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ABSTRACT. Fi eld studi es a t Mucll er a nd T asm a n Gl ac ie rs in New Z ea la nd a nd 
in I ce la nd have revea led extensi\'e ice-m a rg in a l m o ra ine sequences fcd by a se ri es o f 
d ebri s ba nd cO llla ining c ha rac teris tic ro unded d ebri s. W e inte rpre t th ese d e bri s ba nds 
as m elt\l'a ter d e pos its from reli c t conduits. The process of sedim ent acc umul a ti o n 
d esc ribed requires tha t d ebri s und e rgoing basa l o r hig h-l e\ 'el ice tra nspo rt is entra ined 
by runnin g wa te r, becoming comminuted a nd ro und ed before being re turned to hi g h
leve l ice tra nspo rt a nd eventual d e pos iti o n in m a rg ina l m o ra ines. This seque nce o r 
e\ 'e llls sugges ts a link be t\l 'Ce n g lac ie r h yd ro logy and ice-m a rg ina l sedim enta ti o n , 
possible mec ha nisms fQr whi c h a re explo red . Prono un ced mo ra ines with ro und ed 
d ebris can be ex pec ted if (a ) a large qua ntity o f d ebri s is carri ed within th e eng lacia l 
dra inage ne two rk ; (b ) th ere is a tend ency fo r thi s debri s to be a band o ned within th e 
ice; a nd (c) ice-now traj ec to ri es a nd a bl a ti o n ensure th a t this d ebri s co ng rega tes a t th e 
ice surface. S treams \I'hi c h now a t hig h leve l within th e ice ca n intercep t a nd entra in 
eng lacia l d e bri s d eri\ 'ed fi-o m roc k fa ll. H o we\'e r, de bri s sources a t Gigjb kull a nd 
Steinh o ltsj o kull in Ice la nd a rc res tricted lo th e g lacier bed , sugges tin g th a t, in certa in 
cases, th e prese nce o f a basa l o \'e rd ee pening ac ts as a key fac to r contro lling th e 
acc umula ti o n o f th ese m oraines . \\'a te r p ressure ri ses as c ha nn e ls encounter a n 
o ve rd eepening, fo rcing d ebri s-la d en stream s to lea \'e th e bed a nd ta ke a n eng lac ia l 
ro ute. Th at d e bri s m ay pass fro m ice to wa ter a nd bac k into ice befo re d e positi o n has 
gone la rge ly unrecogni sed in acco unts o f g lac ia l process sys tems, ye t it pro \'ides a n 
expl a nati o n o f how tem pe ra te a lpin e g lac ie rs can inc lud e water-wo rked d e bri s in th e ir 
m a rg in a l de pos iti o na l fac ies . 

INTRODU CTION supra - o r subg lac ia ll y, th e tra nspo rt pa th\l'ay fo ll o wed is 
pred e te rmin ed by th e now stru c ture \I' ithin th e ice 
( Bo ulto n , 1978 ) . Exc ha nges be t\l'Ce n tra nspo rt pa ths 
ex is t a t importa nt loca ti o ns. pa rti c ul a rly where de bri s is 

ra ised fro m th e basal tra nspo rt zo ne (e.g . a t th e rm a l o r 

rh eo logical bo und a ri es) o r lowe red into it by basa l 
n1(' iti ng (Kirkbride, 1995 ) . Th ese exchanges a re ge nera l
ly impli ed to be on e-way and irreve rsib le . J\llore rece ntl y, 
th e impo rta nce o f eng lac ia l I.va te rwa ys as sedime nt

tra nsfer ro utes in temperate g lac ie rs has beco m e m o re 

widel y a pprec iated (e .g. H oo ke a nd o the rs, 1985; 

E\'e nso n a nd Clinc h , 1987 ) , but sedim ent so ro uted is 
usua ll y ass umed to be evac ua ted beyond th e ice m a rg ins 
by th e m elt\l·a ter. 

U nd ers ta nding o f th e inte rn a l h ydro l og~ ' o r g lacie rs h as 
ex pa nd ed substa nti a ll y in recent yea rs. Increas ing ly , links 

a rc be ing d em o nstra ted be tw ee n basal \I'a te r 00 \\', 

cha ng ing d yna mi cs o f ice fl ow a nd subg lacia l erosio n 
processes . H owe \'e r , th e i mpl ica ti o ns Iv hich d i fTe re n t 
styles o f'dra in age behavio ur mi g ht have fo r th e d e\ 'C lo p
men t o f glacial land/o rmy rem a i n und erex plo red , althoug h 

it is logica l to exp ec t th a t such linkages will be impo rta nt. 

Glac ie r hydrology po tenti a ll v exe rts a n influence o n 

de pos iti o na l geo m orph o logy, w hi c h sugges ts th e need to 
rea ppra ise current interp re ta ti o n o f ice-m a rgin a l sedi
m ent fac ies . This p a per ta kes a first ste p in this direc ti o n 
by exa mining re la ti onships be twee n ice Oow, e ng lacia l

\I'a te r ro uteways, a nd sedim e nt tra nspo rt. 

Sedimenr-tra nspo rt p a th way th eo ry tends to be ri g id. 

J\[ os t mod e ls imply th a t o nce d e bri s is (" nrra ined , w heth e r 
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Within thi s co nceptu a l fi-amell'o rk , it is difTi c ult to 

acco unt fa r th e a bunda nt ro unded clas ts a nd sorted sa nd 

a nd silt o ften fo und within th e m a rgina l mo ra ines 0 [' 

temperat e g laciers. Tra nspo rt-p a thway th eory prov id es 
f'e w o pportuniti es fo r ro und ed ma te ri a l to beco m e wid e ly 
di stributed thro ug ho ut th e hi g h-l eve l tra nsp o rt zon e, as 
th e cl as t-sha pe compos iti o n o f m a n y o f th ese m a rg ina l 

mo raines impli es . R o unded cl as ts a re usua ll y ex pla ined as 

o ri g ina ting in proglac ia l nU\ 'ia l sediment \~' hi c h h as bee n 
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O\'(' rridcl en a nd l'('c I'('led b y ach ·ancing g lac ier ice (e .g . 
S la tl. 19 7 1) , o r a rc inte rpre tcd as scdime nt s ca rri ed 
II·ithin th e basa l trac ti o n zo ne (e.g. :-la ttll cws, 198 7 ). 

