floating 071 the right and grounded 
with a rerticaL cliff 011 t/ie dark ridge ill t/ie Left background (flutes are about 0.5 m high ); (d) angular cLasts of rubble at 
the grolllldillg Line wilh a 6 clIl -diameter scalto/) in the fo reground; and (e) the glacier sole with scaLLoped melt-cus/) Sll1Jace 
direct(J' in colltact with bedrock (sea l/o/) sheLLs all bedrock to the Left are 6 on across) . Images (j) - ( L) are from jJrogLaciaL 
sub-gLacier-tongue elllJironments: (j) sheLftstone diamiclon with boulders forming a LocaL Iwrdgl'ollnd; (g) fluted tiLL 
similar to that at Ihe grounding line into which a boulder has been dro/J/Jedfrom the base of the floating glacier tongue about 
10m above Ihe sea floor; (h) a crag-and-tail fealllreformed in the Lee of a La1ge boulder indetJelulent of flutes; ( i) an 
irreguLar subglacial till sllIJace /Jrobably /)I'odllced by instmil .fi'ee.::ing of /) 0 re water in the till by f)ressure release as the 
10llgue raf)idly lifted .fi'om its bed during a gl'ounding-Line retmil (relief on the sea floor is about 0.5 Ill ); (j) a block of ice 
vel]' rich with debris I)ling on the sea floor under Ihe glacier tongue ( the block is about 2 m long); ( k) a recently calved 
iceberg that has ro/atal such Ihat its keel came do wn onto the sea floor ill a rich epiben/hie communil)J - a large boulder 
with (Ill aI/ached sponge and feather star resls against the keel; and ( I) a smaLL push ridge about 0.5 In Izigh,fonned during 
a walla lt' by all iceberg. 
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Fig, 3, COllcejJ/ual model oJ imporlall / sedimen/{I1)1 jJrocesses and deposits oJ the Mack(~JI Gfarier T ongue , T he generaf 
set ling (a) shows basal debris being transjJorted to the grounding line where Ihe tongue itas botit ([ l'ertiraf wall oj a basal 
crevasse and a slo/)e dowlI 10 Ihe seajZooJ' , Bl,yond Ihe grollnding Iille, basal debris is el'fIIlual[J' mellal 0111 jrom t/le glarier, 
icebergs detaclzjrom Ihe longlle 10 produce wallows or scours and Ihere is a local j)illning /Joint on ([ bedrock high, Specific 
ell larged areas show major de/Josils and mor/JILOlogical jeatures: ( b) a/ tlte grounding line rif a basal crel'{lJ se cliff, (c) on 
the sea }loor bf')lond the grollnding line, and (d) al Ihe pinning /Joint , Three idea!i;:.ed Jacies sequences (e) SitOlt' the 
variabitit) i1ljacie5 that 111(!)1 be jJroduced under diJ/erentlocal collditiolls, Afl sketches are not to srafl' ,jor ease i ll depirting 
importallt jeatures, 

1,8 km th e g lacier is g ro un ded (Fig, 1, sites 1- 4 ), show 

th at basa l d ebris thins from 20 m to 10 m thi ck, indica tin g 

subg lac ia l m elt ing a nd d ebri s release whi ch presum a bly 

res ults in d epos itio n of subglac ia l t ill in thi s zo ne, 
C lea n w h ite ice ma kes up th e res t of th e glacie r a bo\'e 

th e basa l debris layers, a nd th e w h ite ice is \'inua ll y free 
of d ebris, Englacia l d ebri s laye r ' a rc [ound hig her in th e 

ice in ice bergs, a nd \I'ere observed by profiling the ROY 
up th e g lac ier face , Th ese laye rs a re ra re a nd , ha\' ing a 

simil a r a p pea ra nce to basal d ebris, they a ppea r to h;I\'C 
bee n cl e r i\'ed subglacia ll y, Th e vo lum e of d ebris th n ('a n 
co n tribute to th e sea noo r is rela ti ve ly insig nili ca n t 
because th ey a re on ly a few cent imeters to l m thi ck 

when ex posed in the ice bergs, 

Grounding-line systelD. 

