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ABSTRACT, Sediment yields a nd glacia l erosion ra tes a rc e\ 'a lua ted for [o ur 
Nor\\'egian g laciers during th e yea rs 1989- 93, Annua l erosion rates we re de termined 
from meas urements of sed iment load a nd wate r di scha rge in g lacial meltwa ter rivers, 
The mean sediment yield and th e co rresponding erosion ra te of the vall ey glaciers 
Enga breen a ,~d Nig1arclsbreen were f9und to b,e 456l km 2 yea r I (0 ,1 68 mm yea r I ) 

a nd 210 t km - year (O,078mm yea r ) , respectl\'~l y, A s{nall a nd slow-moYlIlg cll-qu e 
g lac ier Onc Bela rbre vlelded a rate of 482 t km - \'t'a r (,0,178 ?lm yea r ), a nd tr e 
sub-polar S\'a lbard g lac lcr Brogge rbreen Yield ed 613 t km - year (0,226 mm year ) , 
Th e erosion rates are low compa red to g laciers el sewhere, There are a lso co nsid erab le 
\-ariations in sedim enr yields a t eac h g lacier from yea r to yea r. HO\,\'e\'e r, different 
factors a re fou nd lO con tro l th e \'<uiabilit y on eac h indi\'idua l glac ier. \na lys is of the 
relat ionship between water di scharge and sedim ent concentrat ion in meltwa ler rivers 
suggests that changes in subg lac ial dra inage sys lems ca use varia ti ons in sediment 
a\'a il a bility a nd the \\-ay sed im ents a re melted out [i-o m the ice, \\' hen water pressure 
d rops , the dra inage sys tem in f ~l s t-m o\' ing , thi ck \'a ll ey glac iers defo rms a t a mo re 
rap id rate than in thin , slow-mo\' ing ones , New \'olum es of debris-l ad en ice a re thus 
more readil y a\'a il a bl e for melting when \\'a ter pressure nex t increases, Benea th th e 
thin , slow-mO\'ing 0ne Beiarbre, single yea rs with hig h t ra nsport ra tes and 
e\'ac ua ti on of sedim ent are foll owed by per iods of low a \'a il a bility last ing fo r 2 yea rs 
or longer, It is sugges ted th a t this pa ttern res ults [i'om exha ustion o f sedim ent in a 
stabl e dra in age sys tem, with more sedim ent becoming a\'a il ab le when th e pos itio n of 
th e su bg lac ia l d ra i nage sys tem is cha nged, 

INTRODUCTION 

Sediment yield , based on a mo ni torin g progra mme or 
sedim ent tra nspo rt in meltwa ter ri\'ers, is oft en used to 
obta in the rate or erosion benea th a g lac ier. Such 

measurements in a number of glac ier ri\'e rs in different 

regio ns ha\'e shown th a t suspend ed -sedim ent conce ntra
tion in me l(\ \'3 ter is hig hl y \'a ri able at both short-term 
a nd seasona l time-sca les, Thi s \'a ri abi lity has been rela ted 
to a\'ailabi lit y of sedim ent suppli ed La the subg lacia l 
cha nnel sys tem (O strem, 1975), cha nges in the area that 

water is washing over during a fl ood evelll (Li es to l, 1967 ) 

a nd exha usti on effec ls (Gurnell, 1987; Gurne ll and others, 
1994) , Collins (1989) interprets th e seasona l pattern or 
\'a ri a ti on in sedim ent flux of' meltwater from Gornerglc
tscher as a seasona l de\'e lo pm en t of the su bglac ia l 
dra in age sys tem , Throu g ho ut the seaso n , a reas o f 

pre\'io usly hydra uli ca ll y isolated sub-so le are inlegrated 

with now, rel easing qu a ntiti es of sedim ent fro m basa l 
sto rage, 

Sediment yields have been shown to be diffel'e nt fo r 
vario us types of g laciers, \Vith some excep ti ons, large 
\'a ll ey glac iers a re cha rac teri zed by la rge yields, a nd small 

cirque glaciers by low yields, Glaciers in different regions 

haying different therm al reg imes a nd on various bedrock 
types are a lso charac teri zed by different yields (H a llet 
a nd o thers, 1996 ), 

