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ABSTRACT. D era il ed measurements of sediment [lu x in meltwa ters dra ining from 
th e porta l of Gorn ergletscher, V a la is, Swi tzerl a nd , eac h a bla ti o n season be tween 198 7 
a nd 1990 indi ca te th e na ture o f' interac ti o ns between th e d e\'eloping basa l drainage 
sys tem a nd sedim ent sto red a t th e g lac ier subsole, Sedim ent-nu x ma xima, which were 
ge nera ll y sm a ll er a nd less frequ ent la te r in a season, occurred at times of ri sing 
di scha rge , O ve ra ll , sedim ent [lu x first in creased then d ec reased during a season , A 
sim ple conceptu a ll y based mod el is proposed for th e subglacia l interac ti o n be tween 
[l O\\'ing meltwater a nd sediment d eri\'ed fro m glac ia l a bras io n. Th e mod el was 
d C\'e loped in ord er to a ll ow il1\ 'es ti ga tion of rela tionships be tween suspend ed-sediment 
Dux a nd discha rge in meltwaters draining from tempera te glaciers. In the m od el, 
wa ter spreads out ove r a g rid-squa re bed such th a t th e a rea o f sub so le integra ted with 
[l ow is a fun c ti on of di sc ha rge . Sedim ent is a brad ed from th e bed a t a uniform ra te in 
cell s no t cO\ 'e red by wa ter. In winter. sedim ent acc umula tes O\'e r a lmos t a ll th e bed . 
Peri ods of ri sing (Jow a t the start of th e abl a ti on seaso n lead to dra inage ne t expa nsion , 
mu ch entra inm ent of sto red sedim ent a nd la rge [lu x events in po rta lmeltwa ters. The 
model a llows redi stribution a nd d eform a ti on of stored sedim ent in two direc ti ons. 
Sedim ent squeezed to the margins of th e wetted a rea thro ug hout summ er prO\' ides th e 
backg roundlc\'e l of sedim ent [lux betvvee n eve nts. R edu ction in tOlal cha nnel-m a rgin 
leng th with progressi\'e changes in drain age-netwo rk to pology ex pla ins d eclining 
bac kg round [lux la ter in summer. The mod el repli ca tes well th e timing, but not th e 
a bso lute a nd rel a tive magnitud es , of sedim ent-(Ju x maxima in port a l meltwa ters 
dra ining fi'om Gornerg le tscher. 

INTRODUCTION 

The la rge qua ntiti es of sedim ent tra n. ported in the 
di scharge from tempera te glac iers indica te that flow 
occurs o\,e r the subso le for much of th e di sta nce between 
where meltwa ters d escend fro m the surface a nd em erge at 
th e ice m a rgin. Sedim ent produ ced by glacia l e ros ion 
processes is picked up by such wa ter [l owing a t th e 
subsol e, Entra inm ent o f products of a brasion is unlikely to 

be di stributed uniforml y ac ross th e subsolc, as meltwaters 

usua ll y emerge from a glacier in di stinc t fil a ments of flow 
which proba bl y cO\'er onl y a sm a ll p ro porti o n of th e basal 
a rea , :\To t a ll fil a ments will [l ow with suffi c ie lll \'cloc ity to 

entra in a ll , izes o f pa rti cles . Sed im elll will th crclo re 
acc umul a te a t th e subso le where meltwa ter [l ow is eith er 
a bsent or inad eq ua te for entra inm ent, 

Tra nsport o f'd ebri s by mel twa ter from glacier su bso les 
is di stributed irreg ul a rl y in time . In winter, both O\'era11 
discha rge a nd \'e loc iti es in indi\'idua l bra nches o f th e 
dra inage ne twork a re too low fo r entra inment of even fin e 
sedim ent. As fl ow rises, wi th increasing in pu t of energy for 

melting, in spring a nd ea rly summ er , di sproportio na tely 

la rge q uan ti ti es of suspend ed sediment a re tra nspo rted by 
compa rison with th ose moved by higher [l ows la ter in th e 
season (Collins, 1990) , Eith er ava ilabillit y of subglacial 
sed i men t to meltwa ter is red uced d u ri ng the season 
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(O strem , 19 75 ), o r th e suppl y of sedim ent becomes 
ex ha us ted. YI aj o r spa ti a l in sta biliti es of th e basa l 
dra in age ne twork punctu a te th e seasona l pa tte rn o f 
sediment flux with spikes, particul a rl y in th e ea rl y pa rt 
of th e season (Collins, 1989 ) , These subglac ia l h yd ro
log ica l e\T nts occ ur \\'he n Oo wing mcltwa te rs lirs t 
impinge on a reas o f' subsol e where sedim ent acc umula ted 
during a lo ng peri od of hydra uli c iso la tion. 

Diffe rent a liqu o ts o f m eltwa te r ha \'ing differin g 

possibiliti es of access to sediment lo r entrainm ent has 

fru stra ted mod elling of suspended -sedim ent tra nsport in 
strea ms dra ining tempera te glac ie rs, Di sc ha rge has 
no rm a ll y been ta ken as th e forcing varia bl e, usua ll y in 
simpl e regression of suspend ed-sedim ent co ncentra ti o n 
against di scharge (e.g . O strem , 1975; Collins, 19 79 ), N ot 
only is th e fit ol such ra ting cun'es genera ll y poo r but th e 

mod el pa ram ete rs c ha nge during a bl a ti o n seaso ns. 
Transfer-fun c ti on models rela ting sed iment concentra
ti on to di sc ha rge (e.g. Curn ell a nd Fenn , 1984) a lso fa il to 
co pe with majo r events a nd d eclining sedim ent a \'a il
a bility during summer. 

