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\BSTRACT Th e \-o lume or d ebri s in th e left -lateral , Little lee Age (LlA:\i) 
1550- 1850 ) m o ra ine of' the Feegletschcr, \ 'a lai s. S\\-itzeriand \\-as compared with th e 
actual \ 'olume being transpo rted currc nth- 1)\- the g lac ie r. The latte r is small er by a 
f~\nor of'about t\\-o. In Tro ll as kagi, no rth Icela nd , a surfa ce co\'C r or d cbri s on top o r a 
l 'C ry slO\\' mOl'ing g lac ie r ice mass g lac ier no ir. rock g lac itT has bee n dated by 
li ehe nome tn' , Th e age of' th e o lcl es t part is eomm cll surat e \I' irh L IA mora in es in the 
area. Knowing th e volum e of'debri s o r a g i\ 'en age a ll o\\'s an es tim a te o f' the d ebris 
supp ly to th e g lacier in a g i\'en tim e. Again, there appears to han' bee n Cl sig n ificant 
reduction in d e hri s to the g lac ier sincc th e turn o f'th e 19 th century, Dehris input in th e 
ear ly LIA see m s to ha \'e bee n parti c u larh- co pio us and thi s mal- be impo rta nt in the 
formation of so m e g lac ier depos iti o nal form s suc h as roc k g lacie rs, 

INTRODUCTION 

The bas ic contro ls of supra g lacia l d e bri s suppl y to g lacie rs 
arc \\ 'C II kno\\'n. D e bri s from cliffs falls on to the 
acc umulation a rea of a g lacier, becomes e ng lacia l and 

subsequ ently em e rges in th e ablation area, The simplest 

resultant m o rph o logy is a mo ra ine , te rmina l/ la te ral , 
sequence, H O\\'CITr, there arc surpri sing h - rc\\- quanti ta 
tilT daw on debris input rat es to g laci e rs_ Th e stu eh - by 
R e he is ( 1975 ) on the Arapaho co n -ie g lacier, Colorad o 

Fro nt R a nge, U ,S.A .. is the m a in exa mple. I t was possible 

in this case to ca lculate a d enudario n ra te 0(' the corrie 

bac k\\'a ll that supplied th e d ebris to th e g lac ie r. 

Retreat rates [or clifT, which g i\ 'e ri se to protalus 
ra mpa rts/ rock g laciers/pro tal us lo bes ha \T bee n deter
min ed fo r the Loc h Lomond Stadial (Younge r DJ')'as ) in 
th e Briti sh Isles bl' Ba llant) 'ne a nd Kirkbricl e ( 1987 , a nd 

\\' ilso n ( 1990 ) , }\ pro blem in suc h cases is un ce rta inty as 

to th e le ng th o f' th e major d eb ri s-suppl y period , Estim a tes 

[i'o m th e A lps have been prOl 'ickd b y Barsc h ( 1977 ), using 
rock g lac ie rs a s records o f' debri s supp ll'. The more 
plentiful d e termin ations o r c lifr re treat and dcbris supph
[i'om m ou ntain a rea e1ifE a ro und the \I-orld (e.g, Gray , 

1972; Cardner, 1983; Andrc. 1986; Luckman and Fiske. 

1995 ) arc largely co nfin ed. ho\\'C\'(' r , to the prese nt day_ 

Rare uniformit y o f' geumo rph o logica l processes . in
c luding c li[r \\,(, <Hhe ring/denudation is o l'te n ass um ed. 
th o ug h \\-irh nu I-a lid reaso n. There is e \-id ence th a t 
singu lar. hi gh-magnitud e e\-ents (usuall y roc k fa lls ) ha\'(' 

contr ibuted d ebri s to g lacier transpo rt systems (sec, e.g" 

