
] ollnlal u/ G'I(lciologl' \ 'o J. 1,2 :\0, I ' ~O 1996 

Flux of debris transported by ice at three Alaskan 
tidewater glaciers 

LEms E, HL.'\TER , 

( ',S, . 1nl!!' Cvld Regiu lI ,l R I',INI/ch alld 1:'lIgillmil/g ! .avoUllor)', 1!1/l1O/'I'I, , \ 'fll' I l al/l/J,lliire 03755, { ',S"I, 

H.,oss D, PO\\'l~ Ll. , 

/)1'/lIIrllllen/ 0/ (;m/o/!"I' , , \ 'or/hem l llil/oi, ['lIil'£'l'.Iilr, /J l' k alb, ! IIiIlOi,1 6YJ1 Ij, { ',S ,, 1. 

D ,\.'\lEI. E, L\ " 'SO.\' 

{ ', S, . I Ill! I' Cold Rl'giol/ ,I Re,leardl III/d !:'I/gilleeril/,!!, !jt!}(JUlilIIJ . !!IIIIO l'l'f . , \ 'm' f-Ialll/illiiu 03755. ( ·,S, . I, 

ABSTRACT. Th e sta iJilit\, or a tie! c lI,;ttl'r tCl'minu s i'i co ntrolled h\ ' g la cial 
ch 'na mi cs, ca h ' i ng processes and sed im clllan processcs a t the grou ndi ng I i ne, , \ n 
jl1\Tstigation or g rounding-lin e sediml'llt cl > Il<lmics a nd Illorainal-bank sedilllent 
bue! ge ts in Glacier 8a\' . . \I aska, L.S .. \" has \ il'lcled ci a ta that l'llable us to e!eterlllinc 
the e!ebri s l1uxes or Grane! Pa c ili c. .\J arger ic ;tlld .\ I uir Clacins , D cbris Ilu x ra n ges 
from 10" to lOb Ill 'la 1,_()I1~' to t ll'O ord;'rs or ma g nitu e!e 10\1'(' 1' than the g lac il1l1 \"ia l 
sedim e nt Iluxes 10

1
' 10 / m 'a 1 , Combin ed. t h l'sl' llu xc, reprl' sc nt th e hi g hes t \ iclci s 

kllOlI'll fe)! ' g lac ini zce! h;l sill s, L a rge debri s Iluxcs rcllen the l'()mhi Ilcci dkns or rapid 
g lac ier 11 0\1 , dri\ 'C n Iw the maritime c limate or soutlH'a, t .\/a:., ka. anci hi ghk c rociil)lc 
bedrock, Engla c ial-debris di stribution is alkncel b\, \',t1 Ie\' 11 idth ane! relid '. both or 
Il 'hi c h cO lltrol til e a\'a ilabilit\, 0 1' seclinH' lll. Th c llullll)('I' or tril)Utarics co ntro ls thc 
e!i s tributi o n and \ 'o lunH' or debri s in l'ng laei,i1 a nd supra g lacial Illoraincs, .\t thl' 
tCl'min us. icl'bcrg- r art in g l'l' nHJ\ 'l'S up to t\IO ordc rs o r ma g nitllel e mol'( ' scclinl('llt fi 'o lll 
th e ice-prox illlal l'll\' ironmcn t than is ckpos ill 'c l h \ Illclt-out or is clllllll)('e! clurin g 
ca!\'in g e\'l' nts , R o ug h c'it illl ates or the seclimcnt ilu x b\ cl eliJl'lllin g hcd s 'i ugges ts that 
so rt-bee! c1c/e)rlllatiun Illa y delinT up to an orcier or Illa g llitue! e mon' sl,dinH'nt tl) the 
terminus than is rel easee! rrom Il,ithin tli e ,l;lacin icc, 

INTRODUCTION 

. \ Ithuugh g la c iers h ;II 'C lon g hccn rl'cog ni zed as s i g nil~ 

ieant age nts or erosion and depos ition e,g, I'l a\ f ~\ir, 1802: 

,\ gass iz . 18 10 ; R amsay, 18G2; Cilbert, 1903 1, little is 

knoll'n abo ut Ihc rates at Il'hi ch dehri s is transported a ne! 

rel eascd a t Iheir Lerlllini, \I oclc rn and a llCient morainl' 

compirx('s, lI'idespread till Sli lTLS, g lacia l out\I'a s h plains 

a nd ma ss in' o lls h ore c1 e posi Ls a llest to the crfecti\'l' 

mechani sm s or g lac ial seclilll e nt t ranspo rt, " Ioderll 

process studi es d e m o nstrate that th e aCl' ulllul a tion o r 

icc-proxim al landrorms \'ar ics acco rdin g to th c balan ce 

bet II,(,CII the g lacier sed im e nt y ie ld a ncl the processes th at 

co ntrol sedimcnt deposition and redis tribulion near th e 

terminu s e,g. La\\'so n. 1979 : P()\I'CI I. 1981: Hunter, 

199 1,1 , I t is no\\' l'kar th at t hi s sedim e nt b a lan cl' 

iniluc nccs in'-c1ifr s tabilit\, in the marine l'n\, ironm t'nt 

( \I ayo, 1988; , \ lIe y, 1991b; P()\lc ll , 19~)1 ; Hunter and 

PO\I'C IJ. in press b I by I1wd e rating g rounding -linc \I',iler 

d epth BnJlln a nd o th ers, 1982 ; P e lto ane! \\ 'a rren , 1991 

T hncfiJrc, all unders tanding or sediment transpo rt and 

depositional proccsses not o nly h e lps us und e rs tand the 

rormation or seclimcntan' {~lcies, hut shou ld al so be 

cons id ercd when s t uc!\'ing the ch nami cs or t id l'll'ater 

g laci ers , 

\ 'a r ia llles afkl'lillg gb cial deiJri s 11ux ill c lucie su urcc

rock t\ pc. relicl ; \1 eathering , ta te a nd Ll'Ct o ni c se lling, 

Clilllatc inlluC'llcl's pl'l'l' ipitation and l(' lllpcrature. Il,hi c h 

in tUI'll illilul'nl'l'S the ice ilu x . th erlllal l'olldit ions an e! 

clcllri , (' ntrainnl(' lll processes, Our s tuel y \\ 'as located in 

th e tl'l'wlli ca lll actin' rcgion ur Clacier l3a\ .. \la s ka . 

L' ,S .. \, I,' ig, I , Il' h ere I'riabic beclrock a ne! un s table 

\ 'a ll('\ ' 11 ails arc th e res ult or l'('g'ioll,Ji Illctalllorphi s lll . 

loca l nl('taso lllati slll , clc li)I'Jllat ion and rracturing PO\IT II. 

1981h ), .\I ou lltains in Clacirr 13 <1\ ' rca c h 1,1c\'atioll s or 

0\'('1' ".()(j() III a,s, l .. \I 'h('l'e oro,l;rap hi c pre(,ipit a tion a nci 

11 illCl s clc\'l'lo p th ick, orte n c1ril'tcd. snoll (,OHTS th a t 

nouri s h IlUnH'I'OUS g lac ilTs HlIlltlT, 199 1-) , Loca l bcdroc k 

('0 11 c! i Li ol1s ('0 III bi 11 (" \I,i th ra p id h , f] o\\' i n ,f; g lac iers LO 

pl'Oducc hi g h seclimcllt I,ielcls, H a llet a l1ci o thers ( il1 

prcss cil'mOllstr<ltcd rc('('ntll ' th a L secliml'nt \'icld s il1 

(;laeilT l3al ('orrcspo llc! to clll-n i\'(' del1uciation rates 

ral1 p; ill p; I'rom a !Jou t 30 to 60 III III a I , Such rates arc the 

hi g ll esL \'('t reportcd in lhe litLTaturc fell' g lacieril.cci and 

IlOll-g lac inizee! /) ,ls illS I \Jillim an ami S n 'itski, 1992; 

H a llet and othc rs, in press l, GIa('il'l' I'b) erosion rates 

alT about an ore!er or llI agnilUci e g rca ter than those 

repo rt e r! li 'o lll southerl1 Icclane! :),8 mill a I : Lawlc r a nci 

o lhl'l's, 1992. Punj ab Him a la ya [ I,~ 2, 1 mma 1 

Gardn c r a ne! .J ol1cs, 19B f , Ccntral . \ sia :) ,1 mill <I 
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alld .l/ lIrgerie (;/(u·in.l . 

C:h e rno \·a. 198 1 a nd th c I \ 'on ' Basin. :'\ c\\' Z eal and 

5.6 mm a I : fli c ks a lld o th e rs. 1 9~) O I . a nd t\\·o orders or 
m agni t ud c g reater th a n S ,<l ndin <l \ 'ian g laci c rs ~O. I 

0.,) nll11 a I: BogclI . 1 98~) . 

Sedim e nt r e leased at the te rminus is tra n sp 0 rL ed ill th e 

g lac ier 1)\ turhu le llt eng lac ia l and subglac ia l s trea ms Ic.g . 