I n this pape r 11'(' d esc ribe fi e ld el· idence II·hi c h sugges ts 

m o re compl ex tra nspo r t ili sto ri es a t g lac ie rs in N el\" 

Z ea la nd a nd I cela nd . Thi s indi ca tes th a t d eb r is ca n be 
exc hanged be twee n ice a nd wate r transpo rt at diHe- re nt 
Ie vc ls \\·ithin a g lac ier. \\'e co nsid er th e mec ha ni sm s 
II·hi c h mi g ht be res po nsibl e fo r suc h interch a nge . 

METHODS 

Fi e ld -\\·o rk was und e rt a ke n a t \l uell e r and T as m a n 
G lac iers in th e cen tra l So uth ern Alps o r :'\e \\· Zea la nd 
(+3 +2' S, 170 05' E a nd +3 30' S. 170 15' E , res pec til'(' ly ), 

a nd a t Gigjb kull a nd Steinho ltsj bkull , o utlet g lac iers o r th e 

Eyj a lj a ll a jbku ll ice ca p in so util ern I ce land (63 ' 40' N , 
19 40' \\.). All a re located in tcm pera te ma ritim e regio ns in 
w hi ch bo th prec ipi ta ti o n a nd de bri s producti o n a re hi g h. 

Ae ri a l photogra phs plus ex tensive fie ld-ll·o rk II"(' re 

used to m a p th e di spos iti o n o r supraglac ia l d ebri s as a n 

indi cator o r tra nspo rt pa thwa ys. T o begin \\·ith , diffe re nt 

d e bri s types II'(' re id enrifi ed o n th e bas is or th eir fi e ld 
re la ti o ns (i. e. re la til "(' to ice stru c ture and fl o \\· pa tte rn ), 
fo ll oll'('d b ~" clas t-sha pe m eas ure me nts o r sampl es tak e n 
fro m each g ro u p. These m eas urem e nts id entifi ed rh e basic 

cha ra ct eris ti cs commo n to each d ebris t" pe, e na b ling us 

to di sc rimina te be twee n ca tego ri es . TII"o m easures o r cl as t 

sha pe \I"e re used. C las t ro undn ess \I"as assessed using the 
six-po int sca le of P OI,"ers ( 1953 ) , a nd a mean nu me ri ca l 
I·a lu e fo r each sa m p le o bta in ed by ass ig nin g I [ 0 th e IT ry 
a ng ul a r ca tego ry thro ug h to 6 fo r th e we ll-ro und ed 

ca tego ry. Thus, increasing num eri ca l va lues refl ect a 

hi g he r proporti o n o f ro und ed m a te ri a l in th e sa mple 

(Ba ll a ntyne" 1982 ) . The C IO fl a tn ess ind ex (% of c las ts in 
sa mpl e \I"ith r axisja a xi s :::;0.+ ( B a l l a nt~ · n e, 1982 )) was 
c hose n for use with th e N ew Zea land d a ta as th c best 
measure ofc las t f(-) rm , a lth o ug h it I\·as o r lit tk lI se I\"irh rh e 

Icela ndi c data beca use diffe re nt d e bris types sho\l·edlilllc 

, "a ri a nce in ro rm. T a bl e I summ a ri ses th e res ults o r th e 

sedim e nt a na lysis. 

T able J. SlIlII/lIOI) ' (!/ clasl-J/w/)e dala 

DEBRIS TRANSPORT AT MUELLER GLACIER 

Th e to ng ue o f' :-du ell er G lac ier is completel: · m a ntled 1)1' 

supraglae ia l de bri s, d eril"C'd by roc k fa ll a nd a l "<lI a ne he 

fro m th e 2000 m hig h eas t face o r ;',Iount Se rto n. \Ios t o r 

rh e d e bri s m a ntle is a ng ul a r m a teri a l (m ea n ro undn ess 
1.88 ) \\·ith a wide ra nge o r clas t fo rm (m ean (l a tn ess ind ex 
+30/0 ). H O\\"(,IT r , a sinu o us s\I",1Ih o r ro und ed g ra ' T I ca n 
be traced ac ross th e surritce fi ·om th e ri g ht m a rg in 1.\ in 

Fig . l a ) to th e centre of th e g lac ier a t its terminus. Th ese 

g ra l·els c learl y re ll eCl , \"a tc r tra nspo rt a nd d epos iti o n 

with in th e ice. Fi e ld wo rk in 198 7 ITITa led th em to be 
associa ted with an eng la c ia l stream \\·hi c h a bl a ti o n had 
ex posed a t th e g lac ier s url ~ l ce. 

Water routeways 

Also in 1987 , a ri Ye r e m erged fro m th e so uth e rn m a rg in o f 
th e g lac ier 1. 5 km a bolT th e te rminus, a nd f1 o\lTd 
subaeri a lh- (o r +00 m be fo re rc-entering th e ice a t a t\\·in 
po rt a l (A in Fig . I a \ . Th e g lac ier su rrace stood a t leas t 

12 m a bO\T th e po rta l, a nd was co\Tred \I"ith ta rni shed 

a ng ul a r d e bri s conta ining di s tin c t b a nd s o f fr es hh· 

ex posed , un ta rni shed ro unded clas ts. These I\·e re ta ke n 
[ 0 be th e p rod uc t o r reCC Ill wa ter tra nsport , alth o ug h site 
[opog ra ph~· m ad e suprag lac ia l stream (l 0\\ · he re im pos
sibl e . +00 m d O\\"ll-g lac ier , co ll a pse or a co nd uit roo f" had 
ITI·calecl wh a r was ass umed to be th e sam e rilT r [J o win g 

thro ug h a 100 m lo ng d o lin e, th e fl a t fl oo r o f \I"hi c h Iras 

cO\·e red b l· \I"a te r-\l"o rk ed sedim ent (B in Fig . I a : Fig. 2 . 
The ril"e r di sc ha rge \\"as est imatcd to be less th a n [h a t o f 
th e rilT r enterin g th e g lac ier a t A. Sn·era l Ic nses o r 
ro und ed d e lJri s I,·e re ex p osed in th e ice \\·a ll s o rth e d o li ne. 