\ \ ' ha ll e\' (l974 b ) 101' 1"C \ 'ie\\-; Cordon and o th ers . 1978 ), hu t 

th erc arc no dat a which sho\\- th at d ebri s-input rates to 
g lac iers mi g ht halT cha nged O\Tr time. Obta ining d a ta to 

show cha ng i ng rates of' roe k debris-fo rm a ti on tra nspon and 

deposition is diffi cult. E\ 'id ence that rock -cliff wea thering 

rates halT changed 0\'(" 1' time has been sugges ted, notabl y 

by J iickli ( 1957 a nd R a pp ( 1960 ). GrOl'C 1972 shO\\'Cd 
that tax reco rd s in :\'o r\l-ay rClTaled a hi g h incidence of' 
natural ca tas tro phes (including roc k 1:1 I1 s, etc. ) during the 
Little fe e Age (L IA ). A rCI'ie\\ of suc h d a ta is gi\'Cn by 

\\'ha lley ( 198+ ). Th e Ll r\ is a period \\'hi ch m a\- ha\'C 

produced rather different rates o f d ebris supply to those of' 
toda y. but thi s has not been casy to test. a nd nothing has 
yc t show n th a t g lac ia l systems halT had difTl' rential deb ri s
supp ly or transport rat es , In thi s paper. \\'e examin e two 

g lac ial d ebri s-tra nsport sys tcms to det e rmin e poss ibl e 

c ha nges or debri s suppl y rates fi 'o m th e LlA peri od to th e 

present da\-, Dillc rent m et hods ha\-e bee n used to help 

contro l th e uncertainties u r fi e ld measurClll ent s, 
I n Switze rland , th e left- late ral mora ine o f th e north 

tOllg ue o r Feeglet sc hcr \\ 'as exa mined (\\ 'halkl-, 1978 ) 
toge ther \\-ith o th e r exa mples of large la tera l m o ra in es in 

th e Alps, I n Ice la nd th e roc k g lac ier in :\aul<lrdalur \\-as 

exam in ed ( !\ Iartin and \\' halle y, 1987 ) , 

FEEGLETSCHER NORTH TONGUE 

Moraine voluIIle 

Th e m ora in e \ 'o lulllf' \\'as ca lcula ted f'rom di g iti zed 
co n to urs of a n e nl a rged I: 10000 m ap. \ ' a ri o us re fin c
m ents \I'ere mad e to exelucle materia l th a t mi g ht halT 
been pre -L IA a llu\-ium or mo ra ine a nd the effect or 

spreadin g or debri s in th e te rminal reg io n, L oca l 

exa min a ti o n showed th a t th e m o rain e bulk \\-as not 

e llh a nced by a rock step or similar o utCTOp. Onh- the 
la tera l moraine section has been Ll sed Fig _ I ). as some of 
th e le rmin a lmo ra ine \\ 'as deposited from m a terial ca rri ed 

o n the right sid e of th e snout. R es isti\-it )' so undin gs 
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Fig. 1. Lift-laLeral moraille al FeegleLscher norlh longue . 
I'alais, Swil<.edalld. 

sugges t th a t no ice co re of suffi cient size to upse t th e 

calcula tion occ urs in th e mora in e. An es tim a tc of th e 
vo ids rati o was made in ord er to reduce th e mo ra in e 
vo lum e to a n equi" a lent thi ckn ess o r so lid roc k, so th a t 
use ru l compa risons could be mad e. Th is compara to r is the 
so lid-rock equ ivalent vo lume (SRE ). Afte r a llowing [or 

th e measured voids ra ti o, a value for th e la te ra l mo ra In e 

vo lume was 3.7 x 106 m 3
. 

Present-day surface d ebris load 

Th e present-da y supraglaci a l load was es tima ted a nd 
compa red to past ra tes as ca lcula ted from the vo lume of 

moraine produced in the LIA . The d ebri s can be rega rd ed 
as a "crust" being carri ed down on th e glac ier surface . 

Tra nsve rse li nes to th e centre o f th e g lac ier were se t up 
on a sec ti on of glac ie r used fo r " elocity d e term ina tions 
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(Fig . 2). Altho ug h the d ebri s on th e ri g ht o f th e centre 

lin e wo uld not be ex pected lo contribute to moraine 
construc li on on th e left ba nk , some "safe ty" was built in 
by ex tending th e a rea examined by a bo ut 20 m be"ond 
th e centre fl owlin e. 