G us[a \ 'so n a n d Boo throyc\ . 1987 : L11I·so n. 1993 a nd as 

de iJri s in the ice . Dehri s tra nspo rtecl in th e h asa l a nd 

e nglac ia l zones is re leased thro ug h abl a ti o n a t th e 

te rminus o r groundin g line . \\ 'hile suprag lacia l d ehri s is 

m a in'" d umpcd duri ng ca h- in g e\T nts IP o \\'e ll . 198 1 . 

So m e 1)<Is al and t' ng lac ia l d e hri s ma\' be ckposited ;l\I' ay 

ri 'o lll th c g ro u nding lin e fc) llo \\ ' ing trans p0 rL b\· ice iJergs 

d OIl'nlj o rd e .g . Chen shin c. 1970 : I)o\\,c\ es \\'e ll and 

D o \\'Clcs\\'e ll . 1989 : U O\\'c! es\\,e ll a nd :\ (urray. 1990 : 

C o t ti e r a nc\ PO\\T II . 19901 . . \ ddi ti ona l sed i I11cn t tra ns

POrL m ay occ lIr subg' lacia ll y in a clcfcJrll1ing Ia\T r e.g . 
Bo ul LO n . 1987; Boul lO n a nd Hinclma rsh . 1987; ,\lI cy. 
199 1a : flul11 p h rey a nd o th e rs. 1993 : hut m o ni to ring o r 

thi s la nT a nel l11 eaS UI'C Ill Clll or its nu x a r c diffi c ult clu e to 

its inaeccss ibilit y . 

. \ tid e \\'a tCT terminus is id ea l IClr cl ehri s-flu x a na lys is 

sin ce a n ice cl ifT rep rese nts it \T rti ca l cross-sectio n th ro ug h 

th e g lac ie r. Ic e he rgs ca kin g l'mm a hO\T and hrlo\\ ' sca 

Ie \T I Fi ~· . 2 c \ 'en tua l'" cirif't a\\'ay fro m th e ice c lifT· \\·hcre 

th cy ca n be sampled. lee rrom each strati g raphi c ho ri zo n 

is co ll ected to cl e\'(' lo p a CO 111 p osi te stra ti g r a ph it' sec ti o n 

th ro ug h th e g lac il'l'. SeleCl i\T sa mplin g a ll o \\'s LI S to 

co ncentrate o n cl clining th e sp a ti a l cli striiJutio n or de hri s 

so th a t th e el e iJri s flux can b e calculat ed. Our an a lys is 

di ffe rs (i'o l11 pr('\ 'io us d ehri s s tudi es th a t h ,I\,(, foc useci on 

12+ 

Fij" . 2. Clac/I'!' cair'illg /)/'O(P.I .I i ll G/(I(ier 8(~J' : (a) 

IIIbllfl'i({/ ca 11' ill/!, al JOltll.1 I/O/lt.-ill .1 C lacier . ill w hiclt ia 
.1 It a lIer,1 !ljJU Il i lll/}(Irl 11'illt Ihl' /l'aler ,111I/aCl' . alld ( b ) 

slIbmarine wlz'illg al .llrBride Glacier . SlIblllarine icebngs 

IClld In relllai ll IIlnre-oF- /I'I.1 illl(lcl 011 rmeltillg lite lcaler 

I/IIJ({({' {jJ!/Olojio/ll .IIcBride (; Iacier I!J' It '. Sl'rall7 11 1') . 
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ciCIll()ll s tr,lt ill g processes oi' ciellri s elltrailllllellt <Illci icc
raci es i(lI'Illatioll e,g, Lall,o ll, 19 79: l,"lliglll. 19W): 

i-I uhl)<Ird. 1991: CotLier, I ()9:2 : ROllllen alld \J icke lso ll . 

1992: C; OOdll'ill, 199:): Sharp alld othl'l", 199 L SOllclH'z 

,lI1ci othns. 1991' 1, 

I n thi s pap(T \IT dl'scrilw the deiJri s di stributioll in 
Ih rcc ticil'll<ltCl' glaciers Cranci Paciiil'. \I argc rie ,Ind 
\I uir ill Glacier Bay, .\ b ska h g,:3 , ami ('\ 'a luatc their 

sccii lll(' nt : icld s. Clllph'l.sil.illg the di s trihutioll oi' cichris in 
anci Oil th c g laciers , l)cIJri s- llu ;.. c's tilllat t's a rc usci'1I1 li)! ' 

illll'l'prl'tillg' glac illlarillc record s or lhl' Guli' oi' .\ Ias"' l 
c.g. Pla lkn a ll ci. \ ciciil'Otl. 197G: 1 ~\ Ic, alld others. 1 ~)9 1 

aJl(I pLThaps li)l' c\'aluatillg lhl' lllillilllUIll \'olullll' oi' icc 

rcquircci to distrihutc th l' large quantitics oi' iCl'll('l'g
ral 'tcd cklJri,s assoc iaLcd \\ itli I-\ ci nril'il ('\Tnls ill Lhl' :\o nh 
.\ LianLic e,g, J) ()II d cS\\ cll anci ot h ers. I~)~l.) , 

TERMINOLOGY 

T('I'lll s used ill Ihi s paper halT hCl' ll chosen li)t' lhe 

purpov' oi' Illodl'iin g seci inH'lll<l1'\ PI'()l'l'SSl's a long till' 
Illarille gro undin g lilll' ora lidclI ;ltlT LC'I'llliIlLlS,. \ lirll'il'all'l' 

lellllilllt,l is a gro llllCkci \'C'nical icc c lill' Clr a glacier c:>;pmed 
10 Licl:Jl arli\'il\ P(l\I c ll. I~HlH \\'e lIS(' gmlllldillg filii ' 10 

(it-Sl'I'i l)(' lhc bOllndal'\ aL lhe base oi' LIlt' icc rlill'lIhl'l'c it is 

ill cOlltacl 11 itll the sca 1l ()IlI', Sillce scciillll'lllan proccsses 

;,; . 

. 4 

H llllln ({III/ Ill//( 11: /)dni,I./1III ill . 1/III/dlll lir/Cit'Ii/1'I' g/lIrin,1 

at llic ,g rounciill g lin t' li)!'lll a cOlllpl(';" dcpositioll<ll ,YS ICIll 
lh ;ll c:>; lelld s alla\ li'OIlI th e groulld ill g lille IT p()II l'Il. 

1981, 1991h. it is appl'Opriat(' 10 cieslTil)c tll(' cil- posi

li()llal c ll\ 'i rOlllll cl ll as the gl'lIlIlIrlill,~ - filll' , ~)'I/(,III POlIl'll. 
I~)gg l , ScdilllCIlI pill' s Lhal aCl'lIIllUlalc ill a h;lllk 

geO llll'Lry as part or g- rollllciin g- lill l' S\ s t(,lll , arc ra il ed 
IIII/milla/ ballkl Pml ell, I gg I. 198+<1 , 

Thc g la c ilhl \'ia l allci g laci al com pOnl'nl s oJ' lhl' 

seriinll'lll hllcl g-ct alT clilkl'elltialcci III 1' ('sc' l'\'in ,g i1ll' 1(,1'1ll 
"dill/l'IIl lc)r lithic lll a l('I 'ia l Iransp0rLI'c1 1)\ 1I11 \i;ti o r 

lIIal'ine pnl('(·ssl". llil' lalll'l' illrlllding' ciciJris Olll'l' il has 
b('('1l I'ci ('a,l'ci III 1lll'lt-lll lt or rail ing, Lithi c Illalnial ill 

Iranspoi'l ill and on LOp oj'a g la r in alT rl'll-l'I' l' ci LO as r/r/iri,1 

La\"(I II . 1979 , Tlil'rl'i i) I'l' \1(' cie,rribc glac ial seclinll'nl 

Ilu:>;cs as ,~/acijllli ' i((/ 1('r/ill/l' lIl/1III ,('dilll (, 1l1 Illl :>; allci ,~/acia/ 

ddni.1 ./1111 debris Ilu :>; , COlllbinl'd. LIIl' 1\10 I1I1;"l" 
I'eprcscnl lhl' [(Hal g la c in Sl'ri illll'1l1 \ ' i( ·lci 01' lill' IJ ;tsi ll. 