Th e actua l position of t il e g ro un d ing lin e has bee n locatecl 

220 

a t se \'e ra l sites o n th e no rth sid e of the 1\1GT in water 

d ept hs of 100- 140 rn , H oweve r, no g rounding lin e was 

fo und on the sout h sid e in sim il a r wa ter d epths, eve n a t 

two loca ti o ns \'e ry close to bedroc k \'a ll ey sides a t C uff 
Ca pe (Fig , 1, si tes 12 a nd 13) , Th ese R O V obsen'a ti ons 
dem onstra te th a t th e gro un di ng lin e d oes no t run linearl y 
ac ross th e Qord ; it is to rtu o us a nd its fo rm is a [un ction of 

sea -O oor topograp h y, Commonly, the g lacier has su b­

g lac ia l cre\'asses at th e g rounding line where Oex ure of the 

g lac ier to ng ue due to tides a nd svve lls is acco mm od a ted , 
By acco mm od at ing nexure o f the to ng ue, botto m 
cre\'asses a ppea r to red uce tida l pumping in th e a rea of 
th e g ro u nd ing li ne because the sea Ooor is no t e rod ed 

r, 'om hig her cu rrent ve loc iti es in the wa te r co lumn , as 

wo uld be exp ected with pum ping , Th ere is no a p pa rent 

gro un d ing zo ne; tha t is, th e g lac ie r tong ue d oes no t ri se 
a nd ra il with sho rt pe ri odi city O\'c r w id e a reas such tha t 
th e t race of its contact \\'ith th e sea noo r is a zo ne, Th e 
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RO\' sUlyin:d being trapped be tll'een th e sea fl oo r a nd 
th e so le o f the to ng ue for 24 h. showing no major \Trtical 
mO\Tment o rth c \IGT aro und the groundin g linc. Other 
scct io ns ol"t he l\fGT so le slope to the sea fl oo r, a nd if th a t 

conditi o n \IT IT mo re commo n, tidal pumping mi g ht be 

mo re erfeCl i\T. 

The nature o f gro undin g-lin e sedim e nt \ 'a ri es spati a ll y 
(Fig. I , sites 1--4 ) from stiff till with a s tee p fo reslope , 
thro ug h a pparen th- softer till th at can not suppo n such a 

s teep angle of repose, to e\ 'e n so ft er till \I ' ith a flut ed fo rm. 

The re can be a Oa t till-s urr~lce rubble, a c lean contac t 

direc tl y o n bedroc k, o r banks being push ed b\' the glacier 

(Figs 2a- e and 3b) , By ha\'ing diffe rent a ng les or repose in 
expos ures at the groundin g line, subg lacial till appea rs to 

"'try in rh eo logy O\T r te ns o f meters spat iall y o n acco unt 
or con ta ining different a m o unts o f \I'ater and mud , I I' 

subg la cial sediment is sufTi c ic ntl y fluid a nd d efo rming 

toward g ro undin g lin es, then sed im e nt g ra\ 'it y OO\I'S a rc 

predicted to 0 011' fro m them ( Po \IT ll a nd D omac k, 1995 ). 
H O\IT\'er. neither suc h fl o\\'s nor depos its or possib le pas t 
fl o\\'s \I'CIT o bse n 'ed. 

T ex ture of th e subglacial till appears to \ 'a r )' \\'ith 

prox imity to bedroc k; th e till has a hig her pro po rtion of 

a ng ul a r c1asts, reaching a tex ture 0 (' pure rubbl e . \\'h en 

bed rock is close to th e g lac ier so le. This relationship 
a ppears to indi cate th a t d ebri s is bei ng loca ll y e rod ed 
subg laciall v, in \I' ha t is genera ll ), a n a rca ofd f' bri s release 
a nd subg lac ia l till deposit ion just be hind th e g ro undin g 

line, as expl a in ed abo\'e. 