In th e first meth od , th e tra ns,"(rse lin es II"( IT fo ll owed 

with a compass, a nd th e d epth of d ebri s was sa m pled a t 

2 m int ervals with a rul er. As fa r as possible, readings 
were ta ken norma l to th e ice surface a nd to the upper 
lel'e l 0 [" th e sm a ll e r pa ni cles « IOc m ) . f o r la rger 
pa nicl es a " isua l es tim a tc of two-thirds of th e h eight 
was mad e a nd th e di sta nce from the ice to th a t point was 
reco rd ed. Th e res ullS a re shown in Fig ure 3. Th e voids 

ra ti o (e) was round by co ll ec tin g more d etail ed thi ckn ess 
measuremcnts a t ra ndoml y chosen points 0\"(1' a 20 cm 
sq ua re. This materi a l was left on a polyth ene shee t to dry, 
th en weig hed , a nd r'r0111 a d ensity a pprox ima ti on (2.65 ) , e 
was calcul a tcd. I t was found not to I'a ry much bc tll'ce n 

limits of 0.45 a nd 0.55 . From th ese eS lim a tes o f thi ckn ess 

Fig. 2. Debris COl'er 011 lite lrue Lefl side of Feeglelselzer 
norlh IOllglle,jlou.'illg LefL 10 righl, willt /Jarl oJ lite veloci~J I 

line S/IOI/I II whiclt was ({sed 10 delimil lite sampling area . 
T he/ar side is II orlh, Ihe IIear side is JOll llt . 
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Fig. 3. T raverse Lines across a glac/.eF seclionji-om lite celllre /ill e 10 lite edge. T he Lhicklless oJ debris over Ihe ice is as measured 
and has to be converted 10 solid-rock eqllil'{t/el1 l. The sOlllh side rOllgh£), delimits Ihe glacier celllre line ( Fig. I ). 
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a nd voids ra tio th e mean values of SRE for th e tra nsverse 

lin es could be ta ken . V alues o f SRE a re giyen fo r va rious 

conditi o ns in Tabl e I. 
A second , ra ndom sampling, meth od was used to 

ca lcul a te th e SRE by weighing ma teri a l in a squ are metre 
of surface d ebri s within 100 m each sid e of th e main 
velocity line. This value was th en ave raged and multi

plied fo r th e area of th e sec ti on. Th e ra th er 1011'e r I'a lues 
of SRE obtained probabl y refl ec t th e rela ti ve ly low 
sampling d ensity in some areas of th e sec tion. This 
meth od req uired more time a nd effo rt th a n th e tra nsverse 
d epth sampling . Th e reason for taking a 200 m long 
sec ti on was to a pproximate th e ice-discha rge leng th 

ac ross the sec ti o n as a mean over th e peri od of moraine 
constru c ti on . Th e value of present-day d ebris tra nsport 
[or a 350 yea r period was 1. 57 x 106 m 3 This value is 
certa inl y within th e range provid ed by th e first method. 

Glacier surface velocity 

Altho ug h present-day ice velociti es hal 'e been d e termined 
for th e iee ton g ue, th ere is a diffi culty in es tim a ting th e 
va ri a tio n in ve locity throug h th e L IA. Th ere has been a n 
ice-thinning of approximately 60 m , es tim a ted from trim 
lines, since th e peak of th e LlA. This was probabl y 

associated with a considera ble reduction in velocity, 
alth oug h th e surface gradi ent bas pro ba bly increased only 
ve ry sli ghtl y. A furth er probl em is th e variati on of sliding 
veloci ty through time. Haefeli ( 1970 ) exa min ed changes 
in th e ve loc i ty of th e U nteraargletscher over th e previous 

125 years a nd fo und th a t th e a nnu a l velocity had been 

red uced by a fac tor of two. Sliding ve loci ty red uc tion was 
ma inl y res ponsible fo r ove rall reducti on. This ma kes it a ll 
th e mo re diffi cult to es tim a te th e velocity beha \'iour of 
Feegle tsc her. A furth er compli cati on is th e compressing 
flow regim e at th e present snout: d ebris wo uld tend to be 

concentrated on a given surface a rea. 
Using th e a bove data, an estima te of the total potential 

d ebris di scha rge in the LlA can be made. It is cvident th a t 
d ebris d eposition on the main mora ine had end ed by AD 