11 ili cil \I c 1('I'Ill 10111/ g/lIria/ 11'r/ill/lllljllll, 

SAMPLING PROCEDU RES 

I)( 'b ri s C(ltl('('lllralions \I l' IT cait-u lall'ri lill' ~W2 icciJe l'g 
sa lll p it- s ancl I :l~) giac il'l' -i cI' ,alllp lcs J-'ig, I, Till' 

PCITl'III;lgT oj' c;lt'h 1:lcies ("poseci al each tl'l'lllillU' lIas 
C'-lilll<l l('<i ill lhl' li('lel lISillg a l'()lllpal'isOIl chart lilt, 

PCI'l'I'III,lg(' CO lllposil io ll ,\(;1. I~JB~ allCl suiJS('qllClllil 1) \ 

1," . 
( 

Fi,~,:1. { 'II /lIglt-a/lilllr/rlllTir!l j)//lJlogl'lljJ;'" IIj (a) .\l lIir (; /rll 'i('/((III/ (h) (;wlld / 'lIcijic, F (,lIil (//11/ ,l/ lIrgI'Jil ' (;/acial, 

III!.-I'II III , /lIgllll /97(J. 'I hl' IIII/IIbi'/' o/lIlol'llilll'l 1'I:/1l'l'/' Iri/iIIlrllT cOlljllll'llo' it '/II/( rlr/nil 1'('((1'/((1 /lIg/((ria/-luII/ljlllrl 

jllll/n('{/) I ill IIm/ill/ II/Ol'llilll'l Iltlll /))'IIjl'l'I ill III Ih(' g/acil" (rollrll'~\, of 1/,(, ( ""I), ('(,()/II,~i((// SlIr;-n' Ire 11111/ (.fill/IIII' I' rojl'cl, 

'1 111'011/11. 11 '1I ,1/I/'lIglolI) , 
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point-count analyses of pholographs. Th e lhickness of 
basa l stratigraphic seq llcnces was de lerm in ed fi·om large 

icebergs lhat origina te al thc gro unding lin e and fi ·om 

measuremenlS at lelTesl ri a l ex posures a lo ng lh ese m ar
g ins. Cah-ing e\Tnts originating below the ,,·ate r-lin e 

\Fig . 2b ) produce la rge icebergs that do nol fragmenl like 
those thal ropple or fi-ee-fa ll from subae rial parts o r-th e ice 

cliff (Fig. 2a ) . These large icebergs ofte n contain thi c k 

basal ice sequences that ca n be measured a nd sampled . 

Eng lacia l and basal ice samples \\"('re collectcd at 

exposures a long the terminus and supraglacially along 
transeClS nea r the le rminus (Fig. + ). \\'eathered surface 

ice ,,·as removed using an ice axe lO expose fresh ice prior 

lO th e coll ecl ion of each sample. All iceberg and glac ier
ice sa mples we re then deseribed , cru sh ed a nd melted 
befo re Lh eir \·olumes \\·e re measured (fo r delails, sec 

Hunte r , 1994). Samples were th en a ll o\v ed to settle befo re 

lhe mel lwate r was decanted a ndlhe sedim enls shipped to 

lhe laboratory for drying a nd weighing. 
D e bri s concenlraLion (e; in \·olu me fracLion of eac h 

ice sample was calculal ed b y: 

(1) 

\\·he re th e ice \·olum e (Vi ) is 

(2) 

using 1.089 lO adjusl for the red union in \ ·o lum e w\ten ice 

mells, Vi is the lOla l sample \'olume, a nd 101 is the d eb ri s 
\·o lum e delincd by 

(3) 

126 

\\·here 117 is th e mass and Pd is th e densi l Y o f" the g lacia l 
debri s as meas ured in the la bora lory (2560 ± 109 kg m :1 

a t Grand Pac ifi c Glacier. 2870 ± 5 11 kg m :1 al .\Iargerie 

Glacier a nd 2800 ± 26+ kg m 3 a l .\luir Glac ier. 

Ice-facies ana lys es 

D eb ris-nux calculali ons depend on th e ident ilica li on of" 

lhe charac terisli c icc fac ies lhal compose th e g lac ier, 

meas urements of debris concelltra tions, and appra isal of 
th e percenlage of"ra ch ice facies in the g lac ier. \\'e use an 
icr-fac ies classifi ca li on mod ifiecl from Lawso n 1979 lhat 

includes add ili o na l ice facie s exposed in Lidewater ice cl ifE 
associa ted wiLh medial morain es Fig . 5 ) . L a,,·son· s 
o ri ginal classification distinguishes ice facies b y styles or 

debris suspension. concen tratio n and zones of" tra nsport 

(englac ia l o r basa l). His c lass ifi ca lion consiSls of l"·O 
englacia l fac ies, th e diffuse a nd banded , and t,,·o basa l 

facies. lh e dispersed and strat ifi ed. The dilfllse ice jacieJ 
fo rm s the g realesl \·olum e of th e glac ier and consisls of" 

whitc lO li g ht-blue, bubbl e-rich ice wilh an ex tremely low 

debris co n te n t « 1% ). D ebris is suspended in th e ice as 

isolated mud aggregates o r silt a nd sand p a rticl es. Thin 
horizo ns wiLh g rea ler debris con centrations are called lh e 

balldfd ice jacil'.1 a nd fo rm a minor co nstituent 0 [" th e 
g lac ier. \\. e add a diJjllse-strat ijied j({cifs to d esc rib r 

pc:'!"\·asi\·e ly foliated ice obsnyed near the lal e ra l margins 
of lide,,·a Le r le rmini or in assoc ial ion ,,·ith narrow bands 

of englacial ice co nfined by medial moraines. 
For the debri s-Dux a nalyses, ,,·e ass ume thal ice fac ies 

in th e basa l a nd morain a l zo n es share similar processes of 

form a tion in the subglac ia l en\' ironment. Th e refo re, our 
distin Clion is based on g lac ier stratigrap h y, where ice in 
lhe morainal zo ne reac hes an englacia l-tra nsp o rl palh-
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1IIIIIIer ((lid olher> : /)l'briJ.f/1I1 ((I ,lIa,\/.-all lidfl l 'aln g/acier,\ 

F ig , 5, C;tJIf1'a/ i(e~/a(il'j diJ/riblllioll al a lidell'aler Imllilll/ ,\ ( /IIodi/ied a/in Goll/n alll/ F OIl 'I,1I ( rrH)O )) , 

II ' a \ ' h\' triiJutan' conflu('n ce and the fC1 rmat ion of' m edi a l 
" , 

mo raines, Th e diJ/II'I',ll'd facil'') is gen eral'" transiti ona l 
be t\\'('e n engb cia l diffu se ice a nd th e d e lJri s-ri ch ho ri zo ns 
of' till' basa l a nd morainal f;lcies, an d consists or hlu e ice 
th a t is genera ll y bubble-I'ree to IJubble-poor, lIith d e hri s 
concentrat ions sli g lltl y hig hrr mea n a bo ut 1- ,,)'1., than 
englacia l ice La\\'so n and Kulla , 1978: L 1II'so n, 1979 
Th e \Iralijird iCtj(lCil',\ is debri s-ri ch a nd fo rlll s the 100\'lT
mosl ho rizo ns in the basa l zo ne anci the co re ol'mo raines, 
Thi s Glcies is di\ 'id ed into Lhree subrac ies based o n Lh e 
di s Lr ibuLi()n of sediment in Ih e ice, The ,\II ,I/JelII/rd lII/ilocic,1 

consisLs of relaLi \'('II- clea r. hubhk-liTe ice 11 iLhin \\'hi c h 
arc suspended sa nd. silL , I)(' hhle-s ize parti cles and 
agg rega tes, Th e di,\(olllillllo/l\ Jllbj(ll'ies consisLs o f' thin. 
d isco n Li nll ous debris-rich icnses and la m i nac Sl'pa ra Lecl Ill ' 
Lhin clear-ice lamina e, Th e IIJlid ,llIbfO(il' ,\ consisLs of' fi 'ozcn 
d ebri s hcld LOgcLhn by inL crstitia l ic('. and ma\ ' OCCIS
ional'" exhibi L prilllan' sedilll enLan' sL rll L'l UITS, 

I:'II/.',/((I'i((/ itl' ,j(ltit ,\ 

The diffu se f;lci es is dOlllin<lL ed Il\ \\'hiL e. bllbhh' ice lhat 
cOlllpri ses 65 H:1"" of' the ice in th e te rmini of' Gra nd 
Pac ili c. \ iargni e a mi .\I uir Cl ac icrs I Fi g , ()<l: T<llll c 11, 
Ikbri s O('C ur'i as iso laL ed sa nd and silL parLicle" silL\ ll111d
fill ed hu llblcs <lnd r ;I IT co bbles and bould ers \\' iLb 
concen tratiollS in th e diffu se f;lcies ra ng ing f'rolll trace 
\ ,d ues t() O,9'/(, Ht! ntCl'. 199 1 Th e hi ghesl ;1\ 'C ra gT 
d ebri s cO IHTnLrat io n or difhl s(' [Ic ics occur, aL ,\1 uir 
C; lacier O,6 u/r, b\' \ 'o lu n1(' I . \I'l1('reas a \'('ragT conCC lll ra
tions aL \l a rglT ic a lld Grand Pacific Cl ac ilT'i a rc a boul 
0,2 % and U,I "0 IJ\ \'o lul11e . rC'spcl'l in' ly TaiJle I , 

l)ilruse-'iraLificd f;lcies occu rs in ZO Il \'S 01' pcr\'as i\T ly 
\c) li a led ('nglaci;d icc I Fig, 6b l, \)ulk sa lllpling \ ielci ec\ 
d c lJl'i s concenlra Li o ns of' 0, ~ 1 ~ , -~ % b\' \'OILllll e, Th e 
diffu se-strat ifi ed I ~lcie s is 111 0S L abllndant a t Grand Pac ili c 
Glacier \I'here it compri ses Lip LO 7, 1 'Yt, o f' the LCI' minu s 
a III I has a n alTrage d eiJri s cOllcentra Lion of 2,7'Yt, h\' 
\'(l lLlme T a hle 11, ,\ t .\ Iargeric alld .\ l uir Cl ac iers, thi s 
f ~lc i es is a millor compo nent < 2% I o f' th e ire cliff and 
contains up to 1,1,% d e hri s 1)\' \'o luI1H', 