a ltho ug h th e surro unding suprag lac ia l m a ntl e conta ined 

,"c ry little ro und ed d ebris. ISO m d OlI"l1-g lae ier . recent 

roof coll a pse had o pened a sm a ll ca lT-like d o line (e: in 
Fig . l a ) , within \\"hi c h no ril ·e r \I"as I·isibl c , alth o ug h 
runnin g w;lt e r co uld be heard benea th th e c1 0 line 11 00 r. 
All e:-;:pos ures o f ice o bsl'1Tecl we re o f e ng lac ia l fac ies" and 
no basa l ice \I. as see n . 

Th ese o bse n "a ti o ns d e m o nstra te th e prese n ce o f' 

conduit [J O\l" \lT II a bo lT th e g lac ie r bed. Th e fa ll In 

SI 11 (LV sile Ca legol), . \ ·{(lIIber oJ .\leall . \feall C/II SamjJll' , \ ·os . 

clas!.1 11/ .Ialll/ile rOlllldlless flallless I/ldel 

'X, 

:d lIc1l er G lacier R oc k fa ll +00 1. 88 +3 7'111 - \[ 8 

\ \ ' a te r-wo rk cd d ebri s 200 3 .+2 30 .\1 9 I\JI 2 

T as m a n G lac ier R oc H a l1 +00 1. 9+ +8 TI T 8 
De l)ri s fr0 111 basa I ice 500 2 .4"3 32 "1'9 TI 8 

\" a te r-\l·o rk ed d e bri s +00 2 .88 23 '1'1 9 '1'26 

Gigjb kull cas t Debris fro m basal ice 396 2 .60 GI G6 

\ ' "a ter-Im rk ed d ebri s 126 3 .+7 G 7 G 8 

Gigjo kllll I\"es t \ "a ter-\I·o r ked d e bri s +87 3 .83 G9 G I6 

Ste i nh o llsj6 kull \ ' ·a tcr-\\"o rkccl de bri s 365 3 .38 SI S5 
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b) Steinholtsj6kuIJ c) Gigj6kull 

Fig . 1. Termini of MueLler Glacier (a), Stein/lOlisj6kulL (b) and G'igj6kuLL (c), drawn to the same scale, and showing the 
distribution oJ debris tyjJeS. Sample numbers (arrows) refer to samples in Table 1. Le/lers on M ueller Glacier refer to 
locatiolls mentioned in the text . Inset: stratigraphic relationships at Gigj6kuLl and Stein/lOlisj6kull . Map symbols: J, 
supraglacial rock-faLL debris; 2, Hekla 1947 ashJaLl; 3, englacial-debris bands/water-worked supraglacial debris; 4, basal 
ice and debris . 

discharge between the river entering th e glacier a nd the 

river exposed in the la rge doline indi ca tes division of the 
conduit within th e glacier. The ice thickn ess is not kn own, 
but foliation in the ice, dipping steep ly up-g lacier, 
indicates th a t th e exposed locations a rc pro ba bly tens of 
metres a bove th e bed. Neighbouring g lacie rs with simil a r 

morphology a ll occupy bas ins behind th eir proxim a l 

moraines a nd outwash; similarly, we ex pec t Mu ell er 
Glac ie r to have a n " overdeepening" below its terminus: 
reasoning supported by the presence of a lake impounded 
between the ice fro nt a nd th e adverse slope of th e 
proglacia l d epressio n. 

Surface exposures 

Th e sinuo us train of ro unded d ebri s occupi es a pronoun
ced dep ress ion in th e glacier surface, which broadens 
down-glacie r into a fan -li ke [arm ex tending into the 

proglacia l ponds at the glacier terminus . The orig in of the 

depression is most likely to have been by conduit coll apse 
a nd ice-wa ll back-wast ing as observed a t th e nearby 
dolines. The di sta nce between the d olines studied in 1987 
a nd thi s d epression , which form ed at a n earli er d ate, 
sugges ts th a t th e eng lacia l conduit has switched course to 

the southwes t. The deb ris itself is di tinct from the 

su rrounding rock-fall debris, its un weathered light grey 
tone, indi cating recent ex posure a t the glacier surface, 
contrasting with the ta rnished materi a l elsewhere. Clast
sha pe properties (T ab le I) give a mea n roundness value of 
3.42 a nd a mean Oa tn ess index of 30% . Sma ll-scale 

structures di agnostic of water transport incl ude imbrica

tion , bould er cl us ters and nasce n t bar /ch u te forms, usua ll y 
deform ed by difTerenti a l ab la tion of the ice beneath 
foll owing d eposition . Signifi cantl y, no surface water now 
was observed, nor have we reason to believe th a t 
supraglacia l Oow capable of reworking la rge qua ntiti es 

of debris was common here prior to recent conduit 

exposure. By April 1995, th e dolin es observed in 1987 

162 

had ab lated a nd merged with th e ea rli er-form ed dep res

sion , a nd th e a rea of water-rou nded d ebris had widened. 

Ice-cave exposures 

A debris band was ex posed 111 the ice wall of th e sm a ll 

doline (C in Fig . l a ) . The 2.5 m thi ck band dipped up

glacie r at 25°, cross-cutting the mu ch steeper a ng le of 
foli at io n in coarse bubble-rich ice . J t con tained mostl y 
sub-a ng ul a r to ro unded clasts in a poorly sorted sand / 
g ranule ma trix cemented by ice . Locall y within the 
m atrix, stra tification was well d eve loped; elsewhere it was 

m assive . Linear clas t-supported boulder clusters, pa ra ll el 

to th e overall trend of th e debris ba nd , were inte rl aye red 
with matrix-supported di a mic t. The upper and lower 
d ebri s-ice contacts were sha rp, a nd th e surrounding Ice 
was clean. Th e d eb ri s band is inte rpre ted as a n 
abandoned conduit fill subsequentl y back-tilt ed by 

com pressive flow of the ice . 