Loca ll y, till on the sea 0 00 1' a t th e g roundin g line is 

flut ed, a nd in o nc loca ti o n th e flut es were obse1'\Td to be 
coming direct ly ou t [i'om th e g ro undin g lin e at a \Trt ical 
icc cliff (Fi gs 2c <J nd 3c ) , Till in th e flute s a ppea rs to Ill' 

quite so ft , sincc an ice - s h e lf~ra fted bo ulder made a d ee p 

impression \\'hen it dropped o nto a flut e ( Fig, 2g l. The 

d egree of subg lac ia l till d e fo rm a ti o n re fl ec ted ill Oute 

fo rm a ti on co uld no t be d etc rmined, 
\\' herc th e ba sc of th e ~IGT slopes d Oll'n to th e 

g ro undin g lin e th c sea fl oo r is fl a t. \\ 'ith bould e rs 
pro truding fro m it. I t co nsists o f d ia miClo n, which is 

int crpre ted as subg lacial ti ll , th a t is draped \\'ith g laci­

m a rin e sedim e nt. I n areas \I' hcre basa l c rn 'asses form a 
vert ica l fac e a t th e groundin g lin e, bottom sedim ent is 
commo nly pushed into rid ges o f buuld ery diamicton 
dr<Jped with mud and dropstoncs. but loca ll y in t\\·o sm a ll 

a reas th ese mo ra in a l-bank rid ges a re m ade o f s tac ked , 

ope n-fra m e\\'o rk bo uld ers. Some ba nks h a \'e stee p, a ngle­

of-re posc slo pes se\T ra l me ters hi g h, 
Bo tt o m sedim ent making up the g ro unding-lin e 

sys tc m is predominantly di a mi cto n \\' ith \'ery little 
so rtin g, indi ca tin g th <J t th e re is little free -fl Ol\' in g 
subg lac ial \\ 'ater. Furthermore, no fres h \\'ater \\'as 

d oc um cnted at th e g rounding lin e by th e RO" \\'hose 

conduc ti\ 'it\) tempe rature (eT]) ) se nso r ca n be man­
e U\T red to \\ 'ithi n about 10 e m of th e ice \\'a ll. :\0 
conduits, la rge o r sm a ll . \\ '('re obse lyed . and a lack o r 
flu\ 'ia l deposits o n the sea fl oo r a lso indicates th a t 

channe li zed fl ow has r a re ly, if e \ 'C r , bee n acr i\'e at th e 

gro unding line, An y subg lac ia l \\ '<1[e r must be conta ined 

within subg lac ia l sed iment , be los t thro ug h g ro und­

water. o r fl ow as a thin [ilm be tween till a nd th e g lac ie r 
so le , Th e la lle r water film wo uld escape as a thin shee t 
a lo ng a " leaky" g ro unding-line marg in and Ll o \\' as a 
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thin bouncl a ry laye r against the ice f~1ce beyond the 
g round in g line , Su c h fl ows wou ld no t be able to 

tra nspo rt s ig nifi ca nt sizes and \ 'o lumes or sedim c nt. 
Suspend ed - p<Jrt ic ulat e-matter (SP:-J ) co nce ntrat io ns 

\\T re o bse n Td to inc rease nea r the g rounding line a nd 

m a \' hm'e bee n diffused II'om suc h fl Oil'S , H OII'e\T r , as 

co n c lud ed b e low, th ey co uld a ls o o ri g in <Jte from 
in creas ing sea -lI'a ter \Tl oc iti es nea r th e g ro unding lin e , 

Runn e ls m c lted up \'crtica l sec ti o ns or iee a lo ng tc ns 

of m e ters o r th e g ro unding lin e are th o ug ht to be 

cv id ence fo r a thin sh ee t o f subg lac ia l w a ter esca ping 

fro m a leaky grou nding line (Fig . 3 b ) . Th e runn e ls 

extend thro ug h th e basa l d e bri s zo n e \\'ith wa\'elengths 
0 1'0, 2 m a nd depths 01'0. 15 m , a nd Lip into cl ea r , whi te 
ice a bOl'C \\'hi c h th ey h alT \\'a\'e!englhs o r 0 ,5- 0.6 m 
a nd d ep ths of 0.3 m a nd a rc 2- 3 m lo ng (1'o \\'e ll a nd 