48 

Annu a l sedim e nt y ie ld s of Norwegian g lac ie rs 
(maximum 1300 t km ~ ) are, in ge nera l, lower than th ose 
of g laciers else\\'here, The sediment yield a t Va tn ajo kull 
has been measured as 12 kt km 2 (Tom asso n, 1987 ) a nd a t 
Gornergletsc her as 6 kt km 2 (Bezinge , 1978 ), \\' hen the 

glac ia l erosion ra te is hig h, a different pa ttern of'sed im ent 

nu x is ex pec ted from th a t produced by g lac iers wilh small 
rates , Sed im ent yields of'Norwegia n g lac iers are subject to 
\'a ri ations from year to yea r. I n some cases such variati ons 
may be of th e same ord er as those between different 
g lac iers, G lacia l erosion is d epe nd ent on g lac ia l qua rrying 

a nd a brasion, processes th a t a re unlikely to vary on time

sca les shorter th a n decades, Thus, yea r-to-yea r va ri ab ility 
in sedimen t yield has to be accounted for by o th er 
processes, This paper presents sedim ent yields for fo ur 
g laciers in i'\of\\'ay a nd di scusses reaso ns lor the a nnu a l 
variations, Sediment yields a re th en lra nslated into 
erosion ra tes, 

Sed im ent yields a re obta ined by m onitoring o f wate r 
di sc harge a nd sedim ent tra nspo rt in meltwa ter stream s 
close to g lacier o utl e ts, Sed im ent sampl es were co ll ec ted 
w ith IS CO a u tomatic sam pl ers prog ra mm ed fo r fo ur 
sampl es a day, Grain-size a nal yses o f the suspe nd ed

sed im e nt load were d e termin ed o n la rge-vo lu me 

sam pl es co ll ected on a weekl y basis, Furth er d esc rip
ti ons of' the m ethod s a re g i\'en by Bogen ( 1986, 1988, 
1992 ), 
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SEDIMENT YIELDS 

Th e g lac iers s tudi ed are sho \\'n in Fig ure I . Onc Beiarbre 
is Cl sm a ll cirqu e g lac ie r (2A km 2

; sec T a ble I ). situ a ted in 
no rth ern :\' o l"\\·a)·. cas t o f" th e S\'a ni sen ice ca p. Sediment 
tra nsp o rt has bee n m oni to red in its me ltwa te r ri\"C r since 

1988 . Th e sedim en I yie ld in 1988 was o ne of lh e h ig hes l 

on reco rd a m o ng No r\\'egia n g lac ie rs a t th al lim e. The 
" 1 ra te o f 886 t km - yea r has onl y bee n e:\: ceed ed a t nea rby 

Troll be rgd a Isbree n (O strem , 1975 ). The hi g h yield did 
no t las t. a nd suspe nded-sediment d cli\'elY d ec lined to 
176 (km 2 \'ear 1 in 1989, a nd 173 t km 2 yca r 1 in 1990 . 

In 199 1, ho \\ e\'e r, th e sedim ent yield e:\:ceed ed th e 1988 

le\'e I, reaching I 136 t km 2 \"Car 1 befo re fa lling to lower 
IC\'e Is in 1992 and 1993 (Fi g . 2 ). Thus. hi g h )"ea r-to-\Tar 
\'a ria bilit )" a ppea rs to be a cha rac te ri s ti c fi: a ture o f" th e 
sedim ent tra nspo rt in th e Be ia rbree n m elt\\'il te r ri\ 'e r. As 

see n fi-o m the reco rd of \\'a ler disc h a rge, th e hi g h yields 

a re due to hi g her co ncenlra ti ons o f scdiments a nd no t 10 

la rge r run off in th ese yea rs. 

...... P B!slckel .. 

Nigardsbre 

1400' 1800' 2200' 

Fig. I. Localioll oJ gLacier!> 11/ . \ o rll'(~)' illclllded ill Ihis 
Slll({)I . 