Interpretation 

Seve ra l fac tors a re responsible for the observed d ispos ition 
of drainage a nd d eb ri s types . Exposure of the englacia l 

conduit has mainly been due to glacier thinning since the 

turn of the 19th century. A d etailed unpubli shed map from 
1906 by T. N . Brocl ri ck shows no reco rd of water-work ed 
sediment a t the glac ier surface, but reco rds a la rge ri ve r 
emerging from termin a l ice clim. G lacier thinning of at 
leas t 120 m has broug ht the water-worked d eb ri s to the 

surface . H owever, the emerge nce ve locity of the ice must 
a lso be taken in to accou nt. Pronounced upward mot ion 
within strongly compressive Oow will eleva te a ny d ebris 
within th e ice . The same will not be true of ac ti ve cond uits, 
which tend to find successively lower levels with in the ice, 
so that onl y the a bandoned conduit fill s reach the surface, 

a nd not th e Oowing water. Evidence of channel di vision in 

1987 sugges ted th at water was in the process of abandoning 
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Fig. 2. (a) .Ilueller Glacier : l'iell' dOll'/otrealll of the 
I{//~!!,f (ol/a/md dO/illf (at B. F/~!{ . la) ill 1987. jho~('illg 
IIl1llwlthered ~1'ater- rOl/llded grm'el all the dolille jloor, 
back-ll'asting ll'alls oJ bare ice (dark) alld tamished rod

Jal! debris II/alltlillg the surroullding ice slIIJace. The rlt'er 
disa/J/Hars illto all engLarial cOllduil alld does 1I0t re-elllflge 
abol'f the terlllilll/s. (b) .Ilueller Glacier: l'ielL' d()~(,II 

strall" I!! the silluous traill 0./ II'aler- ~('orked debris at its 
lIaITOII'f)t /)uillt UII the glacier slI/face, dose to .1 ill F<!{lIre la . 

the rou tcII'ay throug h th e la rge do line B), hal' ing a lread y 
aba nd o ned th e co nd uit fill ex posed in th e sm a ll dolin e (C) 
to occ u py a ro ut c a t a 1001'C r lel·e l. 

DEBRIS TRANSPORT AT TASMAN GLACIER, 
NEW ZEALAND 

Th e 1001'(' r 10 km or T as m a n G lac ic r is a lso comple tcly 
m a ntl ed by suprag lac ia l d eb ri s. Tho ug h pred o min a nli y 

roc k-f~t1I-dcr i l·ed . ma te ri a l rro l11 th e basa l trac ti o n zo ne is 

ele\ 'a ted a lo ng a n ice-strea m connuence IKirkbrid e, 1995, 

fi g . 8 .7b ) . T O\l'LHd s th e te rminus a n in creas ing pro po rti o n 
o r II'ater-rounded deb ri s occ urs as d()\l'Il-g lac ie r- a lig ned 

stri pes a nd pa tc hes a m o ng th e su praglac ia l d ebri s. A 

ro ug h es tima te 1I'0uld be th a t as muc h as 5% o r th e d ebris 

m a ntl e consists or ro und ed m a teri a l. This is un weathe red 
co m pa red to th c supraglacial roc k-Ca ll m a te ri a l, as with 
:duell e r Glac ie r. aga in indicating recent ex posure a t th e 
icc surrace . :\owhere in th e lower 8 km o r th e g lac ier is 

th erc th e poss ibilit y o r supraglac ia l strca m no lV rell'o rking 

roc k- Ll l1 d c bri s. bu t so m e a reas o r ro und ed d e bri s a re 

assoc ia ted II'ith runn e l-sha ped th c rm o kars t sinkh o les, 
ca used by roo r co ll a pse above englacial conduits (Kirk
bri de, 1993 ) . Th e contras t in cl as t sha pe be tll'ee n th e 
wa ter-worked a nd roc k-ra il d ebri s is aga in el'ide m (T a ble 

I ) . Add i tio na ll y, o u tcro ps o r basa l trac ti o n-zo ne d ebris 

a llOlI'Cd sa mpl es to be ta ken , so m e thin g whi c h was 
im poss ible a t ~~lfu e ll e r G lac ie r. T a b le I sh o ws th e 
dis tin c ti o n be t\\'ee n I\'a te r-wo rked a nd basal c las ts by 
ro undness and , mo re subtl y, Oa tn ess ind ex . 

Th c d ow n-g lac ie r increase in th e qua nti ty o f ro und ed 

su p rag lac ia l de bri s aga i n ind ica tes e ITec ti \ 'e lVa te r

rell'o rkin g o r sediment in eng lac ia l posi ti o ns, with d cbris 
subseque ntl y re turn ed to tra nspo rt in ice to be elel 'a ted 
by compress il 'C 0011' to th e g lac ier surface. The p rese nce of 
a la rge o l 'e rd ee penin g benea th th e te rminus o r T as m a n 

Gl ac ie r has bee n d em o nstra ted by a varie ty of geo ph y

sica l surveys (Broadbent , 19 73; H ochstein a nd o th ers, 

1995 ) . Conduits ex posed by roo r coll a pse in the 197 0s 
II'(' re loca ted a t a hig h level ill m a rg in a l pos iti o ns within 
ac til '(' ly fl owing ice (Kirkbrid e, J 993 ) . 