Th e aim of this contributi on is to d evelop a conceptua l 

mod el o f th e interac tio n o f flow throug h th e basa l 

hydrological network with th e production and storage 
of g lac ia ll y e rod ed sediment at th e so le of a tempera te 
g lac ie r. Sedim ent will acc umula te wh ere wa ter d oes no t 
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£1 0 11', A cc umulating Il'e t sedim ent will d e fo rm and 

inte ra c t with nOll'ing m e ltll'ate r , This interac tio n no t 
o nl y ca n d ete rmine th e fo rm o f" ei e m e l1ls 0 1" th e subg lac ia l 
dra in age ne tl\'o rk und e r s tead y-sta te conditi o ns, a s 

em 'isaged by \\ 'a lde r a nd Fowler 11994), but lI'ill al so 

innu e nce suspe nd ed-sedim e nt tra nspo rt in mcltll'a te rs 

und e r tra nsient-nOVI' reg im es , Th e tempo ra l pattern o f 

suspe nd ed-sedim ent flu x in th e Corn era , th e a ni>' mei t
stream dra ining fi 'o m C o rn erg lctsc her , \ 'a la is, SII'it ze r
land , in the 1987 90 a bl a ti o n seaso ns, prm'id ed th e 
ra ti onale fo r th e fo rmul a ti o n o f" th e mod e l. Th e bas in of 

82 km
2 

is about 84% g lacieri zed, 

MEASUREMENTS 

Sa mpl es o f" m e ltll"a te r a nd suspended sedim ell[ lI'e re 

co llec ted fro m th e G o rn era , using a :'Ifa nning S+050 
a u to m a ti c pumping sa mpler loca ted a t th e ga ug ing 
stati o n 0,75 km fro m th e te rminus of C o rn e rg le tse he r. 
Th e inte nti o n was to co ll ec t sa mples a t ho ud y inte n 'al s, 
24 h d I, be tllTe n i\[ ay a nd Se pt e mb e r eac h >-ea r. 

Sa mples lI"Cre filt e red thro ug h indi\'iduall y pre-lI'e ig hed 

ce llulose ace ta te c irc les whi ch , toge th er \I ' ith th c sedimcnt 

reta in ed , we re cl ri ec/ be fo re reweig hi ng , O ccas io na I h-, 
samples we re los t beca use o f" equipme nt ma lf"un ct io n o r 
process ing a cc id e nt. H o urly to ta l sedim ent flux lI'a s 
caleul a tec/ from instantaneo us sedim ent co nce ntra ti o n 

3 " j 1 
(kg m ) a nd hourl y m ea n chsc ha rge Im ' s ), Full de ta ils 

of th e me th ods are g i \ 'e n by C o il i ns ( 1989 ), 

10'm' d-' 

1987 

3 .0 

2 ,0 

1,0 

0 

2,0 1988 

1,0 

0 

RESUL TS AND INTERPRET A TION 

T empo ra l pa tt e rn s of suspe nd ed-sedim e nt nu x a nd 
di sc ha rge indi ca te hOll' th e d el'elo ping dra in age s\'s tem 

interac ts \I'ith sediment sto red a t th e g lac ie r subso le , 

Fluxes of sedim ent a nd \I'a ter in th e G orn era durin g th e 

1987 90 a blati on seaso ns are shOlI"\1 in Fig ure I, Th e 
1987- 89 se ri es has bee n d escr ibed in d e tail b\' Co llins 
1989, 1990, 199 1), Sa li e nt fe atures o r basa l 1I',1[er

sedim e nt interaction can be di scern ed II'o m sequences o f" 
di sc ha rge flu ctu a ti o ns a nd tempo ra l \'a riati o llS o r sedi

m e nt nux. bo th within indi\'idu a l abl a ti o n seaso ns a nd 

throug ho ut ih e + yea r pe ri od, Subg lacia l spatia l-insta bil
it y elT nts a re id entifi ed lI'he n sedim enl nux ri ses ((:J r a fe \\" 
dal's a b()\'C the ge ne ral bac kg ro und lel 'e l fo r a pa rti c ul a r 
pa rt o r a season, 

During th e 4 yea rs, a lm os t all la rge sedim ent-flux 

l'l"e nts occ urred a t tim es of ge nera ll y ri sing di sc ha rge , I n 

ge nera l, la rge e\'ents lI'e re less (i-cqu el1 t la te r in a n 
abl a ti o n season, \\' he n th ey did happen la le in summ er. 
th cy lI"(' re o f"te n assoc ia ted lI'i th prcc i pi la [io n and lI"(' re 
nOl just th e res ult of" subg la cia l process int erac ti o ns, ,\ 

majo r sedim ellt-nux e\'ent occ urred o n 30 Jun e 1987 as 

cl , I ' cl I 10il 'j I 1 f' I f' , , Isc l a rge Ill c rease a )o\'e m ' c o r tl e Irs t tim e, III 

res po nse to th e rmal inputs, A swath o r g lac ier subsole I I"<1S 

s\\"ept o r sedim ent \\"hi c h had acc umul a ted durin g th e 
lI'int e r I clII'-fl 0 11' peri od, :\ similar elT nl accompani ed fl o ll' 

ri sing to hi g her le \ 'e ls o n 5 7 July , but substantia ">' less 

sedim ent \I'as nushed from th e bed, Th e a rea o f "fresh " 

subso le fro m \I'hi c h sedim e nt II"<t5 flu shed was sm a ller than 

8000 

4000 

Fig, 1, Dai£r lola/ disch(lIgl' (CO /UIIIIIS ) alld IIIl'asured dai(r lola/ ,III,ljJelIr/a!-sl'dilllflllj7111 ( W/"l 'I',I) illlhe Damera , " a/ais , 

Swil;:erla ll d . ill Ihe mOllths '\l(~) ' SejJ l l'IIlber i ll Ihe )Wlr .1 1987 90, 
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th a t in tegra ted during th e fi rs t event. Alth ough discha rge 
rema i ned a t re la ti vel y hig h leve ls, sed i m en t fl ux fell 
sha rpl y a fter both events. R ainfa ll over much o f th e 