Ba nded f:lci es cons tiLutes a small percc ntage < I % : 
Table I ) of' ice cliffs and is charancri zed by Ihill debri s
ri ch hor izolls , This 1;lcies is poorl\' d('\'clopcd a L \l a rge ri e 
a nd \1 uir Claciers \\'here thin ' up to a re \\' nl illim eters l 
horizo ns halT ciebris col1tTntrali ollS of' 0,2 0 ,+% by 
\'(J lulll e , ,\ t Grand Pa c ifi c Cl ac ier. similar hori zo ns a rc 
up to :1 CIl1 Lhi ck \I 'ith ('ol lccntratio ns ra ng in g f'rom 1,7'Yo 
LO 27, 10 00 Il\ \'olunll', \) e lJri s hori zollS a rc cO l1llll onh 
sLraLilieci, c(Jl lsisting 01' c\cl)J'i s-ri ch band s se parated b\ ' 
clea r-in' la\ (TS , Debri s ill Lh esc IJa llds is ill th e fi) rm o f' 
suspcnd ed sand-panicic anci l11ud clots H e in ), 1933 ,\ t 
hi gher conCl'n LraLi ons, th\' d e hri s occ urs in icnsc, and 
l1lore cOlltilluouS SlraL a \\ iLh o lll y inLC'rstiLial ice, 

n (l.\a/ - :()lIe alld II/(}wil/a/ ia ./flti(',\ 

\ Io rai na l a nd ha sa l- in ' sLra Li grap hi c sC Cju( 'nces a rc 
com posed o f' di spnseci a nd stratilied 1;lc ics , \[ oraina l 
sequences C() llla ill ice 1;lc ics silllihr to th ose in Ihe hasal 
ZO ll e, hut till' 1;lci cs arc (}i't{,1l rcpeaLed Oil hoth sicic, of' a 
cClltra l d e lJri s-ri r h IlOri z() ll. and LIi(' di spersed [lC i('s l1l a\ 
I)e ahse nL in Ill ora inal seqll('n('('s, .\l orain;!1 sequenccs 
appea r to rep resent concie nsed basa l SCCJU l' lH'CS L <lll',on, 
1979 LhaL ra nge li'olll a ft,1I' IllCLns LO IllLl eh Lhicker 
,eq ucnces. a s at C; I'a nd Pac i lie (; la r in 11 here L he seq U(' IHT 

Illarkill g thl' bound an ' of' th e hTri s tributary is 3D III wide 
a nd includ es a 1111 thi ck d ebr is-ri ch hori zo n or La\l',on' s 

1979 so l icl SLl bl;lcies, 
Th e di spCl'sed I;lcics is c ha ra('l('l' izccl b\' 10\\ <l\Trage 

del)ri, concclllraLions ran g illg' li 'om aboul 0,1'1., to I, I '/(, 
b\ \'() Iulll l' T able I , ,\ sharp con tal'l 111't\\'('cn Ihe 
engla eial difhl sc and IJas<!i di spl'rscd icc ( I: i,g, 6(' IS 

g('neralll- c1i sl'(l rclalil lI 'iLh g lacia l scd illl c nt al'\' la yering 
a nd iCl'-handing, Debris is c1i spnsed in Lli e 1()l'Jl] or 
isola ted panicles and agg rega les Lh a t occ ur predom i
nant'" ,It g ra in bounda ri cs, 

\)a, al and Ill o rain a l stratili ed 1;lcics consLitute 1.3 
Ill. ~% or th e icc oiJse l'\ '('d Tabk I " 'r he di scontinllous 
subEl(' ies is c hararLnized Iw ;!ilerna Ling Lhinh' lam illated 
debri s-rich and elt'ar ice , Fi g, 6d ' Debri s hori zo ns ra nge 
fi 'om a fc\\' sa nd gra in , to sc \ 'nal c('n Lill1 e te l's thi CK, and 
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.lo/lma! 0/ (;{aci%g)' 

Fig . 6. h e jilrie.1 ousenw/ al lidel( '({la lermilli ill (;!acil'r BI!)' : ( (( ) u/lbb{r I'lIg/aria/ dij/il .\!' . ( u) I'IIg/aria/ d(lfrl.II'
.l/m/iJied. ( e ) i)(Lla/ di.ljJtrm/ . ( d) ua.w/ di.ICOlllillIlOI(l .lIIlij(lril'l. ( I') u(/j({I .II!/it! .11IbjiICil'.l . (lIId (/) a/lmwlillg I(~r{'n 0/ 

debrij-rir/t di.I(OlllillllOIl.1 .\IIbraries ({lid delirll-j)()o/' .11I.ljJl'lldl'd .11I~/a(il'l. 

f() rIn iC'n ses or\'arious lengths in cac h debris-rich horizon. 

Clear-ice laminae <Ire bubhle-liTc, \I'ith minor a mounts or 
sLl sp c nd ed si lt ancl sa nd particles. 

Solid suh l:lcics arc generall\ dC'\ 'oid or clcar-i ce 

la minae and are composed or de bri s h orizons g reater 

tilan I cm thi ck. Interstitial ice-CT\'s tal gTo\l·th is conlined 

in lh l' finc porc struclure or sill\ muds that ex hibit a li'osty 
ice-lT ment lustCl' on liTshh- broken SUrl :1CCS. 13olllton 

1970 and La\l'so n 1979 1 han' desc ribed seciimc nt a n ' 
struct ures in 'io lid layns that indicatc poss ib le incorpora

tion a t the g la c ier so k h) fiTcze-on and HTl ica l anTct ion 

Ll\l so n a nd I'-ull a. 1978: La\l·so n . 19 79 or pcrhaps Iw 
ilu\·ia l scdimcnt ;, ckposi tcd in basal-zonc conduils. 

Thick horizons of so lid su bf~l('i('s haw' been oiJs('IYcd 

al thc straligraphic bases or icebcTgs lhal orig inated 
I)clo\\' sea !cn·1 in COll lact \\'ilh the sca iloor 1 Fig . 6(' . 

128 

Th ese horizons arc composed or dialllinons simil a r lO 

those d escTihed by Pcmell and .\I olnia 1989 ) and GOltier 
it ncl Po\\TIl ( 1990 I. blll th ey m elt ra pidh' o r brcak ofl' 

ice bergs and sink. " 'herc so lid Im Cl'S han' bcen obsen'ed 

in an ice be rg. lhe) f(Jr Ill <ln iso lropics along \\'hich icebergs 

tcnd lO brea k . . \l \Iarge ri e Glacier. sllbglac ia l debris lill s 
ilUl Cs up to Lt k\l' lcns orccnlimclCJ's ckep I o n th e surlilc(' 

uf'ice l)n gs litat had prc\ 'iolls ly becn in contact \\ 'ith the 
sca iloor Fi g. 7 . So lid la\ers al .\Iuir Glacier are 

composec\ or \\'cll-sorted and \\ ell-rounded sand and 

g ran·1 apparently deri\'Cd frolll Ilu \'ia l seciimenlS ill the 

morainal bank Hunler, 199 ~ . Solid subbcics resullin g 
li 'o m seasonal rreezc-oll or sa luralcd sediment 'i ha\'c been 

obse n 'Cd in basa l ice sequences or Gulkana . .\I alanuska 

and Kenni colt Claciers in sOllthcrn .\I aska. anci Finckln 
and Z ·.\Iult Gl e lche rs in the S\I·iss .\Ips La \,·so n. 
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11111111'1' alld olli l'/'.I : Dl'ln i. , ./711 \ 01 .1/(lIkall lidI'l l 'aln gla(II'r.l' 

7 ab/I' I . SIIIIIIIIIII)' 0/ 1i1'l' rtIgl' rldnl.1 ((//clI/alloll .l . . r, {I/ 'I'rage Ift>/!I'II (/I1I ('(' lIlm lloll il 'l lli I (J III kg III <. 00 . U'jJrf .1 I'll la 111'1' 

j !l' IImlllgl' o/l'IIc/i I((,./(ICII'.I III la clilT 1'0/ . l'O /IIIII I' .ji-{!('IIOII oj' ddJri.1 III cOllceII l ral lOIl 

. I 11111' (; /acII'/' 

h e ./(/{'II'.I .r ° \ '01 ," 

1:'lIglaclal 

Dill 'use 16.B ± 3.0 S:).O (J .G S.O 
Di rrU Se-Sl ra l i li ed 12 ,,) ± I,,) 2.0 1.1 1.').1 
BallCled 12.1 ± (Ui 0.7 (U .1.9 

.Ijol'alllal 

j)i spcrsC'd 20. I ± .3.1 2.3 
Sus pellded 11 G. 7 ± 69. 7 0.8 :) ,9 :1:-:1 .:) 
DiscOlll i IlUOU s sol id j09. ~ ± 2% .1 0.6 I 7.0 I O(i .~) 

8a.la / 

Di spersed 20. I ± .J . ~ I 0.0 0. 7 2. 3 
Suspcllded I 16.7 ± () ~) . 7 1.8 :?q :ru 
Discolllinuous solid ,"jO~l. I ± 2:jb .1 1.1 I 7.0 I ()(i.9 

FI'I'I':I'-oll I ~:n .2 ± 23:2. ~ 11 22 .\, \ 

unpuiJli shcd dal a Solid sul lbeies COil la in IlIl lO 70"" 
debri s IJ\ 1()llIllle Tahle I . 