DEBRIS TRANSPORT AT GIGJOKULL AND 
STEINHOL TSJOKULL, ICELAND 

Bo th g lac iers ex hibit sim il a r geo mo rphi c a nd sedime nta ry 
re la ti o nships, w ith la rge a reas o f m o ra in e ac ti\ 'C ly rorming 

in th e te rmina l zo ncs . Fig ure I b a nd c illustra te the 

di s tributi o n o r d ebris types . Fo ur di stinc t ca tegories a re 

id entifi ed : 

( I ) Rock Jail direct[" onto the ice sill/are. This is impo rta nt 
below th e equilibrium li ne (EL ) o nl y; within th e 
acc ulllul a ti o n a rea ( > 1100 m ) th e area o r ex posed 

bed roc k is ncgli g ibl e . R oc k-ra il d ebri s is e\ 'e ryw here 

dis tinct beca use or its high a ng ula rit y, its co lour 

(comm onl ), brown ra th er th a n g rey ) a nd its positi o n 
o n th e ice surface a t th e hi g hes t tra nspo rt le \·e l. 
Alth o ug h its \'o lume is sig nifi can t, it is no t co nsid ered 
rurth e r in thi s p a per. 

(2) f'ol({{lIir ashji-om the HekLa 1947 erujJtion . This occ urs as a 

thin « 2 .0 cm ) , ti g htl y fo ld ed but cohere nt layer 
w ithin th e e ng lac ia l ice. Onl y its up-g lac ier o utcrop is 
shown in F ig ure I b a nd c, below w hi ch th e ice is 
cOI'Crcd II'ith a pa tc hy spread or tephra. H o wel'e r , th e 

contributio n o r th e tephra to th e to ta l \ 'olume o f 

sedim ent is ncg li g ibl c . 

(3 ) Debris deril'edfrom a multi/lLe series oJ englaciaL-deb ris bands. 
These acco unt 1'0 1' th e bulk o r sedim ent currentl y 
contributing to Ill o rain e fo rm a ti o n , a nd a re di sc ussed 
in d eta il below . 

(4) Debris deril'ed direct[" jiom e.\tensille sequences oJ uude(l) 
stratified basal ice . H prese nt , a ir bubbles a re na ttened , 
a nd a li g ned in distin c t la ye rs whi ch a lt e rn a te with 
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laye rs of fin e de bri s, w ith th e occas iona l inclus ion of 
la rge r c las ts. Th ese tend to be a ng ul a r to sub-a ng ul a r, 
with a mean ro und ness or 2.60 (71 =396, samp les GI 
G 6). 

Englacial-debris bands 

A stac ked se ri es or deb ris ba nds a nd cha nnel fill s ex ists at 
both g lac iers betwee n th e H ekl a 1947 tephra laye r a nd 
th e basa l ice. These d ebris ba nds ty pica ll y dip up-glac ier. 

a rc 5 20 cm thi ck, la tera lh' continu ous (o r severa l tens of 
metres, a nd fced a srri es of o\'e rl a pping mora in e rid ges 
(Fig . 3). \\ 'hereas CIT\"asse expos ures sho\\' th e tephra 
laye r to be hi ghl y cO Il\'o luted in sect io n , th e d ebri s ba nds 
ap pea r to be ge ntl y \\·a rped. Ass umi ng th a t th e tephra is a 
fo ld ed d uring its passage throug h th e ex tensi\'e icefall of 

eac h g lacier, a n ori g i n below th e icefa ll fo r th e d ebri s 
ba nds is indi ca ted . 

Th e cha ra cte r of the de bri s, a nd its rela ti o nshi p \\'ith 
th e surro unding ice, is d ist inc tl y dillc rent rrom th at of 
th e basa l deb ris. Th e d e hri s ba nds a rc ma d e up of 
sedim ent w hich has ice within th e inte rsti ces, ra ther th a n 

ice whi ch conta ins d ebri s (m ean d ebris conten t by mass 
of [I\ 'e d ebri s ba nd samples 73 .7%, s.d . ±3 .5%; o r 42 
basa l ice sam ples, 13. 1%, s.d . ± 11. 9'1'0 ). Th e ba nds a rc 
enclosed by clea r , eoarscl y c rys ta lli ne ice in which 
bub bles a rc commo n a nd evenl y d istri b u tcd , p ro perti es 
whi ch sugges t th a t th e ice has ne\ 'e r been in contact \\'ith 

the g lacie r bed. Elec tri ca l conduc ti \ 'ity (E C) mcasure
ments furth er dilfe rent ia te be twee n th e t\,,·o types o f ice . 
\lca n EC o f"m e lted sa m ples o f basa l ice \ \"<IS 29.0 /l SC ITI ' 

(n=4'k s.d . ± 16.4 !"sc m '. m l:as ured a t am bi ent 
tempera tures of IO- 14 V C ), w hereas fo ur sam ples o f 

m elted eng lac ia l ice ta ken im m edi a te ly a bove a nd 

below th e d ebri s ba nds registe red 1.4, 1. 6, 1.7 a nd 
2.1 p.sc m ' . Alth o ug h it is possible tha t thi s clear ice has 
been in cont ac t with th e bed \\'ith o ut majo r mod ifi ca -
ti o n, th e co ntras t \\'ith th e thi ck ( > 10 m ) a nd we ll
de\'e lo ped seq uences of \\'ha t \\'e ide nti fy pos iti\'c1y as 

basa l ice sugges ts olherwise . If th e "englacia l" ice is 

rea lh' " basa l" . a hi g h d egree of'd ifferen tia l basa l ice 
fo rm a ti on is required . Furth e rmore, sedi me nt rrom th ese 
"eng lac ia l" d ebri s ba nds is fo und o n th e s urf~l ce of 
G igjo kull > 10 m abo\'C th e sha rp con tac t bet\\'ee n 
" eng lac ia l" a nd deb ri s-rich (" basal" ) ice . The sim p les t 

ex pl a natio n is th a t th e contras t be t\'\'ee11 "englac ia l" a nd 

" basa l" ice is genuin e. 
C las t-sha pe prope rti es a lso a rc di stin c tl y di ffe rent. 

D ebri s-ba nd elasts a ppear as signifi cantl y mo re round ed , 
with sco res be tween 3.30 a nd 3.92 (T a ble I ) . Th l: sa mple's 
Ca ll in to two groups, the second being th e mo re round ed : 

S I- S5 plus G7 a nd GS (S teinholtsjo kull p lus G igjokull 
eas t) a nd G9- G 16 (G igjo kull wes t). Us ing Stud ent 's t
tes ts, no t onl y a rc bot h di sting ui sha ble from the basa l 
d ebri s (G I- G6 ), bu t th e two gro u ps th emse h-es a re a lso 
diffe rent a t th e 99 .5% proba bili ty Ie \·e l. 