Gorn erg letscher basin be tween 15 a nd 18 July con trib
uted to runoff whi ch was a lready ri sing a fte r severa l warm 
d ays. A sedim ent-flux event (a bove 8 kt cl I) was tri gge red 
as d ischa rge exceed ed prev ious levels of 1987. M o re rain 
on 24- 25 Jul y enh a ncecl run o ff, a ltho ugh th e previous 
d a il y m ax imum was not reac hed. A minor flu c tu a ti on in 

bac kg ro und sedim ent flu x suggests tha t runoff from 
ra infa ll over th e unvege ta ted ice-free area en tr a ined 
li ttl e sedim ent . Drainage of th e m a rgina l ice-da mmed 
Corn ersee on 2-4 A ug ust produ ced a max imum sedimen t 
flu x a bove 5 kt d I , a ltho ugh discharge fa iled to exceed 
previous levels. Sediment must have been d erived from 

areas of su bso le which rem ained stocked between th e lake 
a nd the ex isting swept zo ne, whi ch had been flu shed of 
sedim ent earlier in th e season. On 18 Aug ust, th erm a ll y 
ind uced rising di sc ha rge exceeded the previo us max
imum , producing a significan t flu x event as fl ow enla rged 

the we tted a rea into fresh subsole. Fin a ll y, a ra instorm on 

23- 24 A ug ust, which produced fl oods with 10- 30 year 
recurrence in tervals in th e Swiss AI ps (Coll i ns, 1995 ), 
ind uced th e highes t d aily tota ls of both discharge a nd 
sedim ent flu x (8.574 kl ) in th c Cornera in 1987 . In 
September, background sedimen t flu xes remained a t low 

levels « I ktd I) in compa ri son with th ose measured in 

Jul y a nd ea rl y Aug ust . 
Sedim ent-flu x events we re muted in 1988, a lthough 

bac kg round flu x was susta ined at around I ktd 1 un til 
late A ug ust. The fi rs t m ajo r Sleep increase in di sc ha rge , 
on 24-25 June, swep t a sig nifi can t po r tion of th e su bsole, 

after whi ch subsequent in creases in di scha rge were 

t rac ked by sm a ll sedim en t-flu x flu c tu a ti o ns. Flows 
between 19 a nd 24 Jul y, the hig hest since A ugust 1987, 
prod uced a maximum d ail y flu x of onl y 2.965 kt , ra infa ll 
towa rds th e end of th e even t notwithsta nding . Subsole 
sedim ent storage was so d ep le ted during 1987 that a to ta l 

di scha rge between June a nd Septem ber 1988 only slig htl y 
less tha n that in th e sam e peri od in 198 7 tra nsported onl y 
two-thirds of the sediment load of the previous yea r. 
Nevertheless, as in a ll o th er yea rs, the p roportion of th e 
a nnua l to ta l sediment load t ra nsported by a given d a te in 

th e a bl a tio n season was grea ter th a n th e proporti on of th e 

a nnua l total run off discha rged (Fig . 2) . 

During a peri od of th erma ll y forced ri sing discha rge, 
the Corn ersee dra ined on 27- 29 Jun e 1989, producing th e 
hig hes t d a ily to ta l disch arge since August 198 7. Simulta 
neo us timing of tbe la ke-burst with th e first integra ti on of 

'OO% lI~~----------------------------====~~~ 
1988 

50 
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June Sept. 

Fig. 2. Percentages oJ the ablation-season totals oJ 
disc/7mge ( Q ) and sediment load ( S L ) of the Comera 
cumulated by day JOT 1988. 

the bed with fl ow after the winter sed im ent rec harge 
peri od produced the hig hest d a il y flu x to ta l in the 4 years. 
A lthoug h, subsequently, di scha rge reached success ively 
higher levels on three occas ions, t rac ked by sedimen t flu x, 
flu xes rem a in ed lower th a n 2 ktd 1 thro ug ho u t th e 
rem a inder of th e season. Sedim ent had been flushed 
fro m a la rge proporti on o f the su bso le a rea by the end of 
June. A combina tion of th erma ll y forced rising discha rge 
a nd dra inage of the Go rnersee a lso produced the first 

sediment-flu x event of 1990 betwee n 2 a nd 4 Ju ly, b u t 
max imum discha rge was less th a n in 1989 . S ubseq uent 
va ri a t ions in discha rge were trac ked by sedimen t flu x, 
wi lh sig nifica nt eve n ts o n 20- 22 a nd 29-3 I J ul y . 
However, discha rge fa iled to surpass maxima ea rli e r in 
th e season . The highes t di scha rge of 1990 produced a 

major event with peak sediment flux of 6.42 ktd 1 on 4 
Aug ust. This was fol lowed by two smaller events. R a infa ll 
played a role in th e even t of 6 Aug ust. 

SUBGLACIAL ENTRAINMENT OF SEDIMENT BY 
MELTWATER 

Sig nifi cant high -magn itude sediment-flux events occ ur 
each tim e d ischa rge exceeds levels tha t have no t bee n 
reached [or some time. Fila men ts of fl ow benea th the ice 

successive ly ex pa nd th e a rea o f subso le we tted to 

in co rpo ra te progressively parts of th e subso le whi ch have 
rem ained h ydra ulically isolated for sufficientl y long to 
a llow la rge qua ntiti es of sediment to be p roduced by 
g lacia l a brasion a nd to acc umu la te. Flux even ts represen t 
stages in th e seasona l evo lution of th e basal dra inage 

syste m . Th e dra in age ne two rk ex p a nds a rea ll y to 

accommod a te increasing fl ows of m eltwater throug h 
ind ividua l rea ches a nd to dra in a n ex p a nding surface 
area of ba re ice, as the tra nsient snow-line migra tes in 
res ponse to d ep le ti on o f the winter snow cover. As 
discha rge increases, fil a men ts of fl ow wid en from th e 

initi a l wetted a rea to in tegra te ma rg inal a r eas of subso le. 