1900. Seve ral peri ods of little or no construc ti on occurred 
before then, a lthough th e g lacier surface must have been 
acc umula ting d ebris before the ma in adl'a nce actua ll y 

started . A time peri od for es tim a ting the main construction 
(t ) of 350 yea rs, from AD 1550 to 1900, would seem to be 
reasona bl e a nd to err on th e la rge sid e for sa fety. It is 
unlikely th a t th e LIA adva nce sta rted a ny ea rlier th a n AD 

1"lzaLley and otlzns: SU/Jraglacial debris transport 

1600. Values of th e required components a re given in T able I. 
For a time period of 350 years (pro ba bly a n ove r

es tim a te), th e \'olume of surface- tra nsported d ebri s is well 
below th e vo lume oftb e mo ra ine as pre\'iously ca lcul a ted . 
T a ble 1 also shows th e influence o f different va lues of th e 
pa ra meters which a fIect potenti a l moraine volum e; som e 
surface -tra nsported \'o lum es ca lcul a ted were a llowed to 

be on th e hig h ide fo r compari son. HOII'ever, present-d ay 
tra nsport ra tes (m'e r 350 yea rs) were still well below th e 
es tim a ted mora ine volum e of 3.7 x 106 m3 (SRE ). An 
es tim a te of englac ia l load is given below. 

Now there is a mea ns of see ing, qua lita tively, which of 
th ese es tim a tes is th e mos t rea li sti c. Th e 350 yea rs of 

mora in e construction (t ) may be a n ove res tim a te, but th e 
va lue of1lt (or Qd x t ) pres um es th a t the suppl y of d ebris is 
continuo us a nd at the same ra te. A higher suppl y ra te to 
the glac ie r would in crease th e overa ll va lu e or1lt., even a t a 
consta nt glac ier \'e locity, by in creasing d (or 1 - e). 
Simila rl y, if the d ebris suppl y ra te to the glacier surface 

has a lways been the same as now, a fas ter moving g lac ier 
would a ppa rentl y increase th e \'a lu e of \1;, . In fac t it should 
rema in th e same because the \'a lu e of d (surface thi ckn ess of 
d ebri s) is reduced. It is th e input ra te to th e glacier which is 
signifi ca nt, i. e ., th e glacier works like a cO Il\'eyor belt. This 
ma kes it easier to es tim a te seve ra l \·ari a bles . Thus, the 

350 years seems to be qui te ad eq ua te acco rdin g to es timates 
or the mora in e chronology (Wh a ll ey, I 974a ). Th e \'elocity 
(v ) tod ay is about 150 m a 1 a t a max imum ; the width (w ) 
was proba bly littl e different in th e past , but this is affec ted 
in simila r manner to th e g lacier veloc it y. The main errors 

therefore wo uld seem to come from mismeasurement of the 

surface d ebris qua ntity a nd \'o ids ra ti o. It is difficult to 
kn oll' how much of a " sa fety" facto r to add to this. The 
mea n \'alue of d may, in a ny case, be a slig ht ove r
es tim a ti on, but e\'en so (T a ble I ) this a nalysis shows a 
la rge disc repa ncy in the mora in e volume ca rri ed on the 
glac ier IOd a y compa red with the LlA. 

Moraine-building: dis cussion 

It is d o ubtful wheth er th e di sc repa ncy be tween mora1lle 
\'o lume a nd supraglacial tra nspo rt could be reconcil ed 
without recourse to some expla na ti on inyolving different 

ra tes of process of d ebri s suppl y from th ose obtained now . 
It is ass umed th a t th e flow pa ths o[ d ebri s ha \'e rem ained 
mu ch th e sa me O\'er th e LIA peri od. This is th o ug ht to be 
a reasona bl e ass umption as th e mo ra ine is stra ig ht, being 

Table 1. Values of solid-rock equivalen / ( SRE) volumes Irans/Jor/ed by reegletscher, derived ]rom es/ima/es of sll1Jace 
debris thickness 

T ime period t Average depth d Glacier velocif)I l ' I 'oids ratio e I - e I" idth Debris jlll.\ 1It 

years m m a m x 106 m 3 

350 0.15 200 0 .45 0.55 180 1.0 
350 0.2 200 0 .45 0.55 180 1.4 
400 0.2 200 0.45 0. 55 180 1.6 
350 0.2 200 0.4 0.6 180 1.5 

350 0 .25 200 0 .45 0.55 180 1.7 
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a direct cOl1linuation of the line o/" th e \·alley upstream . 
There arc, however, o th er process dirTcreIlcl's \,-hich must 
be ta ken into aCCOuIll. If, a t the o utset, it is presumed that 

a subglac ia l source can be excluded from the ana lysis, 

then there are three h ypotheses to cons ider: 

I . Th a t th e eng lac ia l d ebris suppl y was once grea ter th a n 
at presen l. 