Interpretation 

As with T as ma n a nd ~\lu e ll e r G lac iers, the sub- ro u nd ed ! 
ro und ed na ture of th e d ebri s ind ica tes it has been subj ec t 
to th e ac tion or run ning \\ '<He r, a nd th e fi eld rel a ti o nships 
or th e d ebri s ba nds sugges l th a t a t leas t th e fin a l pa n or 
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Fig. 3. (a) Gigjakllll: close-lIjJ viw' oJ h/l ge /Jockel of 
waler-worked sedimenl. j'ole crude sorting alld stralifica
lioll. This debris sits 011 Ihe slIIJace severalll1elres above lite 
I'IIglacial!basal ice cOlllac/, and is /Hesen'eCl largl'[J' ill/ac/ 
ajier //11' lIIel/ of ill/ers/i/illt ice. ( b) Cigjokllll : IIIOmill1' 
colII/JleI fed b..J' ell/flgilli{ ballds !if wafer-worked debri.1 
( ice-a le Jor scale) . . \ 'ole slzar/) cOlllacl belwcl'II debris 
vlIlero/} ({lid rel({live0' cleall ellglarial ire. 

thi s ha ppens within a n eng lac ia l conduil (s). Th e relati on
shi p o f' th e d eb ris ba nds to th e te phra sugges ts that the 
process Iw \\'hi ch this d ebri s is re-en t ra in ed by ice occ urs 

in the region below th e icef'a lls. In turn thi s impli es th a t a t 

leas t pa rt or th e in te rn a l drain age of th e termina l lo bes of 
Gigjo kull a nd Ste inholtsj o kull is thro ug h englac ia l ra th er 
th a n subg lac ia l ro ute\\·;)ys . Th e p resence of a proglac ia l 
lake, as a t ~due ll e r G lac ier, leads us to suspec t a n 
o \'C rdeepe ning ex ists below thi s zo ne a t each glac ier. Th a t 

th e d ebri s [i'om th e \\'Cs te rn sample sites a t G igjo kull is 

signi[l canti y mo re ro und ed sugges ts th a t co nduit dra in age 
is bette r d e\'eloped here th a n bCll eat h the eas te rn sid e or 
G igjo kull a nd beneath S teinh oltsj okull in gene ra l. 

DISCUSSION 

Origin of the debris 

:'lueh o f' th e mo ra ine presentl y acc umula tin g a t the edge 
o f th e sru eh ' glac iers ap pea rs to ha \ 'C reac hed th e ice 
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m a rg in h ~ ' a m ec ha ni sm w hi c h is no t eas il y e:-.; pl a in ed by a 
stra ig htlQrll'a rd tra nspo rt-p a th \l'ay mode l. ,-\ la rge pro

po rti o n of' th e d eb ri s renec ts tra nspo rt b y runnin g \I'a tc'!" 

a nd clas tl1l odifi ca ti o n b y th e ac ti o n o f'turbul e nt 11 0 \1 , \'e t 

it is d e pos it ed direc tl y o ut o f' e ng lac ia l ice . 

E :-.; istin g th eo ry te nd s to d isting ui sh be t \lTe n di stin ct 
a nd se pa ra te transpo rt pa thl \'a ys assoc iated e ithn with 
ice itse lf' o r \I' ith \I 'a te r w ithin o r benea th ice . Eac h 

ill\ 'o h Ts di stinct processes o f cias t Illodi fica ti o n , a nd 

ultim a te ly prod uces a di stin c t l<l ndfar l1l , e ith e r g lac ia l 

(m o ra ines ) o r flU\ 'iog lac ia l {es kers , e tc. l. Sedim ent m a\' 

he entra in ed b y ice ini tia ll y, bu t o nce it n.-aches t he 

g lacia l d ra inage net \I 'o rk , it is ass um ed " los t" to \I 'a ter 
transpo rt. \I 'herc upo ll it is e ith er ca r r ied a \l ' a~' bn 'o nd th e 
ice ma rg in, o r acc u m ul ates \I 'ithin a condui t to IQrm a n 
esker. In thi s case, hOl\'('\T r , sedime nt c ha racteristi c of' 

\I'a te r tra nspo rt is d epos it ed d irec tl y o ut or ice . \\ 'e 

in te rpre t th e d e bri s ba nds fi 'o lll \I'hi ch thi s sedilll ent is 

d cri\"('d to rep rese n t re li c t conduits. Thus, deb ri s initi a ll y 
tra nspo rt ed b \· icc (\I 'hatc\T r its so urce a nd I('\TI of' 
transpo l'l ) is suilseq ue ntl y e ntra in cd 1)\' \\·,1[e r. a nd 

ca rried so m e d istance, su fl ic ient to permit m odifi ca ti o n 

to c1 as t sh a pe. befo re pass ing bac k to hi g h-I e\'e l tra nspo rt 

(i.e. a bow' th e basa l transpo rt zo nc (Bo ul to n , 1978 )) 

\I 'ithin th e icc . a nd e\'entu a l d epos iti o n a t th e ice ma rg in . 
Tra nspo rt pa th \l'a\'s \I'i th in ma n y \ 'a lley g lac iers ma l ' 
th ere lQre bc m o re cO lllple:-.; th a n is o i'te n ass um ed. a nd th e 

co nfi g ura ti o n a nd heh a\' io ur of th e g lacia l dra in age 

n c t\\o rk m al' also ac t as a co ntro l o n icc-m a rg in 

geo m o rph o logy a nd sedim e nto logy as II'c ll as o n 

suhg lac ia l p rocesses. 
This intcrp re ta tio n 0 1' a ct i \"(' ice-m arg ina l sed ime nta

ti o n ra ises three i'urth cT qu es ti o ns: H O\l' d oes the d ebris 

get into th e conduits? \\ ' h y a rc th c conduit s loca ted 

\\'ithin th e m a in back o f' th e ice, ra th er th an runnin g a t 

th e bed as is co m mo nl y ass um ed /o bse rlTd ? .\nd \I'h \, IS 
th e d eb ri s re turn ed fro m \I·,lt e r to ice tra nspo r t? 