Wh en flow d eclines with the return of cooler hyd ro
meteo rological condit ions, the we t ted a rea contracts , a nd 
fil a m ents of fl ow pres um ab ly re turn to th e subso le 
locations occupi ed previously a t a given level of dis
cha rge. R emoval of fin e sediment from a reas of su bsole 

ma rgin a l to a fi lament of fl ow wil l result from g rowth of 
the cross-sec tio nal area . Exp loita ti on of sedimen t a t the 
bed a nd release of a ny d ebri s in th e basa l ice layer by 
meltin g of th e ice forming th e roof over a ch a nnel are 
favo ured by th e width of a fil a ment offl ow ex pa nding a t a 
grea ter ra te than the d epth , fo r example in a len ticul a r 

cross-sectiona l a rea or w here cha nnels widen by en t ra in
ing basal layer sediment in preference to melting ice. 
Som e increases in discha rge ev ident ly d o no t res ul t in 
sedim en t-flu x even ts. During such increases, th e d ra inage 
ne t rem a ins within th e bound aries of th e recently swep t 

a rea of subsole. Conve rse ly, some a reas of hydra uli ca ll y 

isola ted subsole charged with edim ent evidentl y become 
integra ted , as fil a men ts of fl ow can be displaced wi thout 
need for a n increase in di scha rge. 

The measured flu x of suspend ed sedimen t at times 
before, be tween and after events requ ires continuo us 
sedimen t d eliver y to basal meltwa ters, a ltho ug h the 

act ua l qua ntity supplied d eclines towards th e end of a 
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season. Some sedim ent ,,·ill be acquired rrom cha nnel 
m a rgins as diurn a l va ria ti ons in di scha rge cha nge th e 
" "C lled a rea . ~I O\"Cm ent of' fil a ments or now \I·ith res pec t 

to sto red sedim ent is bro ug ht a bout both by sliding or the 

cha nnels across the subsole with the ice mass as a whole, 
a nd b y shi rting of cha nnels with respec t to th e glacier 
thro ug h melting of' tunn el ice-wa lls by Oowing meltwate r. 
Sweeping or sediment rrom th e bed will be more eITec til 'e 
ir th e dra in age-n e two rk topo logy co nsists o r man y 

cha nnels a rra nged tra ns\"Crse to the direc ti on or sliding, 

ro r exa mple in a herring-bone pattern. Accumul a ted wet 
basal sedim ent will al so be d erormed into hydrologica l 
pat hw3vs a t cha nnel ma rg ins. 

MODEL DEVELOPMENT 

Sedintent-flux events 

A co nceptu a ll y based mode l o r melt"'a tc l-- sedim ent 
int erac ti o n a t th e base o r a g lac ier has to ena bl e 
produc tio n a nd acc umul ation o r sedim ent across th e 

subso lc a nd a ll ow meltwa ter access to sediment from 
a reas which ha I'e no t been in tegra ted wi th now ror som e 
tim e . This is m odel led by a llowing th e wetted a rea or 
bed to nuy ,,·ith di scha rge . Th e m od el consists or a grid
squ a re la tti ce which re prese nts th e subso le or a 
rec ta ng ul a r I'a ll ey g lacier (Fig . 3) . Th e la tti ce is ti lted 

at a lo\\' a ng le, down-glac ier, towards o ne or th e shorter 

sid es. In \I 'inter, the sm a ll wa ter nO\\· is res tri c ted to the 
lo ng a:-,: is or th e grid. This a:-,: is ro rms the th a lweg o r a 
I'a ll ey, whi ch has a ge ntl y slo ping pa ra bo li c cross
sec ti on , in w hi ch the g lac ier sits. An a brasion rate 
(producing Agd 1 a rea 1 o runirorm -sizcd silt ) is a pp li ed 

unirormly in space a nd time to a ll cell s in th e la tti ce no t 
occupied by meltwa ter in eac h 1 d time in crem ent. 
C hargin g of a ce ll sta n s a lter th e las t inund a tion by 
m eltwater in summ er, a nd continu es thro ug ho ut winter 
so th a t, by th e onse t or melt in the followin g spring, 

substa ntia l qu a ntiti es o r- sedim cnt will ha \ 'c acc umulated 

across the entire subsolc (Fig . 3a ) . 
Spreadi ng o r th e to ta l we tted a rea with di scha rge in 

spring and summ er is represented by the m a rgins or a 
zo ne accommod a ting fl ow mOI'ing o ut equa ll y on both 
sid es or a nd in pa ra llel with the long axis centre line or 

th a lwcg, thro ug ho ut th e leng th o r th e la tti ce . Th e 

in tcn ti o n is to represe n t as one ba nd th e to ta l net efrec t 
of what in N a turc will be m a ny sm a ll arcas occupi ed by 
sepa ra te fil a ments 0 (" Oow. All th e sediment accumula ted 
in a cell is entra in ed when meltwa ter first occ upies the 
cell , so that the \I'e rred a rea becomes sedimcnt-rree (Fig. 