2. Th a t th e material los t ri ·om th e surface 0 1" the g lac ie r 
d own cre\·asses or by being ,,-as hed awa\· before it 

cou ld be deposited is now g rea te r th an it was during 

the main m ora in e-buildin g p e ri od . This m a teri a l 
\I-ou ld not be m eas ured in the es tim a ti on gi\'en a bove . 

3. That th e rate o f debris suppl y to th e g lacie r h as slowed 
d own OIT r th e last 50 yea rs or so. (R o ughl y, 50 yea rs is 

th e tim e ta ken for supraglacia l m a te rial to reac h th e 

sa mple tnll"erSe line. ) 

The imjJortallce of eIIglacia! material 
It is possible that th ere was much m o re eng laeia l debris 

ca rri ed by th e g lac ier in the LIA th a n now. Onl y ice at 

th e base o f th e g lacier which has had a lo ng {low path 

mi ght be rep rese nt at il"e o f it, so the d eb ri s content here 
was sampled in a tunnel a t th e sno ut (" -ha ll ey, 1974a )_ 
?ll ost eng lac ia l m a te ri a l would halT become supraglac ial 
by th e tim e th e lowes t (mora in e-bu ilding) sectio n o f th e 

g lac ie r was reached ; hence, a m casure of' the suprag lac ia l 

load a t th e mo m ent can still be com pared ,vith LIA 

conditions _ A co rrect io n can then be app li ed to a ll o\l· fo r 
th e eng lac ia l co ntenl emergin g be low th e tra\-c rse 
sampling lin es . Us ing d ebri s contents from th e tunn el, a 
maximum o f 0 .8 x 106 m ~ SRE OI·e r 350 vea l's co uld halT 

been suppli ed , a ltho ug h this additi o n ca nn o t bridge th e 

disc repancy in g lacie r-surface/m ora ine ,·o lumes. 

Jlaterial lost from tlte g!acin surface 
Th ere ma y hm· e bee n less d e bri s loss from a supra - to a n 
eng lac ia l position in the LI A th a n is fo und today. Loss of 

fin es by stream-,,-as hing \ nlS no t obsen Td ; similarl y, c lose 

stud y has shown that \·e ry littl e d e bri s fa lls down cre \·asses 

unless the d e bri s thi ckn ess is more than a bout 300 mm , 
\,-h ich is ra re on F eegle tsc her. Examinatio n o /" CIT\·asses 
d oes show so me d e bri s wi thin th em , but as th e sampling 

of s LII" f~l Ce d ebri s was taken on a re la ti\'ely Oat a rea most 
eng lac ia l cre\-asse debris had m elted o ut bac k on to the 
surfa ce be lo re th e sa mp li ng zo ne was reached . H ence, 

\I·ith th e sa mpling site used , a good estim a te o f the 

po ten tia l m orain e-form ing load co uld be fo rm ed a nd 

co rrec ti ons fo r possibl e mises tim a tes of past differences in 
th e debris load ke pt to a minimum. Th ere appea rs to be 
no e\·id ence fo r a hig her loss 0 1" m a te ri a l [i"o m th e su rface 
of th e g lac ier a t th e present time com pared with th e 

peri od of moraine co nstru c ti on. 