Debris sources 

Icc (l O\l' \\' hi ch cO Il\ 'c rgcs o n a conduit will C([IT Y \\' ith it a 

stcacll' Ilu :-.; o f d e bri s if th e ice is dirt y. ,\lte rn a ti\ 'C ly. a 

condu it w hi c h migra tes thro ug h d ebris- r ic h ice ca n be 
e:-.; pe('led to entra in la rge q ua ntiti es of sedim ent. As \\ 'ith 

man y a lpin e-t\'pe g lac iers, ~Iu e ll e r a nd T as m a n G la ciers 

rece i\ 'e a la rge supraglac ia l input of d eb ris a bOl'C th e EL. 
muc h of' w hi c h tra\'c ls alo ng hi g h-Ic \'C:' 1 eng lac ia l pa th

\\·a )'s . a nd re turns to th e surface \I'ithin th e a bl a ti o n area 

b y u(J \I'a rd ice fl o\l·. This lea ds us to a nti c ipa te a process 
\I ' h ereb~ ' conduits runnin g a t hi g h I (,\'C I th rough suc h 
d e bris-ri c h ice "hijac k" its d ebri s load . 

H O\l'c\'C r , \I' ith sm a ll o utl e t g lac icrs such as G igj6 kull 

a nd S teinh o ltsj 6 kull. such a m ec ha ni sm ca nn o t appk . 

\\' ith th e e:-.;cep ti on of th e spo radi c a id;1 11 input of tephra 
(H ekl a 1 9 '~ 7 bci ng th e m os t rece nt e:-.; a 111 pi e ) . su praglac ia l 
de bri s so urces a bOl'e th e EL a rc neg li g ible. D e br is a t hig h 
le \ 'C1 beloll' th e EL must be de ri I'C'd fro m su bglac ia l 

so urces, befo re be ing ca rri ed fro m th e basa l tra nspo rt 

zo ne int o a n eng lac ia l positi o n. \\ 'e infer rh a t conduit s 

collect d eb ri s, p res u ma bl y fro m basa l icc, \I·hil st runnin g 

a t the bed, a nd subsequ entll' Iea\'e the bed to ta ke up an 
englacia l ro ut e, so ca rry ing lh e d ebri s int o hi g h-I C\"C' I 
tra nspo rt. 

Presence of a high-level conduit 

Hi g h-I n 'e l co nduits frequ e ntl y hal'C th e ir o n g ln a t th e 

surf'ace. as \I·he n surface dra in age is cont ro ll ed b y 

cre\'aSSes, fo r c:-.;a mpl e e.g. S tenbo rg, 1969 . As di sc ussed 

a bO\'C , suc h co ndui ts a re Iikell' to co llect a substa nti a l 
sedim e nt load ii' th ey run thro ug h d e bri s-ri c h ice . 
H owC\'C r, suc h sim p le be ha\' io ur ca nn o t e:-.; pl a in o ur 

o hse rl'a ri o ns a t rhe t\l 'O Iceland ic s t ud y sitcs. beca use o f 

rh c sm a ll q ua ntity of eng lacia l d e bri s a \'a il a bl e to be 

ta pped. H e re. \\ 'a te r \I 'ithin conduits \I' hi c h o rigina te a t 

the su r face \I· ill be sedi me nt-poor. Sedim en t-ri c h \I',ll e r a t 

hi g h Ie\TI must halT re turn ed f'ro m th e g lac ier bed . a 
fea ture \I 'hi c h requires a n a lte rn a ti\ T e:-.; pl a na ti o n . O f 
co u rse. it is possi b le th at thi s p rocess also a ppli es to 

,\1 ue lle r a nd T as m a n G lac ie rs. as \\ 'e ll as ma l1\" o th e rs 

\1 '0 1'1 d -w id e. 

Bas ic pln'sics sugges ts th a t . g i\'C n suffi c ie n r tim e. \I 'a ter 

\I·ill fin d its \I 'a\' to th e bed o f a g- Iac ie r , a nd stay th ere . 
reaso nin g suppo rt ed b y th e m a jorit y o f fi e ld studi es. 
S tab le conditi o ns und er w hi c h \I ',He r a t th e bed 01' a 

g lac ier subseq ucnth- ta kes a n e ng lacia l ro ut e as \\·c 

require here ) a ppa rentl y re la tc to si rua ti o ns in \I 'hi c h 

dra in age has to tra \'nse a n O\T rd ec pe ning, as is infe rred 

for Glac ie r c\'.-\rge nti c rc H a ntz a nd L1ibo utn·. 1983 l. 
Storglac iii re ll H ookc a nd o th ers . 1988; H oo ke a nd 
Po ilj o la , 1 99 -~ ) a nci So uth Cascad e G lac ier (i-l od ge, 

1976; pe rso na l comlllunica ti o n from .-\ . G. Fo unta in a nd 

J. S. \\ ·a ld er. 1993 1. \\·c sugges t tha t this a lso a ppli cs to 

Gi ,gj6 ku ll a nd S teinh o ltsj 6 kull a nd possibk .\luell e r a nd 
T asman Gla ciers too . .-\11 ff) Ur a re be li eved to ha lT a n 
o\Trcice pe nin g belo\l' th eir term in a l lo bes . 