3b) . Each success i\"C exp a nsio n orwe tted a rea produces a 

sedim ent-flux eve nt , the size or wh ich is d etermin ed by 
integ ra tion o f the q uantity or sedim ent sto red over th e 
l1 e"' ly we tt ed a rea a t the o uter m a rg in. \Vhere pre\'i o us 
di sc harge lelT ls a rc onl \' lit tle exceed ed , in mid -summ er, 
a nd th e n cwly welled a reas are probably sma ll. sizeable 
sed im ent-nux e\T nts m ay st ill result , beca use rh e 

ex tend ed peri od or hydra uli c iso lation a llows co nsider
a ble sediment acc umulatio n . Th e m ax imum a rea or-bed 
(lCC U pied by m el twa rer a t the hig hes t lelT ls o r di scha rge 
m ust be less th a n 100 % of th e la tti ce a rea, a condi tion 
wh ich wou ld lead to rh e g lac ier decoupling rro m the bed. 
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Fig. 3. Plan view Qf grid-square lat/ice re/msenting Ih e 
sllbsole oJ a valll')' glacier, showing tlte direclioll in which 
Ihe lolal welled area e:tpands equally 011 bolh sides if the 
Ihalweg z litiz increasing discharge (long arrows), and 
Longitudinal and transverse directiolls i77 which stored 
sediment is deformed (short anows) in the model. Shaded 
areas illdicale presence Qf sediment storage al the sub sole, 
Ihe ([ rea relaining sediment declining as increases ill 
disc/ulIge e\/Jalld the welted area between tlte end if winter 
(a), through spring (b) to maximumjlow in Slimmer (e) . 
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Sedim ent will therefo re continu e to acc umul a te thro ug h

o ut summ er in unwe tted cells a t the o uter ed ges o f the 
la tti ce (Fig . 3c). Cells fro m whi ch winter sedim ent 
acc umul a ti o n has alread y been flu shed will be rec ha rged 
during peri ods in summ er wh en di scha rge rem a ins low 
a nd the m a rgins of th e I~ 'e tled a rea ha l e reg ressed 
towa rd s th e thalweg. Su ch sm a ll summe r recha rge 

quantiti es will be removed by th e next suffi c ient 
in crease in wetted a rea . 

Th e rel a ti onship be twee n th e number of eell s we lled 
and di sc ha rge has to be presc ribed . So me possible ra tin g 
c ur\'es in which tota l we tted a rea increa ses to less th a n 
100% o f th e tota l number of squ a res a t the max imum 

o bse l'l 'ed di scha rge a re shown in Fig ure 4 . Cun-e iii 
all oll's la rge qua ntiti es o f sediment to be remol'ed bl' th e 
hi g hes t flow e\'ents, as wetted a rea increases rapidl y a t 
hig he r di sc ha rges . Cun'e ii g i\ 'es littl e increase in 
sedim ent flu x as fl ow first ri ses, say in Jun e, but th en 

a llows la rge Ilux even ts to occ ur a t middle di scha rges, i.e . 

in ea rl y Jul y . 

Wetted 
area 

100% -------------------------------------

50 

o ~--~=--=======~-------------. 
Discharge 

Fig . 4. Possible ratillg reLationsliijJs between disc/irllge alld 
welled area oJ the subsole. 

Background s edi:rnent flux 

Th e mod el so fa r d escribed produces sediment tra nsport 
onl y during peri ods of ri sing di scha rge . Betll een such 
peri ods th e backg round Ic\'el oC sedimel1l flux is ze ro . 
Processes continuously contributing sma ll qu a ntiti es o f 
sedim ent a t cha nnel ma rgins , th erefo re, a lso ha\"e to be 
il1\·oked. At th e outer ma rg ins o f' th e g rid , outside th e 

cxtelll of th e zone flu shed by th e highes t di sch a rge, 
sedim ent a il\-ays continues to acc umul a te. A mecha nism 
is need ed to redi stribute that sediment. Th ese processes 
a rc mod ell ed by a ll owing sedim ent to be squeezed from a 
ce ll to adj ace nt ce lls, either d own-g lac ier, pa ra llel lI'ith 

th e direc ti o n of sliding, or orth ogonally towa rds th e 

th a lll'eg, as indica ted in Fig ure 3a . 
Ass uming equ a l ra tes oC sedim ent defo rma tion in th e 

long itudinal (L ) a nd transve rse (T ) direc tions in a Id 
tim e increm ent , co ntinuii y re la ti o nships con ce rn ing 
a brasio n ra te a nd tra nsfer o f' sed iment from cell to cel l 

ca n be d efin ed for three types o f ce ll. For a ccll (i, j ) a t th e 

outer ma rgin of the g rid (cell d in Fig ure 5), th e cha nge in 

sedim ent storage S is g i\'en by 
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b c d 

j 
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Fig . 5. Palhw(~)IS ill Ilu' lII odel ~J ' which basal sedimml i.1 
squee::.edjl-om eel/la cell andjio ll1 cell toftlamenl o./j7ou'. 

dS 
- = A ,' } + L ,' " J - L ,· .. ,· - T,·.}· . elf . '.- (1) 

For a n unwettecl cell elsewh ere in th e centre of th e latti ce 
(ce ll c) , th en change in sto rage is 

dS ill = A i.) + L i.j - J + Ti+l. j - T i.) - L i.j . (2) 

The rate oC additi o n (C ) of sediment [i'om a cha nn el
marginal square (b ) to a filam ent ocn ow (a ) OW l' a Icng th 
o[ cha nn el m a rg1l1 forming a sid e oC a g rid cell IS 

C=Ti .j . (3) 

Ass uming that th e ra tcs o f' sedim ent d eform a ti on a rc 
uniform in both direc ti ons ac ross th e entire subso lc, 
Equa tion ( I ) simplifi es to 

a nd Equ a ti o n (2 ) to 

dS 
-- A · - T · clt - I.} 1 . ./ 

dS 
-=A--elf I.) ' 

(4) 

(5) 

H ence , C is half th e OIua ll squ eez ing rate from a ccll 

(T;. j + L i.j ) . Th e overa ll ra te o[ squeez ing (T + L ) must 
be less th a ll th e ra te of a bras io n (A ) to a ll ow some 
sedim ent acc umulati on ac ross the bed. During lI'inte r, 
wh en fl ow \'e!OCily is too low to entrain sed iment , th e 
mod el acc umulates sediment in cells margin a l to th e 

th a lll·eg . This acc umul a ti o n helps to acco unt fo r 
re la ti\'e1 y hig h sedim ent flux es assoc iated bo th lI'ith 
e\'C nts and with bac kgro und (] Q\\'s in th e earl y part of' 
th e melt season. 