Tile suspcnded suhl ilcies Fig . ri l' con sisls of' icc /;11 Cl'S 
ahoul I CIll lO o\T r :{ III lhi ck. This SIII)fil c ics II',IS a lllil10r 

I :ig. 7. (; /acin- IO/I' IIIO l'jJ/lI!/ogl' jm'.II' ITa l Oil a .1 11 /111111 ri ll I' 

ia /i ll'g 1/1111 f'll1i'l'l1./;'01ll .I/al'grrir (;Iacin. ( 11 ) , \ '011' 

/i1l1'OI' ./711Iill,1; II('/'O.I.I.iil Ct' 0/ lil'l :l; . ( /; ) O Il.II'-lIjl (If l' i,!!,"1 

I'rlgr I!/ bllg ,1i/ill 'lI III ( 0 ) . /(/~I;/"I~!;lillllg III I'/(ICI' 11'1/1111' alld 

1'0/1 ' o/c{)/J/i/n llialllll' oligll('r/ dill I 10 d(lI/ . 

.1/(!I ;!;erll' (;/IICIl'I' (;I'alld I 'acij i'c (;/(1(11'/' 

.r % \ '01 .r IX) \ '01 

± S.O BO .O 0. 2 2.5 ± 2. I (j LS 0. 1 

± 3.3 3 0.9 1.3 7 1.0 ± 8.3. 3 7.1 2.7 

± 0.3 0.1 0.2 TnO ± 28.3. I 0.7 12.2 

± 3.3 0. 1 ~O.I 1.1 ± U 6. 1 1.1 

± 13 . .1 2.3 0.9 I ().1. I ± 11 3.7 3.6 3.8 

± 270.3 n.2 9.8 G2G. I ± +26.7 2.2 22. I 

± 3.3 9.j ",0. I I . ~ ± 1.1 11,0 1.1 

± I:Li 2.6 0.9 I 0,) . I ± 113.7 2. 1 3.B 

± 270. 3 :Ui ~1.8 (j2(i. I ± 126.7 2 . .1 22. I 

I ~rB. 5 .\, \ G9 . .1 

constiluelll 2.G .J.7 °o : T :1biL- I or the lhrce lid('I\'alcr 
ll'l'Inini. lIil h ckilris (,()III'l'lllr:llioIlS le" lhall 0.1 12.(}Oo 
hl' I'o llllll l' HUll ler. I C)~) I D e lni s is smpcllckd as isolaled 

, ill. sand alld g ran'l parlic les. and C0ll11l10llil- liJl'lllS 
salld I'-Ill ucl agg- I'('[(a!l's. 

Debris flux of Grand Pacific, Margerie and Muir 
Glaciers 

C:Oll1jli l;lli()1l (Ji' Ihc iIT-I ;I(' i('s clala ' \,;dlle I gilT' US lhc 

()jljl0rtullll\ ll) (' ,d('ul :lll' 11ll' lowl \'o lulll c oi'de l)l'i s 

lrall sportl'c l 10 lhl' lerll1illll s. Th e debris COlll'I'nlralion \ 

ol ' C<l('h I;lcil 's :llldlh('ir jll'l'l '(' II LI ,!!;I' in a ll icc c li rf Tailles I 

alld 2 arc lI 'i ecl III rall'lilal(, Ihl' d('il ri s 1111" D , 1<)1' till' 
dilkn'nl ,!!;I :lcins III the silllpll' l'l'i aliomh ip: 

( 1) 

lI'h('('c D, i, lh(' supra g- Iaci :i/ debri s lIu" I.C. \ Ur/;IIT 

Ir<lIISpOl'l ;lllci D~ is lhl' dehri s Ilux 11 ilil ill iJasal alld 
ellg larial ice /;l('i(' , cakll/;Ill'll usill g : 

" 
Dg = C2 ; L ('I ll, (5) 

.I I 

so lha! Dg is lh c jll'OdUC l oi' lh l' irl' 11L1' 0 ; alld lhl' SUIll 
oi' Ih c (khl·is ('olll'l' nll'<llioll s (' 01 ' (,<lch icl' 1;lcie, 

IIrighted hy lheir r(,/;llil,(, \ 'o luJl1e \ ~j ill ll l(' in' (' Iilr 

Th e icc lIu" is: 

(0) 

IIh('('(' I' , IS lhc ;\1'('I'<lg-eci SUrl;llT l'('loc il \ Ileal' Ihl' 

ll'l'lllilluS ;IS cSlill1all'd i'mlll ;Inia l phllll)g- rapl ls. 11 ' is lhc 

g l:ll 'i('r 11 idlh . alld h, is l hc h ci g hl oi' Ihl' icc clilf Table 
:) 1, This ('a lcul al ioll ass Ullll'S Ih ;ll icc 110\\ llCal' lhl' g /;l ci('r 

l(,(,lllillUS occurs as il plug 11 ilh lil tl e illl l'rnal clel()l'lllalioll. 

\\ .(' aSS UIllC lhal the oiJs(T\'('d 'i UrI:IIT \'('Iocill ' I' dUl' 
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]ollma/ 01 (;/aci%gl' 

Tab/e 2. Ca/m/ala/ de/ni.1 flu I m/tle.\ * T/?,Irare 

,\ [uir G/acier 
"j- . \ [ ({ rgeril' (;facier! 

[alacil's DI D ill Dc D :::. DI 

/~'lIglacia/ 

Difruse 6J.0 3.9 35.2 25 .9 25.9 1. 0 2 L8 3.6 0 .2 3.0 

Di fru se-s rralified 3.8 0.02 2. 1 1.7 1.6 0.1 1.5 11 .7 0 .. ) 9.8 

Bandecl O. ~ TR 0 .2 0.2 0.03 TR 0.02 5.3 0.2 +-+ 

. \1 orail/a/ 
Dispersed TR TR TR 5.2 0.2 cU 

Suspended +.2 0 .03 2 . ~ 1.8 2 .9 0.1 2.8 8. -~ OA 7.1 

Discon ti no us/so l id 13.8 0.09 7.7 6.0 3,+ 0.1 3.2 30.5 lA 25.7 

Ba.w/ 
Dispe rsed 9.0 0.06 5. 1 3.9 1. 2 TR 1. 2 9,5 O. ~ 8 .0 

Suspcnded 9 .. ) 0.06 5.3 4.1 3.+ 0.1 3 .3 4.9 0.2 c~ . I 

Disco n tin o us/so lid 25.3 1.6 14.2 9 .5 5 .8 2 .2 56 .1 3 1'.6 1. 5 29 .2 

T Olal 13 1. 0 5 .8 72.2 53 . 1 96.7 3.7 93 .0 11 3.7 5.0 95 .7 

Supraglacia l debris flu x 1.4 4.1 3.4 

Basa l f" eeze-on 72 1.0 62 

* . I '{ 1 \ a lu esa re 10 m ' a 
.;. i\w' rage ice-c liff ,,',\l e r deplh 01" 18.8111 used LO ca lculale D ill ' 

~ T e r mi ni \\ 'idth exposed to tidewalCT used LO calc ul a l t' D ill ' 

Tab/e 3. (;Ia cier /}{/rallleler5 durillg ,1/11([1' ( /988 91) 

Gralld Pa(ijic Glacier .1 1 argerie G/acier .lIlIir Glacier 
I'ariable .)jmbo/ Cllil Fen·i.1 I{ibulat)' Gralld Pacilic I{ibulm)' 

A H Tage \ 'e loc it y (I m<l 380 

T e rminus \"Clocity ('1 ma 525 

Cah-i ng speed Uc m a ' ~80 
Glacier ,,·iclth lL' m 1620 

Cah'i ng \\·idlh We III 1620 

f\\"lTage water dep th h\\' m 20 

,,,"e ragt' total c li ff height hi m 66 

A ch-a nee ra te T 111 (l 2 '~ 

moslk lO rapid basal sliding, as ohsel"l"ed a t a nolh er 

ca h-i ng g lacier in so ulh ern .\ Iaska, C o l um bi a Glacier 

Humphre\ ' a nd ot hers. 1993 ) . 