Benea th a n o\Trdee pening rh e \\'(lIe r p ress ure \I 'ithin 

co ndui ts \I·ill tend to ri se to \l'ards icc-o \'e rbu rd en press ure, 

\I 'ith th e effect th a r co nd uit (l O\l' beco m es u ns ta ble as it 

loses its 10\l'-p ress ure ach-a ntage rcl a ti \'e to adj acent a reas 
o l'di striiJ u ted dra in age . L1 ibo utry ( 1983 ) dra \l's on th e id ea 
o r a g ra di ent conduit la Il\ 'po rh e ti ca l c ha nn el \I 'hi ch sits 
\I' ithin th e ice a t its h ~ 'd ra uli c g rad e line ( R ii thli sberger, 

1972 11 to a rg uc th at th e Ill os t f;1\'o ured ro ut c across a n 

o\Trd ee pening is b\ m ea ns of a m a rg ina l g radi e nr co nduir 

a t th e Ie \T I or th e lip d OlI'll -g lac ier. \\ ' ith this sce na ri o, th e 
condui t " ta kes o rr ' to find a n eng lac ia l ro u te a t th e head of 
th l' o\T rd ee pe nin g . . \I ter nat i\ ·e ly, H oo ke a nd o th ers 

( 1988 1, e la bo ratcci b\ H oo ke a nd Po hj o la ( 199+1. d r,1\\" 

o n tracer studi es a t S to rg lac iii ren to sugges t a sc hclll c 

\I 'here by \I'a ter lc,nTs th e bed as it a trempts to e:-.;it th e 

O\'e rd ee pe ning ac ross a n ach 'e rse slopc. Th e tend ency fo r 
\I 'a te r press ure to rise is further e nh a nced b y co nd uit 
shrinkage thro ug h \I-a ter freez in g-o n to conduit \I'a lls 
(R b thli sberge r a nd Lang, 1987, p . 244 5) a nd /o r c logging 

t h ro ug h fraz i I-i ce gro\l· th (Strasse r a nd o th ers, 1996 ) 

beca use or th e need to li be ra te hea t to kee p th e \\'a te r a t 

its pressure-m elting po int. Wh ereas R oth lisberger a nd 
Lang ( 1987 ) a nd (perso na l communi ca ti o n , Fo untain a nd 
" 'a lde r ( 1993 1 \. (' Il\ 'isage \I 'a te r ff) ITed o ut o f co ll a psin g 

co nd u its in to so m e kin d 01' basa l d istribu ted dra in age 

SI 'stem , H oo ke a nd Po hj o la ( 199+) argue th a t \I ',Her ta kcs 

up a n cng lac ia l ro ute. a ided b y a press ure g rad ient se t up 

b \' dillc rences in sub- a nd eng lac ia l cond ui t geo lll e tri es . 
H OIIT\T r , th e nell' engIac ia l condui ts a re mu c h sm a ll e r . but 
m OIT num c ro us. than th eir pa rent subg lac ia l co nduit. and 
ha lT red uced fl ()\\· \'C loc iti es. 
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R eturn of debris to th e ice 

Sediment abandoned within th e glacier by water is likely 
LO be incorporated ra pidl y into ice. Se\'e ral pl a usible 
mechanisms exist. In the Hooke and Pohjola ( 1994) 
hypothesis th e process is inbuilt: as th e pa rent conduit 
divides, the sediment-transport capability of th e new 
bra nches fa lls markedl y. H oweyer , it is ques tiona ble 
whether these new flows wou ld ha\'e suffi cient force to 
carry clasts of~O.1 m di a meter in to an englacia l position 
> 10 m above the top of the basa l ice ( > 20 m above the 
bed ), as is obse rved a t Gigjoku ll. Tra nsient ex treme high
pressure events genera ted by cond ui r blockage might 
ach ieve sufIicientl y high flows; if not, it ma y be necessa ry 
to envisage a larger, debris-lad en conduit pre\'iously 
es tablished at high leve l: e.g. a conduit which orig in a tes 
at the surface (New Zealand examples? ) or perh a ps a 
" L1iboutry-type" conduit which "ta kes olr' at th e head of 
a n overdeepen ing . Within an englacial cha nnel, sedimen

tation processes analogous to those of meand ering or 
bra id ed subae rial strea ms (e.g . deposi tion a fter cha nnel 
av ul sion ) could account [or debris abandonment. Alter
na ti vely, debris might be returned to ice as discha rge fall s 
and the drainage network closes down a t the end of th e 
melt season. 

CONCLUSION 

'Ne inteqJl'e t large vo lum es o[ round ed d ebris within 
ice-marginal moraines at the stud y glaciers to be reli c t 
englaci a l-co nduit fill s. This impli es that d ebris 

entra ined by ice is subsequentl y entra in ed by water, 
a nd carried some di sta nce be fore it is re turned to the 
ice priol' to d e p os ition. "V e have ex plored th e 
mechan ism s by whi ch this sequ ence o f events mig ht 
be accomplished. Pronounced morain es with round ed 

d e bris can be expec ted if (a ) a la rge quantity of d e bris 

is ca rried wi thin the eng/acia/ drai nage network ; (b ) 
th ere is a tend enc y (howeve r co ntroll ed ) (o r thi s d e bris 
to be a bandon ed within th e ice; and (c ) ice-Om·v 
trajec tories and a bl a tion e nsul'e th a t thi s debris 
co ngregates at th e ice surface . Th e exa mpl es of 

Gigjokull a nd Steinholtsjokull sugges t th a t, in ce rtain 
cases, the presence of a n ove rd eepening exerts some 
kind oC stl' uc tural co ntrol o n thi s type oC morain e 
formation by forcing d ebris-l ad en so'eams to lea\'e th e 
bed and take up a n e nglacia l ro ute. 

This stud y shows how th e na ture o f th e dra inage 

network may a ffec t both sediment transport through a 

glacier and th e patterns of ice-margina l sedimenta tion 
whi ch res ult. \Ve sugges t that the distinc tion between 
"glac ia l" and " flu vioglacia l" tra nsport pa thways a nd 
their resulting land[orms is often blurred, and th a t the 
complexity of the transition between th e lWO should not 

be und eres timated. Potenti a ll y, thi s may lead to inco rrec t 
interpreta ti ons of past ice-m a rgin a l facies: e.g . ma terial 
beli eved to be reworked oul wash which was, in [ac t, 
dumped direc tl y out of ice . 
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sc ript. 
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