Model calibration 

The model depends 0 11 th e use oC a su itabl e abrasio n ra te 
a nd on th e hydra uli c geo m etrv used to rel a te o\'C ra ll 
wetted area o[ th e subso le to discha rge . An abrasio n ra te 
can be o bta ined by ave raging to ta l a nnual sediment fl o ll' 

from a glacier OI'e r selTra l years a nd distributing th e 
a \ 'e rage flux uniforml y O\'e r th e a rea o f' subsol e wetted a t 
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th e maximum discharge, As the latter is unknO\\TI , a 

basin-specific ra te for Gornergletscher \I'as ob ta ined from 
mea n a nn ua l to ta l fl ux o f I O~ k I for th e pcriod 1983 89 
\ C:o llin s, 199 1) by assumin g that th e sediment flu x in th e 
Gorncra is d eri\ 'Cd uniforml y fi 'om the entire subso le a rea, 

This g i\'Cs an m'Crage d a il y rate orsed iment product io n or 
, 01 

abraSIOn ra te of 3 ,978 t km - d ,Ac tu a ll y, th e <l\'(:, rage 

abras io n ratc in dry ce ll s mus t be hi g her tha n thi s, since, 

during the a blation season , glac ia l eros io n \I' ill no t be 
occ urrin g o\'C r hydrau lica ll y act i\'(" a reas 0 1' the subso le. 
and not a ll th e subso le area \I' i11 be flu shed b\' mclt\l'ater 

at m ax imum d isc harge , A \ 'alue of + t km 2 d 'I is tak en as 

p laus ible for the a brasio n ra te [or use in th e model. 

In open-c ha nnel a t-a -stat ion hydrau li c geometn'. th e 
\I 'idth of' the \\,ater surf'ace ( 11 ' ) in a cross-sec ti o n is re lated 
to di sc kll'ge (Q ) : 

w=aQII (G) 

usua ll y \I 'ith th e exponent b < 0.3, as c ha ng't's in Q can 
also be accommodated b>' c hanges in depth and \ 'e loc it \" 
(e,g. Ding m an. 1984 ). This relationship g i\'es a usefu l 

simple approx imation of th e c hange in the number of 

\I'ClIed squares \I'ith discharge , th e parameters or \\'hich 

ca n be op timi sed in the mod el. A logis ti c gro\\' th m odel is 

an a ppro pri a te a lt ern a ti\ 'e, An uppe r \ 'a lu e o[\I'e tt ed area 
has to be spec ifi ed fo r th e hi g hes t obsel'\'Cd di sc ha rge in 
o rdn to keep th e glac ie r g ro und ed. The large r th e 

number of' ce ll s in the mod el, a nd hence the small er th e 

sedim ent recharge rate per ce ll, the m o re se nsiti\ 'e is 

sed iment !lux to di sch arge, 

Starting the m od el o n I O cro ber 1986. in t he 235 d 
before runoff comme nces in late '\[ a\' 1987,6+,7+7 kr of 
sed iment acc umulat es O\ 'e r t he e ntire area of' the bed, 
H O\\'C\'Cr, more than 130 kt or sedim ent \\'as fl us hed from 

beneath Cornerg letsc her in the m easurement peri od 

a lo ne in 1987, A sm a ll a m oun t or add iti o nal sediment is 

]1J'Oduced in th e a blation seaso n b\ ' ab rasio n in un\·\'e tted 
areas of' the bed, but ne\ 'e rth eless, an initial amount o r 
sto rage of sedim ent is necessan' 10 prc\'('nt com plete 

ex hausti o n orsedim e nt flux before th e cnd or th e abla ti o n 

season , The implica ti on is that th e hig h nO\\' of late 

Aug ust 1987, \I 'hi c h proba bly co\'(' red a large proport io n 

o f' th e subsolc \\ 'ith nO\\'ing m e lt\\,ater, l'Cmo\'Cd sediment 

that had rema ined in storage since \I 'inler 1985 /86 a t 
leas t. :-\n ini tia l lOta l sedim ent accumu la ti o n o f 70 kt 
d is t ri I)u ted eq ua li y be tw ee n th e ce ll s \\'as there fo re 

assumed in o rd er to " wa rm-sta rt " th e m od el. 

A se nsible \ 'a lu e for C, the rate o f' ad dition or sedim en t 

b\' d efo rmati o n into subg lacia l m e lt\l 'atcr per unit leng th 

o f' cha nn e l m a rg in , is dif1i cult to ob tain. Since C is taken 
as tim e-il1\ 'ar ianr. and in th e m odel grid the to tal le ng th 

o f cha nn el m a rg in remains co nsta nt thJ'Ou g hou t th e ra nge 

of' d isc li a rge. seasona l \'ariation in b ackground sedime nt 

nux ca nnot be represented rea li sti ca ll y , An indicatio n of 

rh e ac tu a l \ 'a ri at io n or bac kg ro und sedim ent nux in th e 

GOrllera is g l\ 't' n by a\'e rage measured \ 'a lu es for 1987 
(T a ble I ). 

MODEL RESULTS AND DISCUSSION 

\ \ ' i th o ut in co rpora ti on of' s('d i m e n t deforma ti o n. th e 

Tab!e I , ,\Jean obseJ'red backgrollnd slIsjJel/(!ed-sedill7enl 
./lil\ ill t/ie (,'ornera in jJerio(/:' bellceen./111 \ el'el/ls ill 1987 

.1 [Oll/I! 