Higher rates of debris transport in the past 

This must now be co nsid e red a d istin c t possibility a t 
Feegle tsc her. An\' inc reased precipita ti o n during th e LlA 

wo uld tend to ha lT th e effec t o f' in creasing th e number 

a nd size of ava lanc hes and o th er m eans of rem oving 

d ebri s f'rom th e m ounta in \I-ails whi ch supply th e g lac ier. 
Uthe rate of debris suppl y be lo re the L IA was lower th a n 
a t present, th ell it is possible th a t mo re ra pid remo\·a l o f 
m a te ri a l from dilTs on to th e g lac ie r during its pe ri od o f' 

growth co uld halT had a m a rk ed efrec t on the d e bri s 

suppl y to th e mora in es . U nfortuna tel y, it is very difTi eult 

to test this more d eta il ed as pec t of th e hypo th es is. 
A furth er possibility is th a t th e re was a g rea ter suppl y 

of d eb ri s fi ·om clifIs b,· direct weathering, g iving e\·ents 
th a t were la rge r th an ha \'e oft en tak en pla ce O\Tr th e las t 

100 yea rs o r so. A cliff fa ll on to th e snout of F eeg le tsc he r 

in 1954 and th e identifi cat io n of o th er such eve nts in the 

neig hbo urhood sugges t th a t this mi g ht be a case whi ch is 
frequ entl y o,-e rl ooked . Th ere is so m e CI· idence to sugges t 
that th e re was mo re debris supp li ed by th ese low
li-equ ency events in the past. Th e subject is rev iewed 

a nd d isc ussed by \\ 'ha lley (1974b ). 

NAUTARDALUR, NORTH ICELAND: DEBRIS
VOLUME DETERMINA TIONS 

This rock g lac ier has bee n d esc ribed pre\-iously by fl la rtin 

a nd \\' ha lley ( 198 7). The illl'est iga ti o ns re po rted by 
Wh a ll ey a nd others ( 1994) show th a t th e debri s li es on 
to p o r a g lac ier ice core . Althou gh it has not bee n poss ibl e 
to determ ine th e dep th o r th e d e bri s cove r eve ryw here, th e 

Table 2. ,-l/J/Jro_\imate(JI dated :;,ol7es / 6 ( Jee Fig . 4) with (orres/Jollr/illg areas alld debris Ilticknesses (estimated Jor 1100 

values ) 011 .1\'i:l1Itcirda/ur rork glacier. This suggests t/{({t tlte maximulII debris trallJjJort occurred earLy ill the Little fee !Ige 

<olle Area Al'erage debris ' -01. J % Average debris ' -oL. 2 % ,·Ige spall 
thickness thicklless 

estimate / estilllate 2 

2 
111 111 111 

:I 
111 111

3 yea rs 

10625 10625 13 1.5 15938 12 >200 

2 26250 26250 3 1 1. 5 39375 29 200 

3 26875 26875 32 1.5 403 12 30 200 150 

4 25000 0.5 12500 15 I 25000 18 150- 100 

5 23750 0.25 5938 7 0 . .5 11 875 9 100- 50 
6 l 6250 0.1 162.5 2 0.25 4062 3 < 50 
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ge neral pattern has been dctermined from both pits a nd 
acc id ental d iscO\'Cries of deb ri s o\Trl ying icc (e ,g, " 'ha lle y 
and :-I art in , 1992; i\fartin and o thcrs, 1994) , T a ble 2 

sho\l's th e rele\'<lnt dept hs (with ranges of \'a lues to 5hOl\' 

th c \ 'o lullletr ic ca lculati o ns ) , Deta iled li cheno lll e tri c 

im'esti ga ti ons (H alll ilton and \\'ha ll ey, 1995 ) ha\'c shOlm 
that th e age of thc surfa ce of th e roc k g lac ier ca n I)c 
accou ntcd for \I'ithin a 200 yca r time pcriod,Furtherlllo rc. 
ap proxillla te ages o f th e g lac ie r surfa ce ca n bc dcterlll in ed 