D o mack , 1995 ) . They arc ca used by wate r ri sing 

\T rti cally up th e ice face as a boundary layer in h eli ca l­

fI 0 \I' \'orr ices, as has b een dcsuibed a t tid e-\\'ater cli fT~ 

of tempe ra te g lac ie rs (1'o\\'C 1I and \lo lni a . 1989 ) , Th e 
sou rce 0 [' n :ni ca ll y Il o \\' in g wate r must b e loca li zcd, 

s in ce ice in o th e r a reas at th e g rounding lin e has th e 

sca ll o p ed fo rm 0 (' melt c usps commo n elsewher e o \ 'C r 

th e subm a rin e surface of th e g lac ie r tongue. A 

sugges ti o n fo r th e so urce or th e \\'<u e r is a subg lac ia l 
fiTsh-wa tn film \\'hi c h ca n be a dded to b y m eltin g or 
the ice fac e during bu oya nt ri sing f1 0 \\' (c r. Gre isman, 

1979; H u ppert a nd J osbergcr, 1980; .J osberge r a nd 

~I a rti n , 198 1) . Ano th er ca use o f run nc!s m ay b e sea 

\\'a ter be ing forced to \\ '1" 11 up as it e nco unte rs the 
g ro unding lin e at a vertical ice race, Th e sca-\\'ater fl ow 
could be c nhan ced b y "tidal pumping " action \\' he re 
th e floatin g to ngu e ri ses a nd [ail s with thc Li cle , but that 

appears to be sm a ll a t the \IGT. Some \\'ea kl y 

stra tifi ed she lCtstone mud m ay fo rm loca ll y b eyo nd 

th e gro unding line as \ 'e loc ity flu c tu a ti o ns in th ese 
d isc harges tra nspo rt diffc re nt particle sizes, 

\\ 'hen th e RO\' scanning sonar showcd it \\'as w ithin 
10- 20 m or the gro unding lin e, increas ing sili e icl as ti c 
SP ?\I a lm ost a l\\'ays d ec reased \'isibi lit y. Loca ll y, 

di stinc tly s tro nge r c urrents \\ 'ith hi g h SP:'I co ncentra ­

ti o ns flo\\'ing ,l\\'ay from o r para ll e l w ith the g ro unding 
lin e were o bse n 'ed \ 'isualh- as \I 'e ll as with <I n R O\' 
CUITent m ete r. The RO\ ' CTD sensor sho\\'s th at \\ ',l1e r 
in these (l O\\'S is as sa line and as co ld as surro unding 

bottom wa tcr th at has no t mixed \\'ith g lacia l \\ 'a ter. T h e 

enhan ced currents probab ly o rigin a te fro m in-flo \\'ing 

sea ,,\'ate r being forccd into a smaller a nd sm a ll e r ga p 
bc t\\'een th c ice a nd the sea fl oor; b\' continuity, th e 
lI'<JtlT must fl ow Cas te r, Th e co nsequ c nce is faster m elting 
a nd easier SP\l entra inm e nt b y thc \\'a te r laye r. Th ese 

currents m ay so rt sedim e nt as it ra ins o ut from melting o r 

basa l debri s. to produ ce areas or weak ly stra tifi ed 

g lac im arin e sedime nt. Areas \\'ith subg lac ia l CIT \'aSSes 
sho uld slow th ese current s by a ll o \\'ing the [l o\-\' to 
expand. and ma\' be sitcs oC mud d epositi o n, So m e 
sp a tial \ 'ariation in g lac im a rin e sedim cnt thi ckncss a nd 

texture \\'o uld be produ ced, Densiti es o r e pibe nthi c 

communiti es decrease tow a rd th e g ro unding lin e as a 
re fl ec ti o n of increased SP\I , a nd th e main Co rms a rc 