Jun e 
Juh' 
,\ ugust 

Septem bel' 

.1 Jeanjlll \ 

bel ' 

0,577 
1.1 78 
0.8+ 1 

0,+15 

Ill od e l represe nts th e te mpo ral pa tte rn o f' , 'edi m em-flu x 

e\ '('n ts \\'e ll th ro ug h th e int eract io n of' m e lt\l'a te r spread

in g o ut 0\'(' )' and remo\' ing sto red seclim ent fl'Om th e 

subsolc. T ak in g di sc ha rge a ncl sedim ent flux in th e 

COl'llera in 1987 as a n exa mple. the good match in 
timing o f th e modell ed to th e measured sed im en t-flu x 
l'\'l'nts is illus trated in Fig ure 6. I t \I 'as assumed thal 90°;', 

or the g lac ie r su bso le \I 'a s \\'('tled at maximum di sc harge . 

Th e percentage o f th e g rid a rea in tegrated \I'ith fl o \\' p 
III the exampl e is th en g i\'C n by th e ra tin g re lat io nshi p 

]J = G7A5(Q - 0.82)()2~' , (7) 

1987 

r-------.-----~~L-----oL--~-L-,---L--_+O 

3 

Fig , 6 . . 1[ea,lII/ed (/ov.'n) alld lIIodelled (ujJjJer) 

sedillle/l/)711 \ el'm/s together with melhm/('I disc/z(l}ge 
( (O/III1I1IS) in Ihe (;omera ill 1987. 

8 

4 

o 

:\s ind ica ted, \\'hil e th e o\'C ra ll model produces peaks of 

sed im e nt flu x \\' hi e h m a rch th e riming or the principal 

m easured e\T llts, th e ra ting c UI'\'e ra ils to re produce 

fa ithfully abso lute an d rel a ti\,(, sizes of' indi\'idu a l C\'ents, 

a lthough m agnit udes of' the mod ell ed flux e \Tn ts ra il 

\\' ithin the ll1eas ured ra nge. Th e mode ll ed sed im ent flu x 
at the start o f th e seaso n durin g th e ('Vl' nt o n 29 ,lune 1987 
is exaggera ted , Use o r a logis ti c area-d isc harge ratin g 

['unn io n \\' ill reduce the m agnitud e of flu x t\'ents at 

re lat i\'C ly 10\1' fl o\l', . Th e la rge sed iment-flux pea ks 

m cas ured o n 17 Juh- a nd 3- + .\ ug ust a rc serio ush
und eres tim a ted by rh e use o r Equation 7 ) as the rating 
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curve . The flu x pea k on 17 July was influenced by a 
rainstorm , runoff from in tense precipita tion during which 
may h ave entra in ed sediment from faces of latera l 
mora ines . Previously unwe tted a reas of subsole towards 

the sid es of Gornergletscher may have been integrated 
with flo w as runoff genera ted by th e rainfall may have 
ini ti a ted new channels leading from th e glacier ma rgins 
towards existing wetted and sediment-swep t a reas centred 
on th e th alweg. Drainage of th e G ornersee on 3- 4 August 
presuma bly allowed lake-wa ter access to sediment stored 

on the subsole adjacent to the la ke. Although di scharge 
had previously exceeded tha t reached during th e draining 
of the lake, sedim ent was flu shed from a margin a l zo ne 
between th e lake and th e limits of th e area integra ted 
with flowin g meltwa ter ea rli er in th e season. In ge neral, 
even with fairl y crude parameter es tim a tion , the model 

simula tes th e tempora l di stribution of events well. The 
importa nce of level of discha rge and leng th of time since 
the previous occurrence of a discharge of a particular 
magnitud e in determining sediment flu x in meltwa ters 
draining tempera te glaciers is emph asised by th e mod el 

experimen t. 

The measured seasona l vari a tions in bac kground 
sediment flu x suggest tha t the total leng th of channel 
ma rgin, across which basal sediment is deform ed into 
fil aments ofOowing meltwa ter, vari es during the a bla tion 
season. As indica ted [or 198 7 in T a ble I and for 1987- 90 

in Figure I , background levels of sediment flux doubled 
during expa nsion of th e drain age n etwork a t the sta rt of 
the season , before declining to a level lower a t the end of 
summer th an a t th e ou tse t. T he mod el treats the wetted 
area of beel as contiguous, and vari a tion of that area with 
disch arge as the expansion and con trac tion of a single 

large fil ament of fl ow, which, whil e clearl y adequ a te for 
generating the timing of flu x events, ma inta ins total 
cha nnel-margin length constant . For a given wetted a rea, 
to tal channel-margin length will be grea ter th e more 
crenul a ted the margins and more subdi vid ed th e single 
fil a ment of fl ow into separa te p a thways . 

Som e possible cha nn el topolog ica l-plan configura tions 
with various to ta l cha nnel-m a rgin lengths, ye t w ith th e 
we tted a rea occup ying th e same proportion (40% ) of th e 
cells in the mod el lat ti ce, are shown in Figures 3b and 
7a- c. Di vision of one wetted a rea centred on the thalweg 
(Fig. 3b) into two cha nnels displaced to each side (Fig. 
7c) d oubles th e leng th of channel ma rgin. However , th e 
mod el a llows squeezing of sediment in two direc ti ons 
onl y, a ligned with glacier sliding a nd orthogonall y 
towards the thalweg. H ence, division of the wetted area 
into two provides no increase in th e leng th of ch annel 
ma rgin ac ross which sediment can be squ eezed into 
meltwa ter by comparison with the single a rea. Sediment 
wo uld in fac t be d eformed away from th e margin on the 
thalweg side of a cha nnel. If sediment is allowed to 
defo rm in a ny direc tion across a ce ll bound a ry ma rginal 
to a wetted cell, th en length of ac tive channel ma rgin 
would be doubled . 