Calculations 0 1" Qi fo r .\Ia rge rie and f\Juir Glaciers 
\ 'ie ld ed ice flu xes of" 1.38 x 10H and 1.35 x 10Hm:la I, 

respecti\"Cly. Th t' ice Ou x a t G rand Pac ifi c G lacier 
(0.62 X I Oll m:l a I ) is ha lf as la rge beca use 0 [" th e g lac ier 's 

slo\l"Cr fl o\\' 'r abic 3 . B\· so h-ing Equation 5 ) fc)r eac h 

g lacier \IT esti III a le debris Ilu xcs of" 1. 3 x 101> m:1 a 1 (1\1 u i r 

Glacier ) , 9.7 x 10" m :1 a 1 ( ~ l arger i e Glacier ) a nd 

1. 1 x 1 Oli m:1 a 1 (Grand Pac ifi c Glacier; T a b le 2 1. 

Comparison of" these est im ales d e m o nstra tes lh e 

inOu ence or dehri s di s lrihu lion a nd ice -OOlI' rates o n the 

d e bri s Du x . .\luir a nd .\ Iargerie Glaciers lra nspo rt less 

130 

158 679 1700 

/10 810 1700 

69 776 1770 

950 1900 880 

220 1900 ~ 75 

10 30 30 

54 90 90 

20 10 0 

debris per unir \ 'o lull1 e than Grand Pac ifi c Glacier (T abft' 

I ); hO\I"C \ 'e r , ~l u i r G lac ier h as th e hig hes l d e bri s flu x, due 

lO its large ice flu x (T able 2 ) . Alterna ti\ 'e ly, despite th e 

lOll' ice Oux or Crand Pac ifi e G lacier, its debris flu x is 

a hou t 30(Yo g rea ter than th at of \LHgerie Glacier beca use 

or its hi g h er debris co ncentra ti ons . .\Ia rge ri c Glacier's 

debris co n ce ntra li ons a rc aboul 60°1., per un il volume of 

.\luir Glacier ·s. Th t' co n cenl ra tion and distribution o f 

debris a lo n e a rc not enough to procluce a high debris flu x, 

but when com bined with rapid g lac ier fl o ll', excep ti ona lh' 

high rales or debris lra nsfer to th e gro unding line ca ll 

occu r. 

Supraglac ia l debri s flux was calc ul a ted as th e product 

or g lac ier surl~ICC \'('Ioci t y, m oraine II' id th s I1lcasured 
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ph o tog r a llllll c tri ca ll y a nd s llrfi c i,i\ d e bri s Lhi ckn ess Ill eas

u rcd in Lhc fi e ld, .\I o ra ine Lh ick nesses obsc l'\ 'ed durin g 

tra nscCls or \I a rge ri e and Gra nd Pac ifi c Gl ac ie rs I Fi g , 4 ) 

ra n ged ri 'o lll lrs, than J Ill lll to 1,5 III H lInLer, 1 99-~ , a nd 

\I 'e re genera 11\, less Lh a n th e 0 ,08 III eS Lim a Le o r G OLLl e r 

1992 a t .\lcBrid e G lacier, ,\ d eb ri s cO\'(' r of'abo llt I m 111 

is s ufTi c ic nt to di sco lor th e SUr/i1(T \I 'hile a thi ckn ess o r I 

2c m a ppea rs to I{)r m a co m p le Lc COH'\' 0 11 ae ri a l 

photogr a ph s le,g, Fig , 3 ) , Thi cker m o r a in e cO\c r (0 ,5 

I, D m fills slIrfi\ce nc \ 'asses and riJrll lS de bris rid gcs and 

l-itllJln (/lid olhl'l'I: f) eliri.l'jllI\ al , lilllkau lidCiI 'aler glarin,l 

ro und ed gr a \ 'C I S Llr/~\ CeS , D espi tc th e consp ic uo us appea r

a nce o f' s llpraglac ial Jll o ra in e's F ig, 8 . th c i r fl uxc, a rc 

relat i\'(' ''' Ic)\\': 3 , ~ X 10 1 m :1 a I at Cra nd Pac if ic GlaciC'l'. 
eLl X Io'l m :1a tat \l arger i cC l acil'l'a ll d l , ~ X 101m;a I 

a t \I uir G la c ier ,T a ble 2 1, Supraglacia l de bri s is assu lll ed 

to be released e ll tire ly \) \' \'ari o ll s g ra\'ita ti o n a l processes 

a t tid e ll' a te r ice clirE : ho\ \'e\,('J'. sOlll e i, a lso rel eased on 

th e head s of' ran de lt as a lo n g ter res tri a l parts or the 

m a rg ins (e ,g, th e nonh e l'll ed ge o f' \I a rger ie C \;\cil'J' a nd 

the eas tern m a rg in of' G ra nd Pac ilic Glacier, 

Fig, 8, Ob/iqllt' aerial /J//(Jlo,1 0/ ( 11 ) ,I/uir ( ;Iacin, ( 11) 

l 'I' rri,1 lriiJlllal), 10 (;mlld IJaciji'c (;Iaci('/',Illld ( I') ,1/11I:!.;l'I'il' 
(;Iacier, 'I hI' utl/lllifl' alld cOIII/i1l'\il)' of IrilmIII rin, loud 

rdir/ IIl1d /'(t!!t~ )' lcidlh (/lid ({rNl -rll'l'IIlioll di,l/rilllllioll 

lelalil'e 10 :11111'1 0/ IItll\illllllll ,llIlIlt:/idl iujlll f lJ((, dt/ni, 

dil/rilillli(!/1 ( ,I('t' In/./;I/' dt',IITi/)lillll: /)/t0 IO,!!,I'II/)lt ,1 I)) ' , I. 
POll , [ ",S, ( ;l'ologi('({1 StIlTl)' ) , 
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DISCUSSION 

De iJri s- nux e,t im a tes prm 'id e some indica ti on o f" the ro le 
\'arious faClors pla\' in determining the tra nspo rt of d ebris 

b ~ ' ti.de\\'a ter g lac iers , Th e dilk re nces in d e bris di s trib
utions a nd l1uxes betll'Cen :'I [uir, Grand Paci fi c a nd 

.\1 a rge ri e Glac iers indi cate th at \'alley geometry , espec
ia ll y \I'idth , glac ier [] O\l' speed and th e number o f 
tributary glac iers 11()\\' ing in to the main trunk g lac icr, 

st ro n g ly influence debris ilu x, Grand Pacific a nd 

:'I[arger ie Glaciers a rc la rge r anel wiell'!' th an ,\1 uir 

C lac ie r T a b lc 3: Figs 3 and 8 1; th e a ppare n t resu lt is 
that debris is more eas ily distributed ac ross tlluir Glacier 

by slo p c m ass mo\'Cmcnt and eoli a n processes, \\'hile 52% 

o f tl1 uir Glacier's d ebri s is tra nsported e ng lacialh-, o nly 

18'X) a nd 19% of rh c debris is transported by the 
eq u i\ 'a lcnt ice facies at Grand P ac i fi c a nd :'I I argcrie 
Glaciers , respeCli\T ly , D eb ri s concen tra tion in th e diffuse 

facies of .\ l uir G lac ier is mo re th a n fo ur tim es those of 

Grand P ac ific a nd .\ largerie Glaciers (T a bl e I ) , \\ 'e 

he li c \T th at th e debris di str ibutio n at :'I luir Glacier 
re il ects the relat i\'(' impo rtance of la tcra l debris so urccs 

(e.g. roc kfalls. slid es and a\ 'alanches ) in th e narrow 
\'a ll eys through lI'hi c h '\luir Glacier floll's (Figs 3a a nd 

8a) . Th ese so urces introduce suprag lacia l dchri s to th c 

surface of th e g lac ier where it beco m es ent ra ined b\' sno ll' 
accumulation and ice m eta mo rphi sm . 

Th e rela ti\'e ab undan ce of d e bri s in basal a nd 

moraillal racies at ;\I a rgcr' ie a nd Grancl Pacifi c Glaciers 

documents th e influe n ce o f tribut'lr\ ' conflu ences, D o mi
nant zo nes of debri s transport in Grand Pacifi c a rc a bo ut 

equ a ll y subd i\'id cd between morainal (39°1.,) a nd b asa l 
ice racies ~3 % ) , The rcl a ti \'(' ly hi g h contributi o n of 

mora in a l facies must reJlect th e complex int eractions of its 

mulLiple tributa ri es , especially Fen ' is G lac ie r (Figs 3 b a nd 
8 b ) . III sharp contrast , :'1 argeri c Glacier (Figs 3a a nd 8c) 

tran , ports nea rl y 7V% of its debris in the basa l icc. I ts lOll' 
englac ial-d ehris flu x (T ab le 2) re nec ts the innuence 01' 
fCwe r tributaries and the \I'ide \ 'a ll ey of its uppe r 

accul11ulation a rea (Hunter a nd Powe ll , in press a ). 