\ 'agra nr d eposit feed ers or a re ne kti c D aw be r a nd 
Powell , 1995 1 . .-\nta rc ti c sca ll o ps ( .-1. colbecki ) a rc also 
numero us a t th e g rounding lin e in se \'e ra l places. 
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POU 'f/l al/d olli ers : Groulldillg-line area oJ ajloalillg glacier 

Sea floor beyond the grounding line 

Within 300 m of th e present ~IGT g rounding line, th e 
sea fl oo r a ppears to have been recentl y ex p osed by 
lifting o fI' o r th e g lac ier a nd consequent re trea t o f th e 
g ro unding line. Areas exposed m os t rece ntly ha \"C th e 
leas t g lac im a rin e sedim ent dra pe, a nd th e surface is o n 
relic t subg lac ia l till th a t is o ft e n flut ed a nd locall y 
ro ug h (Fi gs 2i a nd 3c) . Areas w ith ro ug h er surfaces 
occ ur in pa tc hes o n th e till SUI-face a nd a re th o ug ht to 
result fro m plu cking o f th e till as th e glac ier lifted from 
th e surface during ra p id re trea t o r th e g ro unding lin e . 
As the g lac ie r lifts fro m its bed , th e d ec rease in pressure 

insta ntl y freezes p o re wa ter in th e subg lacia l till , whi c h 
flTezes to th e so le o f th e g lacier in a way simil a r to th a t 
\\'hen ice be rgs cak e fro m tempe ra te g lac iers (Powell 
a nd ~ro l ni a, 1989; c L All ey a nd j\Il acAyea l, 1 99 '~ ) . 

\\' he th e r th e p a tc h iness w ith w hi c h thi s process 
occ urred was due to the a m o unt o f wa ter in subg lacia l 
till o r to processes durin g lift-o ff co uld n o t be 

d e te rmined. 
Oth er geo morphi c rorms, in te rpreted as flut es, a lso 

haye a subglacia l ori gin , as obsen Td a t th e gro unding 
line , a nd were a lso proba bl y ex posed during gro unding­
line re trea t (Fi g . 3c ). Th e:' ha \'e the form of rid ges th a t 

occ ur on t\\·o cales; the sma ll er has a n a mplitud e o f 0.2-

0.4 m a nd th e la rge r 0 .75- 1.0 m. Ridge axes arc pa rallel 
to ice-fl o '" direc ti o n. Th e rid ges a rc form ed in di a mi cto n 
th a t has a tex ture simil a r to th e basa l d ebris a nd th e 
g ro unding-line flut es d esc ribed a bove . \ Vithin th e flut es, 
crag-a nd-ta il fea tu res a re form ed a round bo uld ers in th e 

direct ion of glacier fl ow, a nd one crag-a nd-ta il fea ture 

" 'as o bse rved at a la rge bould er ind epend ent of the flutes 
(Fig.2 h). 

O\"C rl ying thi s rece ntl y ex posed subglac ia l till is a 
shee t of soft glaeim a rin e sedim ent ex tend ing away fi'om 
th e g rounding line. This sedim ent d ra pe is s h e l r.~ to n e 

sa nd y mud a nd shelf5tone di a mic to n (as in Powell , 1984) 

ha"ing a poo rl y so rted tex ture simil ar to th a t of its basa l 
debris source . The poor sorting o f the dra pc indi ca tes 
th ere is little subsequent so rting during ra in-o ut a fter 
being released by und ermelting or th e J\lG T. This zo ne o f 
shelfs to ne g lac im a rin e sediment ex tend s down-glac ier to a 

di sta nce where th e basa l d ebris so urce becomes ex­

hausted. Th e dra pe is a lso locall y pa tchy a nd muddier 
due to winn owing during the ra in-out p rocess by eith er 
th e thin-sheet di scha rges of sub glac ia l rres h ,,'a ter. or sub­
g lac ier- to ng ue ma rin e currents, o r poss ibl y red epos iti on 
by bo tto m currents. 