(Fig, +), This is roughl y co in cident \\'ith the band ing of 

d ebri s see n on the g lacier sLII-ra ee (e ,g , ~[ a rtin a nd 

\ \ 'halle y, 19871. Thus. it is possibl e to produce a rate-o f
suppl;' calcu la ti on for \ 'a ri ous tilll es o f d epositi on, This can 
bc compa red with the prese nt-d ay d ebris suppl y rate whi ch 
is a lso an end m embcr of the age sCCJuence, Th e \',t!u es are 

sccn in Tabl c 2, 
Th e main prob lem ill assessing th e d e bri s \ 'o lum e is on 

the ou te r rim of thc rock g lac ier a lld at th e snout. Th e 
la tter has a rel a ti\ 'C h- thi n co\"('r ill so mc arcas ( i\ l a rtin 
a nd \\'h a ll c;', 1987 ) but is thi ckcr in o th c rs a nd a t the 
sidcs, H OIVe\'er, com bining zo nes I and 2, th ere is clea r ly 

a large \'olunw in put at th e s ta rt o f rock g lacier fo rmatio n, 

P rese nt-da y input rates arc sm a ll , as see n not only 

from th e \'o lul11 e of zonc 6 o n Nauta rdalur but a lso from 
m eas urement o f' th e prese nt-da y input. Debris from the 
c1ifl"S nO\l' fa lls (rolls o r is a \'a la nched ) dOlnl a re la ti\'e ly 

Fig. -/ , , \ {llIlardalllr rock glacier wilh ::,ol/eJ deril'fd 
aaordil/g 10 a/J/Jrolimale age,1. Thl' ,:0111',1 are I///lnbered 
.FOil! oldes! . I ( ab Oil! 200)If(/I"s) !o jJrese/I! (!cO', G, Th e 
1'0 111111 1'.1 deril'ed a1"(' seell ill Table 2. 

11 '/zalL~) ' al/d others : SU/Jraglaciai debris transjJort 

short d istance from rhe co rri e back\\'al I. \' ery ran~h- today 
d ol'S any dcbri s reac h th e rock g lac ier. The la tte r d ebris 
suppl y co m es predo min a ntl y rrom ma teri a l emerg ing 

rrom the d ebri s bands in the 10\lTr a bl a ti o n zo ne of th e 

exposed corri e g lac ier. LJA d ebris input seems to h<l\T 

been from sm a ll -sca le but relati\'C h- "continu ous" rock 
fa ll fi'om th e backwa ll a nd no t from a \"eT\" 1(:\1' hi g h
m ag n i t ud e e\"t~ n ts. \ 

The lac k of recent d ebris inpu t into th e rock glac ier 

sv ·tem ca n a lso b e seen from th e \\'a)' substantia l ice 

a bl a ti o n current ly occ llrs a t th e junnio n be t\l'een th e 

cO rl·ie g lac ie r and the rock g lac ie r. lee-m elting is 
g rea test he rc, be in g some 22 m in th e centre of' the 
rock g lac ier below rhc o ute r ri dges of' the rock g lac ie r 
(\\ ' ha lle y and ot hers, 1995 ) , I f p resent d eb ri s-supply 

rates \\'Cre as g rea t as in the past , thcn it is unlike ly th a t 

th e a blation would be as r ap id , as th e re \\'ou ld be a 

thi ck d ebri s b la nket. 

IMPLICA TIONS FOR ROCK GLACIER 
FORMATION 

Th e g lacie r ice -co re mocl el of rock g lacier fo rma tio n is 
ge nera ll y co nsidered to be one of' simple surface debris 
accum ul a ti on on a d ecaying g lac ier. In rhi s \ 'iew. th e 
g lac ie r does no t ha \T th e capa bility or remo\' ing th e 

d e bri s as it d ecays, Thus a "glac ie r blanc" turns in to a 

"glac ier noir". H owe\'e r , as th e surfa ce-acc umul a tin g 

d e bri s will tend to prn'C nt furt her ice-melting, the debris 
suppl y from eng lac ia l to supraglac ia l is largc ly sl' lf
limit ing. Th e simplest \\ '3 \ ' in \I'hi ch debris can be 

acc umu la ted on th e g lac ier body w ith sulTi cien! thi ckn ess 

to pre\Tnt su bsta nti a l melting is to load th e g lac ie r a t an 

ear[J' stage in its de\'e lopment, i.e . \"hen it is in creas ing in 

ex tent a nd \ 'o lume. This siLU at io n cou ld be ach ie\'Cd 
eas il y by a hi g h debri s producti o n load at the beginning 
of't he LIA, Both cs tim a tes d c ri\ 'Cd in this paper show this 
to be a like ly case , Ano th e r facto r necessary to no te is th a t 

th e re is no m ora ine in front of the g lacie r (or a ny of th e 

rock g lac ie rs in Tro ll as kagi) rela tin g to th e LlA , This 

aga in sugges ts that th e fo rmati\ 'C peri od \I'as a t th e sta rt 
rath er than th e end of roc k g lacier forma ti on. 