Se di:rnent introduction into the fjord environ:rnent 

De bri s tr<lllsportcd to the terminus of ticl e \I'ater glac ie rs is 
released by a \ 'a ri et\' 01' processes POII'C 11. J 980, J 988 ; 

Hunter, 199+) including gra in-by-g ra in m elt-ou t a t th e 

ice cliff ice-cl in'melt-o ul. D",l, dumping or supraglac ia l 

debri s during ca lving (cak e dUIllPing. D el ) and melt-out 
from icebergs iccbe rg-rarting. Dj ) , or a bla ti on and l11elt
ou t a t terrestrial margills (D:::, ). 

Th e debri s nux can be partitioned as f() ll o\\'s: 

(7) 

lI'h ere Del a nd D ll , aci d clebri s to th e l110 ra ina l bank along 
th e gro undin g lin e, D:, is the debris dumped o n to 

te rrest ri a l pans of th e morainal bank (e.g. deltas ) a ncl 

\ 'a ll e \ ' sid es. and Dj represents debris transpo rt away ri 'o m 
the terminLls , 

Frol11 ou r o bsef'\ 'a ti o ll s a t both terrest ri a l a nd tid e
lI 'a ter tCl'mini. \I'C feel that the IOIl'Crmust so lid fac ies 

re prese nts loca li zed seaso na l freezing 0 1' su bg lac ia l 

sed im ent , or rapid freezing clue to thermodynamic 

132 

disequilibrium near caking marg ins. Such layers \I'ou ld 
expe ri e nce on ly loca l transport fi'o m th e subglacial slope 

of a 1110rainal ba nk to th e g ro unding lin e , In thi s rega rd , 

\I'e do not treat th ese laye rs as add ing sedime nt to the 
1l1 0rai na l bank , but simpl y as a ( )rm o r recyc ling (fi'C'eze

rccyc ling: B r l . The flu x or sed iment recyc led hI' thi s 

mechanism is es tim a ted b y sa mpling th e 10we rl11 os t so lid 
layer a long tcrrestri a l sect io ns of termini and similar 
layers carried to the fjord-water surface b\· icebe rgs (Fig, 

3b that lI'Cre in contact lI'irh the Qo rd fl oor prior to 

ca h 'in g (Fig , 7: H unter , 1994 ) , Solid la ye rs s tra ti gra ph 

ica ll y hi g her in th e basal ice a rc, howe\'CI', add ed to th e 
calc ulati o n of th e dehri s llux (Equa tion (7)) . 

Csing eac h glac ier 'S a ttr ibutes (T ab lc 3 ) . we can 

calculate th c \'olum e or d e bris released into th e Qord 

el1\' iron l11 en t b\' th ese processes. The caking speed vc) is 
ca lc ll la ted using a mod ified con tinuit y eCJuation (BrOl\'ll 
a nd o th e rs, 1982 ): 

1'e = V t - R - X (8) 

\I 'here X is th e ra te of ch a nge 01' glacier leng th I positi n: 

for acka nce; M eier a nd o th e rs, J 980) a nd R is the melting 
ra te (see T able 3) caleu la ted using the W ee ks a nd 

Campbcll ( J 973 ) eq uation : 

(9) 

\I'here v is th e boundary-layer water \'Clocity. L1T is th e 

tempe ra ture difTcrence be tween \I'ater and ice, and l is a 
linea r m easurc of th c ice clilfin co nt ac t with lI'ate r, eith er 
it s heig ht in con tac t \I 'ith the sea (i, e, water depth , h\\,; 
PO\l'C ll a nd :'lolni a, 1989; SlI' itski, 1989 ) o r lI'id th (we; 
Po\\'e ll , 1983 , 1988 ), An <l\'erage tempera ture dilference 

IL1T) of 2.95 C I\'as measured by a remo tely ope ra ted 
subm crs ib le th at collccted d a ta in front o f' t id ewa ter 

termini in Glacier Bay (p ersona l comm unica ti o n from S , 
Bog rad, 1994 ). 

Th e c h o ice o f cha racte ri st ic leng th I in Equalion 

(9 )) depends upo n whether the clominant c urrent at th e 
ice cl ill' is from buoyant LI pweJl i ng o r m e l t \I 'a ter or 

hori zo ntal fj o rd currents , ~1 cltin g ra tes \\ 'C re ca lcu la ted 

b\' substituting h\\' for l ror Grand Pacifi c a nd '\ luir 

Glaciers where up\'T ll in g a long th e icc clifE is important 

a nd 'Wc for .\ l argcrie G lac ie r \I 'herc tidal c u rren ts ac ross 
th c race prn'ail. Ope n water (2 5111 wide ) is common 

a lo ng th e ice cliffs of Grand Pac ifi c a nd .\l uir G lac iers 
that indi ca te th e spread in g of u[Jwell ing f,'csh water th a t 

di spl aces lo ng itudin a l cu rre nts, I n a dditi on, fj o rd 
c irc u lation at the terminus 0(' :'Iluir G lac ier wa s 

restricted b y a sha ll o \l' morainal-bank sill lcf't behind 

by gro unding-line re trea t (Hun ter, 1994) , In con trast , 

:'Il a rge ri c Glacier termin a tes in a ha ng ing \'a ll ey a long 
the \1'Cslern margin o f T a rr Inlet (Fig. 1) where its ice 

cliff is exposed to tid a l c urrents mo\'ing up- and 

dOll'nfjord (e.g. Sy\'itski and o th e rs, 1987 ) . Turbid 
su rf~,ce wate r nO\l's rap id ly across th e face o r .\ l a rgeri e 

Glacier a nd fo rm s st rong n ea r-surface « 1 0 m d ep th ) 

cu rrents while tidal exc h a nge prod uces c urrents a t 
depth. 

On thi s basis, melting ra tes or 2 1 and 20 III a I ha\ 'e 

bcen calcu latecl for G ra nd Pac ifi c and l\ I u ir G lac icrs, 
respecri\'Cly, using a bou nd a ry-l ayC'r \Tlocity orO ,03m s I 
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to represellt buoyant up\lTl ling 1() ll oII' ing the argllmcllts 
or COII'<1n and 1:'011"('11 ' 1986 ancl POIIT II and :'1 o lni a 

1989 . and lHTanographic IllCaSUH'l11cllts by .\1athell·s 
and Quinlall 197.). Csing terminus II'iclth exposcd to 
tidl'\I 'ater 11 '(" I and a ITlocitl' or 0.25 m s I cs tim ated 
f"rom ice berg-d rifting l, a I11cltill'g rate Ri ll I of"3Im« I h as 
becn calc ul atcd I()\' .\ I argc ri c C lac ier. 

\Y c can calc ul atc the melt ing flux QIII and debri s 
\ 'olumc released dllc to mclting D ill bl' substitllting 
melt ing rate R ror I"('locitl" (', in Equation 6 , and QIII 
I(n Qi in Equation J Table 2 ,. D ill rangTs 1i'olll 
3 .7 X 10 1 

111 ' a 1 at .\I argeric Glacier to J.O X 10 1 
111 :

1 a I 
at G rand Pacilic Clacier lI·here mosl or each terminus is 
exposed to tidell·atcr. .\ t .\[uir Glacier. the \I'idth or the 
ice c1irr exposed to lidl'lI<lt f' r dimini shed li'olll 900 III in 
1978 131'0\1' 11 and o th crs, 1982 ) to a perillll'ter or 47 .) III 

around a cah- ing' embaymC'nl in 199 1. ThC' dl'iJri s releascd 
by icC'-clirrmelting is estimated at 5.S x 10lm1 a I in the 

ea r1) 1990s. 
Th e lllorainal ballks or Cranel I:'acil ic. .\I argcric and 

.\luir Glaciers receiH' a Ilct addition of" H. I x 10 1
• 

7.8 x 10 1 alld 7.2 x 10 1 m'l a I, l"('sl)('ctil'l' ly, I h rough 

cl h T c1umpillg; ami ice-clill' mc lt-out. Local recyc ling or 
morainal-bank sediment Ileal' the grouneling line dciin' rs 
up to 6.2 x I () ". L 0 x I 0 1 an ci 7.2 x I 0'-' m : a I to th e 

grounclillg lilll'S of" thcse glacie rs T ablc:2. Iceberg
ra rtin g D i ,llTo unt s for Ihe remo\'al or 1.0 x 10" m :;'l I 
Cr,lnd Pa l' ili c 1, 9 .3 x IO-'lll 'l a I .\[argnie l a 11 cl 

3.2 x 10'-' III \ 1 I .\[ uir. or about 2,) c)6 11 » or the ckbris 
Ilu xes. 