lce berg scours a nd wa ll ows were commo nl y obse rved 

a lo ng th e sides of th e MGT during ROV il1\·es ti ga ti ons. A 
\\'a ll o \\' (cf. R eimni tz a nd K empem a . 1982 ) is prod uced 
a fter a n iceberg ca lves from the 1\ I GT a nd loca l wa ter 
depth is too shallo\\' fo r its kee l. r \ S a n ice berg cah-cs it 
ro ta tes to its O\\'n new equilibrium pos itio n " 'hi ch may 

mea n its kee l re. ts o n th e sea fl oo r. I t th en si ts in place a nd 
roc ks in currents producing depressions in th e sea fl oor , 
rid ges squeezed into bo ttom crevasses o f th e ice iJerg, a nd 
rid ges pushed a t th e berg 's edge (Figs 2k I a nd 3c) . 
During o nc RO\' d i\-e, a sma ll p iece o f bras h ice, 
pres um a bl y a fr ag me nt fro l11 a ca lvin g e\ 'e nt , was 

observed sitting on the sea fl oo r beca use it had a , 'ery 

hig h concen tra ti o n of debris (Fig . 2j ). If th ey a re large 
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eno ugh a nd buri cd ra pidl y, such bl oc ks could produce 
su bmarin e ket ti e fo rms. 

lfi cebergs a rc either pushed by th e ~'lGT or 111 0\-ed by 
wind , ocean currents o r sea ice, th en th eir kee ls a re 
dragged thro ug h th e sedim ent whi ch they scour . Th e 
scour, ha\'e \'eni ca l reli ef ofu p to 2 m , width of up lo 3 m 
a nd va ri a bl e ori enta tion with res pec t to th e I\ JGT. 
I ceberg keels ca n g rea tl y di sturb bo t to m sedim ent to 
modify it into wh at has been termed iceberg-keel rurba te 
(V o rre n a nd others, 1983; D owd es\\'C ll a nd o th ers, 1994) . 
Sco urs a rc disting uished from nutes by hav ing negat ive 
irreg ul a r rcliefra ther th a n a pos iti" e, smoo th er, fo rm , a nd 
by ha \ 'in g a r a nd o m ra th er th a n unim od a l ax ia l 
ori enta ti o n pa ra llel with ice fl ow. 

E pibenthic communiti es a re dra ma ti call y di sturbed 
b\' iceberg-scouring, but a ltho ugh th eir diyersiti es und er 
th e g lac ier to ng ue \"<lry a reall y, th ey a ppea r to be 
infl uenced ma inl y by di stribution of S P~l a nd a reas o f 
hardg ro unds. Th e ha rd g ro unds a re prima ril :' g ra \'e l o f 
ya ri o us sizes (la rge pebbles a nd bould ers are 10- 15% of 

th e fl oo r ) proj ec tin g a bove fin e-g ra in ed sedim ent 
(D aw ber a nd Powcll , 1995 ) . 

A pinning po int n ear the ["1GT te rminus is fonned 
\\' hel-e th e to ng uc is agro und o n a bedmc k rid ge (Fi gs I 
a nd 3d ) w hi ch p ro ba bl y contro ls , in pa rt , th e present 

le ng th o f the to ng ue . At th e site, th e surface of th e 

to ng ue fo rms a ri se, a nd th e ice falls a way from th e 
hig h in a se ri es o f no rm a l ex te nsio na l fa ults. Th e g lac ie r 
erod es bed roc k, inco rpo ra tcs d e bl-is a t its base, a nd 
d e pos its sedim cnt a t th e local g ro unding lin e, as a t th e 
tru c g ro unding lin e. Th e e pibenthic community in 
a reas up to 250 m away fro m th e pinning po int 

becom es rela ti vely sp a rse a nd less di\ 'erse a nd th e sea 
fl oor is flut ed (Fig . 3d ), bo th o f whi ch indi ca te th e 
J\!I G T was m o re ex te nsive ly g round ed here in th e 
ITcen t pas t. 