R ela ti ve leng ths of active ch annel ma rgin for single 

and double straight-channel ma rgins, crenula ted (mean
dering) ma rgins (Fig. 7b) and th e margins of a 40 % 
wetted a rea made up of an as tomosing channels (Fig. 7a ) 
for bi- a nd multi -direc ti ona l deform a ti on a re given in 
T a ble 2. T otal length of channel margin increases from 
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Fig . 7. VarioZls jJ/an configurations in which waler covers 
40 % of the area of grid Lallice . Shaded areas indicate 
presence of sediment storage al the subsole. T otal length of 
channel margin decreases ji'om anastomosing (a) through 
crenulated or meandering ( b) to slraight (c) channel 
patterns. The arrows indicate the directions in which 
sedimenL deformation into water occurs if squeezing occurs 
across all boundaries of cells adjacent to flowing water. 

stra igh t parallel-sided through cren ula tecl or meancl eri ng 
to a nastomosing ch a nnel p a tterns. Although multi
directiona l sedim ent d eforma ti on from cells adj acent to 
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Table 2. Relative total length oJ active channel margin Jar 
various plan conjiguralions oJ 40 % welled areaJor bi- and 
mulli-direclional deformation of basal sediment 

Plan configuration Figure Bi-directional M ulti-directional 

Sing le area 3b 1.0 1.0 
Twin cha nnel 7c 1.0 2.0 

Crenu lated twin 7b 1.7 2.9 

Anastomosing 7a 1.9 3.4 

Oowing water increases the leng th of aetive channel 
ma rg in , th e ra te at which sedim ent is squeezed in eaeh 

direc tion will be reduced . This will have an impact on 

tota l sedim ent suppl y to m eltwater a nd hence on 
sediment flux . These considera tions support th e concept 
that the subglacia l drainage sys tem initi a ll y consists of an 
expa nding a rborescent network of many sma ll channels, 

becoming simplifi ed to fewer large conduits as the 

a bl a tion season progresses, for which th ere is som e 
evid ence elsewhere from d ye -tracer tes ts (e.g. H ock and 
H ooke, 1993) . Subglacial hydrologica l a nd sedim ent-Ou x 
events occur a t criti cal points in both the ex pa nsion and 
ra tionalisa tion of the basal drainage sys tem, as sugges ted 
by W a lder ( 1986) a nd Collins ( 1989 ) . 

Other factors whould be taken into account in a 
conceptuall y based model. Th e rate of abrasion is unlikely 
to be constant throughout the season. Since a brasion rate 
is rela ted to glacier sliding veloc i ty (H a ll e t, 1979 ), wh ich 
is faster in spring, when la rge quantiti es of meltwater 

penetra te ineffi cient subsol e dra inage passageways, than 

in summ er and winter (Iken a nd others, 1983; Iken and 
Bindschadler, 1986), then basa l sediment production wi ll 
be enhan ced in spring. Th e quantity of sedim ent 
acc umul a ted at th e subso le will th ere for e rapidl y 
in crease in spring a nd earl y summ er. A thi ck layer of 

d eformin g basa l sediment may ge nerate more sediment or 

may inhibit abrasion. The amount of sedim ent accumu
la ted may influence the rate of deforma ti on of basal 
sediment. lL is unlikely that a uniform sedim enL layer 
acc umula tes. Interac tion with a distributed subglacia l 
dra inage network wou ld sugges t that a pa tchy irregular 

basal sediment layer is probable. 

CONCLUSION 

An a ttempt has been mad e to formulate a mod el which 
represents the interac tion between the subg lac ia l pro

cesses through wh ich meltwater flowing at th e so le of a 
g lac ier acq uires suspended sedi men t from the prod ucts of 
g lacia l erosion. The mod el has to be va lid a ted by its 
performance in simulating both suspend ed-sediment flux 
events a nd background flu x le\·els in meltwaters draining 

from a g la c ie r . Th e tim i ng of nu x eve n ts from 

Gornergl e tscher, if not th e abso lute and relative quan
titi es of sediment involved , is modelled well by a basic 
interac ti on between a presc ribed ra tin g-cun·e linking 
a rea of subsole wetted with di sc ha rge, a nd an inferred 
uniform consta nt a brasion ra te. The ma tch in time 

between mod ell ed a nd observed even ts sugges ts that th e 
principal elements of th e model are concep tuall y so und. 
l'vIodelled Oux-event magnitudes within th e observed 

ra nge were produced without recourse to optimisa ti o n 
of the ra ting cun·e and abrasion rate. 

Background sedim ent-Ou x levels, occ urring at times 
between Ou x events, were no t included in the basic mod el. 
Differential entra inm ent of sediment particl es by size 
according to \·e locity offlow has also yet to be considered. 

T empora l changes in how th e pa ttern a nd size of 

wetted a rea Ouctuate with discharge a lso need to be 
in corporated in th e model in ord er to refl ec t seasona l 
\·ariation in backg round sediment flu x. M a ny sepa ra te 
fil a ments of Oow undoubted ly a rise in place of the one 
contigu ous a rea used in the basic model. \\' hen Oow 
dec reases, the residual wetted a rea may be displaced from 

th e origin a l position , and on expansion " fresh" areas of 
bed away from the margin of th e ex isting wetted a rea 
may becom e integrated with flo w if new ch a nn els 
de\·elop . Disc ha rge-related movements of we tted a rea 
a re sugges ted by the presence in th e records of (sma ll ) 

sedim ent-nux events at levels in the sequ ence of discha rge 

peaks at which wetted a rea should have encom passed 
onl y zones of sub so le from which th e winter acc umula ti o n 
of sediment had a lread y been remO\·ed . 

Neverthe less, the mod el confirms that both length of 
time since th e prev ious occurren ce o f a pa rti cul a r 
di scharge le\·el, a nd the difference in magnitude of Oow 

between a n even t and previous discharge maxima in th e 
se ri es, influence both the timing of Oux events a nd th e 
amount o f sed iment e\·acua ted. There is consid era ble 
potential fo r the use of this simple conceptua ll y based 
model , with ca librati on, in a na lyses of sedim ent-discha rge 

rela tionsh i ps in m el twa ters d raining from tem pera te 

g laciers. 
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