T he Ilux or seci i lllClII tramportl'd in a c1c1(ll'llla l)1e beel 
h ,ls l)(, l'll rou ,Q,' hh estimated ;I ss ulllin ,g ,1 GO cm thick 
dclilrll1illg la\'('I' , c.g. H lllllphn'l ' ,Inci otill'l's, Iq~n a ncl a 
linear ITlocitl prolilc .\lI l'l '. I ~)9 1 a .\ " lI111ing pIUg-[JOII 
conditi ons. thc an'rage ,'('Iocit) 01' thc ddiJl'lnin ,g la\Tr i, 
al)()ut hall ' or Ihe "urJiJce l'(' locit\,. o r about 262, 10'"} ancl 
8 ,)0 Ill;l I lilr the h 'rris tril l:ltan or CrallCl P ac ili c 
(; 1;lcin . .\[ a rgnic ,llld .\I uir C;I:1cins. lTSPCClil'l'h, \Y e 
use till' Fcrri , tribulan' hl'J'c because it is thl' source 01' 
nearh 100°" 01' the icc di , chargcd illlo sca \I'atn 1)1 
Cranel Pacil ic Clacier Hunt lT. 199+ Bascd o n thcse 
;ISSlllllptions, \IT estimatc that 1.3 x 10 ~' , 2. 3 X 10 ' ancl 
2.2 x 10 ~' m'; a Icou lcl be trall spol'leci. ITspcl,ti,'('h, Iu Ih e 

,!!,'J'Ouncli ll g lines 01' (;rancl Paci li c , .\I argerie ami .\[ llir 
C;Llciers bl' cld(lrllling 1:11 n s . 11 00ITI'l'r. ir , ort-beel 
cld(ll'lll<Jtion is lllore locllil:ccl. thl' suhglacial sed im ent 
Ilu x coulcl be cons id era l)h less . 

I n co nlpar iso ll. the ,!!,'lac illJII ' ia l Sl stCIll sup pli es 
7.7 x 10 / , 2,G X 10 / . ancl G.b X IOI ' m:; a 101' sed im cn t 

to Ihe gruundi ll g linl' at Crallci Pacific . .\I a rgerie ancl 
:\I uir G laciers, rcspectilch' H untcr. 1991 Th c g la ci
lIu I'i,1I lIux in Clacier Bal' is. thndcllT, one to tll 0 orcin' 
01' Illag'nituck grea ll'l' than lile tota l glac ia l cle llri s Ilu .'. 
Th e sig'nilicln l co ntl 'iiJutio ll 01' Ihll ' ial seclime llt to thc 
lllarilll' 1'1l1'irolllllcnt in Glacin H;l) ' reilel'l s till' region 's 
maritime climale and hean precipitation. SIlOlI ' and icc 
mclt ancitl'mpcrate ice cOllti iliollS. l'ach of'lIh ich producc 
prodig'ious amounts or lI'aler IClr the g'lacilhll'ia l systelll. 
Th ese 1;lctors, a lo ng wit h rria l)ic bedrock. produce 
co ndili ons 1;1"(JJ'ing high secl im ent yields. 

[ n othn rcgions or the wor ld . . \ ncll'l'II's alld o thl'l's 
19~) i ancl Eh-nlw i ancl olher, 199.') suggest that in 

Creellland and SI'a lbarcl the glac illul 'ia l input is Sl'COllcl-

!-f llllln alld IJ lhcl'l : Dl'ini.l ./ll/l al _lI(/.IkOIl l i r/om/l'/' glaeicn 

an', a s the rclalil 'l' cOllt ribution ortht' clc' lJri s ilux into th e 
total scd il llcnt huclget is greater at lat itudes highcr than 
Clacier Ba y > .19 :\ . Clead). the roll' 01 ' glacillu\ 'ial 
transport I'aries as the rate of' ablat ion increases H a ll ct 
and OtillTs, in press . Thus, both the glac iflu I'ial secl illl cnt 
Ilu x and the dehri s [lux must be con sidered in rcg'ional 
COlll pal'lsons. 

CONCLUSIONS 

III this papel'. \1'(' 1I<l\'(' ciescrihed th e !lux or c1eb ri s 
Iransportcd ill and on the SUri;II'l'S or the Gralld Pa cific, 
.\l argcric allCl \luir Claciers. \\·c han' isolaled thc 
cil'b l-is flux li 'olll the lIux or sediment di scharged IlY 
outll'ash stn'alll s into the fjorcl CIl\ 'i ron III I'll I to pro\'icle 
cons traint , Iln debr is transpol'l. The dehris ilu x IS 
,g()\'(Tlll'd hI ' Sel'lT,ti attr ibu tes inc luding ,gl:lcier size. 
numbl'l' or triblltaries, ~ I acier nOli ' spccd , Ihe hedrock 
,l!;eo loV,"y. sllbstratc anci c haraclCT. thermal regime , local 
rel ierancl accunll ll;ll ion pattl'l'ns . .\luir Clacier' ,s ciill'usc
I;lc i e~ ciebris cOlllTntra ti oll I.r = O.6'Yt, bl' \'o lu llll' \ is 
Illore thall I(JlIr timcs ,V," r e<l tlT thall (hose o[,Crand Pac ili c 
ami .\L lr!!,'nie Glaciers ~().I"" 1)\ l 'OIUIll C and reflect s 
the impol'lancc or latl'r,d input s e.g'. rockl idls. , Iid es. 
;1\·ai:Jnchcs. eolian tr,ln'Jlort in nalTOII I·,dln's. The 
propo l' li on or .\[ llir (;Ia ci('l" , clebris Irampurtccl In 
eng laci; d iec is .')2" o . 11 ith thc rCllla ining +8" " bcing 
tran sporteci ill hasa l and nl() raina l ice Etcics. In contra s t. 
IS"" or Cranel Pacific Clacil'l' 's alld 19"" or .\l argcril' 
Glacier' s ckhri s 1I11X i, tr,lllSported hI l'lIglacial ice. 

Ikbri s I r,lll sport in (; r ,lncl Pacil ic C Ial'in is a l)Out 
cqua ll ) ciil 'icll'C1 bctlll'l'll llloraillal 39'1., ,lncl hasal ice 
Eic il 's 1 : ~ Il" . inclicating Ihe importancc or llleclial 
1ll0railH's ill c1el)l'i , Iran sport ICJl ' ,glaciers lIilh Illultiple 
trihut'lril's . Basal ice Elcie, tram'port nearh 7 1"" or the 
l()ial ckhris IIll x al .\Llrgl'l'ic Glacier 11 hl'lT ell.l\'lacial icc 

is rc l"ti l 'l'h cleall ,l llcl litl'l'C ,liT kll' lllcclial Illoraines 
J-'ig~ :2iJ alld ik 

l) "la pn',elltccl in titi s paper lTpreselll a lirst attclllpt 
10 quanlil\ till' I'olunl( ' or ciebri s tran ,sportl'c1 1)1' in' to 

liclell,ltlT tlTlllilli a s part or Ihl' tOla l scciilllCll1 Ilu x o r 
glac ial SlsICIllS. [11 CI;lcier Bal·. glacie rs lIith ticlcII'atcT 
IlTlllill i IlIsc as Illul'h a s CHj ll " 01' lheir elehr is to icclw rg'
rahing· .. \ t Cranel Pacilic ,lncl .\i argcrie Clacin,. 11" s litall 
10 0

0 or clebri s i, relea secl al lilc terminu s ami c1epllsitcd 
Ill'ar till' groulld in g li lll' . This I'olu nl(' is relatin' l) 
illsignilicalll lI'hcn comparl'e1 10 the \ 'OIUlllC or glac illll
I'ial sed illl cnl cii scharged li 'om Oill\la sh conelllits. (;I,lci
lIuI 'ial sedimcnl prociul'lion is as llllJ('h ;IS tllll order, or 
ma ,gn itucl e grcatlT than t it c c1ehri s flux ami constitutes 
8:Uj 98.()" () or total sl'dinll' lll I il'lck Thi s rclatiollShip, 
h()\I,(,ITr, III a I 1'<11'\ ' III ('(Jo in, c1rier su l)po lar ;1I1c1 polar 
climates. III aclcl iti on . o ur l'slilllates or c1dill'llling'-I)('c1 
Iran sport inelicale that it llla) ciclil'l'l' 2 8 tillll'S as lllul'll 
scdime llt to the g'rounci illg lin \' as is rl'leasl'c1 b) Illl'lting' or 
c1l'bri s-ril'h icc and dumpecl during cah' ing' CITlltS. HI 
cln'cioping a hettlT ullcicrst,lncling oi' c1ciJri s Ilux a nci the 
nHThalli' lllS Ih,lt ('o lltrol grou llcling-lilll' ekpositioll, ou r 
clala should he ll scf'ul in cOll straining moclel s or glacier 
sensiti\·il \ to secl im cnt Chnalllil" .\ 111'1. IC)9 11> ami 
('\ 'alu<lt ing prol,(,ss \ 'ariatiollS under dilkr(,llt climati c 
rCg'lmC's . 
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