CONCLUSION 

Th ese results a rc summ a ri zed in a conce ptu a l m ockl o f 
thi s fas t Il o wing po la l- g lacier' e nding in the sea as a 
fl oa ting te rminu s (Fig . 3 ) . Subg lacia l till Co rms a shee t 

di a mi cton th a t ca n loca ll y coa rsen in tex lure nea r 

bedrock. Th e till m ay have a fluted surface a nd m ay 
be push ed in to m o ra in a l ba nks a t th e gro unding lin e 
o r b c sco ured a nd turb a ted b y ice be rgs a ft e r 
g ro unding-lin e re trea t. C o mpositi o na ll y, th e till is 
m a inly d eri\ 'ed fi 'om local bed roc k sources a nd co uld 

pOle nti a ll y yar)' in d eg ree o r co nso lid a ti o n if th e 

\'a ri a bilit y o bse rved sp a ti a ll y w ith th e ROV is 
ma inta in ed tem pora ll v . Th e subg lac ia l till ca n a lso 
co nt a in a n g u la r c las ts fr o m b asa l r a th e r th a n 
supl-ag lac ia l so urces , a nd it co nta in s k w o r 11 0 

subg lacia l flu v ia l d epos its. L ocal g ro unding zones a t 
bedrock pinning po ints und er the fl oa ting terminus 

produce su bg lac ia l a nd grou nd i ng-I i ne d epos i ts si mi la r 
to th ose a t a lru e g ro unding- li ne a r ea . 

Subg lac ia l till is direc tl v o\'c rl ain IJ\" g lac im arine 
sedim ent of shelf"tstone di a mi cton a nd she\f<;rone mud o f 
th e sam e compos ition a nd very simila r tex ture to th e till 

(Fig . 3e ). In th e stra tig ra phi c reco rd this tra nsition may 

be diffi cu lt to detec t beca use, d epending on th e loca l 
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rheology of th e till , glac im arine sedim ent ma y have a 
simila r degree of conso lida tion. Glacima rine sedimen t 

acc umula tes to several hundred meters d own-glacier fro m 
the grounding line, beyo nd which the source of sedim ent , 
basa l debris, has been tota lly melted out from the fl oa ting 
glacier. Th is i ce-sh e lf~zo n e sediment may occasiona lly 
become more ex tensi\ 'e if th e grounding line retrea ts 

ra pidly by virtu a ll y instantaneo us lift-ofT of the g lacier 

sole from th e su bg lacia l till bed o\'e r wide areas. The li ft ­
off process may locally produce irreg ul a r pi ts on th e 
subglacial till surface due to a press ure-release mech anism 
freez ing till to th e glacier so le a t the instant of li ft-o ff. Th e 
g lac im arine sedim ent may be turba ted with till by 
icebergs in sh allower wa ter depths. 

These results show \'ery different sedim en ta ry d eposi­
tion al syste ms th a n those a t grounding lines of tempera te 
glaciers which all end as tid e-wa ter cl iffs. Th e major 
difference is a compa ra tive lack of meltwa ter in thi s cold­
glacier se tting . The mod el is mu ch less complex in facies 

a rchitecture th an for tempera te settings and is simil a r to 
tha t suggested by H a mbrey and others (199 1) from drill 
cores on the Anta rctic continenta l margin. A modifi ca ti on 
from H a mbrey and oth ers' ( 199 1) model is th a t the till 
can be pushed in to th e form of a morain a l ba nk (cr. 
Powell, 1984), bu t it has ve ry different li thofacies th an 
those of tem pera te glac ier banks which a re madc of sorted 
sedimen t or a mixture of sorted sedim ent a nd diamicto n. 
Also , locally, rub ble ' may be produced from nea rb y 
bedrock a nd th e upper sur face may be di sturbed during 
g rounding-line retrea t by p ressure-indu ced till freeze-on 
and iceberg turba ti on. Th e ex tent of bo ttom fa una in 
close proxim ity to the g roundin g line differs grea tl y from 
tha t in tempera te glac im arine se ttings. 
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