DEBRIS SUPPLY TO GLACIERS AND TRANSPORT 
- GENERAL DISCUSSION 

Des pite \ 'e ry g rea t diffi c ulti cs in ob ta ining a n accurate 
a ssessment of d ebri s transport th ro ug hout thc LIA it 
a ppea rs that b y addi ng \'arious m e thodologica l safe

g u a rd s a reason a bl e co n c I usio n ca n be a eh ie\'Cd. 

Eng lac ia lh- tra ns po rt ed debr is \I'as a ppa rently n o t 

impo rtant in m o ra in e construction , because o r it s 
limit eci \ 'o lum c. Today, a s w hen th e mora ine was be ing 
built , englac ia l materi a l can be trea ted ultim a tch- as a 

suprag lacia l load, The pas t input to th e g lac ier surface 

seems to hm'e bee n ra th e r g rea te r than th e prescnt input. 

This is apparenth- \'a li d for the Ll A a nd it secm s 

probable that th e ea rl y L1A hacl th e g reatC's t transpo rt o f 
m ate ri a l beca use th e c li fTs \\'hi c h supph- th e debri s were 
being "sw"C pt " by increasing fi'cCJuency o r se\"e rit )' o r 
Kat e r o r ,\\ 'a la nches a nd /o r pe rh a p. because of an 
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increase in rock-fall ac tivity, It is no t kn own wh eth e r 

fros t ac ti on per se pl ayed a n importa nt rol e here, 

a lth o ug h th e re is so m e evid e nce to sugges t thi s 
(\\'ha lley, 1974b) , This basicall y clima ti c conseque nce 
o f the L fA a ppea rs to fit th e sm a ll a m o unt of ev id ence 
(i'om elsewhere sugges ting g rea ter geom orphic activ ity 
th a n tod ay , 

Th e innu ence of d eb ri s-suppl y ra tes on g lac ie r 

d yna mic is importa nt, es pec ia ll y where th e ice suppl y 
has a lso cha nged ma rkedl y oYer time, The reason why 
Feeg le tsc her (or indeed mos t " la rge" glaciers) d o no t 
form roc k g laciers is beca use th ere is suffI cient ice to 

remove mos t of the d ebri s and form mora ines , L a tterl y 

(pos t-Ll A) where th e ice d isch arge has d eclined , th en 

glacie rs may acc rete a heavy d ebri s load (g laciers noi rs) , 
This d oes no t mean that a ll rock glac iers a re formed in 
thi s way, o r even th a t a roc k g lac ie r is merely a d ebri s
covered glac ie r. An impli ca tio n of thi s wo rk is th a t rock 
g lacie rs ha \'e a diffe rent seq uence of fo rm a ti on th a n mos t 

d ebris-cO\'e red glacie rs as usua ll y co nce i\'ed , a nd a 

d i fferen t se t of cl yna mic condi ti ons, 

CONCLUSIONS 

We sugges t th at LIA d ebri s-tra nsport ra tes , or rates 

supplied to a glacier system, may ha \'e been substa nti a ll y 
grea ter tha n determined from present-day observa ti ons, J t is 
th ouglH tha t the deb ris supply was more pronoun ced in th e 
ea rl y LIA when glacie rs grew in size, a nd geo morph ologica l 
ac ti \'ity increased. In some cases this might have been due to 

ca tas trophic rock fa lls (berghl aup , Bergs turz), but it seems 

bes t at tri bu ted to increased ac ti\'ity of small rock fa lls of low 
magnitud e but hi gh frequency, 

I t is importa nt to recognise th e innu ence of hig h 
d ebri s-input ra tes on to glac ia l sys tems, as this may 
modify th e g lacier d yna mi cs , This is th e case not onl y for 

sm a ll g lac iers which mig ht become rock glaciers but a lso 
with res pect to th e d yna mi cs of la rge g lacie rs modifi ed by 
high- magni tud e, low-freq uency eYe n ts, 
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