T able I . . irea . mean sedillle/lt}ie/d and mean eroJioll rateJ 
oJ the illl'estigaled glaciers 

Glacier .J rea .IJean sedimfllt "Jeall erosioll 
)'ield rate . 

,) 

t km 2 km - \'ea r Jl1 m \'ea I' 

O\"l'e Be ia rbree n 2.4 482 0 . 178 
:\Iiga rd sbree n 48 .2 2 1 I 0 .0 78 

Brogge rbreen 17.1 6 13 0 .226 

Engabree n 36 .2 +56 0 .1 68 

Bogell: (;/acia/ ero.l ioll ra le.1 al/(l jedilllflll ),ields 
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Fig. 2 .. fllllllol sediml'lll )'Ield. g, . ( jolid (Ollllllllj ) alld 
rUllliff, Q, (gre.l') fr0 1l1 One Beiarbre durillg the Jet/!!> 

1988 93. 

It is difTi cuit to rela te th e hi g h y ields to g lacio logica l 
\·a ri a hlcs. Th e g lacie r is thin a nd s!o \\··mO\· ing, a nd is 

a ppa renth- un a ble to erod e th ese hi g h ra tes in its present 

sta te. Fo r this reaso n . O strem 1975 ) a ttributcd th e hi gh 

yields of Tro llbergd a lsbree n to supply from sediments 
erod ed during a fo rm er, m ore ac tin :, ph ase . T o ill ustra te 
fLlrth e r th e sudd en cha nge in sediment co ncentra ti on , a 
reg ressio n a na I ys is or co nce n tra ti on \ 's \\ 'a tc r d isc ha rge 

\\'as ca rri ed ou t fo r a year of hi g h yields ( 199 1 ) and o ne of 

10\\' yie lds ( 1990 ). Sig nifi cant co rrel a ti ons \\we fo und for 

eac h year (Fig . 3 ) . H O\\"C \'e r, a n a na h-sis of th e combin ed 

dat a fo r bo th vea l's res ulted in a lo \-\" er cociTicient o f 
co rrela ti o n, indi cating t\\'o diffe rent po pu lati ons. This 
ph enom eno n m ay be d ue to a shift in sed im cnt sources , 

poss ibl y caused by a cha nge ill th e pos iti o n or the 

subg lac ia l co nduits . 
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Water discharge, Q m3s-1 

Fig . 3. Regressioll alla~)'sis 0/ sllspfllded-sedimellt 
cOl7celllratioll . CS / 'S discharge . Q. ill tlte lIIe/twater ril'er 
from One Belarbre. C:oejficietlt oJ (une/a lirill 0 11 da tafram 
1990 , r = 0.67 (ll/d 199 1. r = 0.73. :111 (lIw()'Ji.1 
il/r/udillg bOlh .)'ears gore r = 0.36. 

Th e \'all ey g lac ier Niga rdsbree n (48 .2 km 2
) . a n outl et 

from th e J os ted a lsbre ice ca p , shows a simil a r \·ari a bility. 
The yea r-to- yea r \'ari a li o ns a re no t as large as ror O\Te 
Be ia rbre. H o \\"C \ "C 1" . there is no sig nifi ca nt co rrela ti on 
be t\\'ecn \\'a rcr d isc ha rge a nd sediment co ncentra ti on on 

a n a nnu a l bas is (Figs 4 a nd 5 ). In additi on, th e ra nge of 

co ncentra ti on is n a rrowcr th a n a t O\Te Bcia rbre, and no 
co nce n tra t ions 10 \\'e r th a n 0 .0 109 I 1 \\'e re obsen ·ed . 
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Bogen : Glacial erosion rales and sedimenL y ields 
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Fig . 4. Annual sediml'l7l )lie Id, g" (solid columns) alld 
I'lIl/ojj, Q, (g rl?)' ) of. \ 'igardsbreell during the ) 'ears 1987 
93. 
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Fig. 5. Regression all alysis oj suspended-sedimell t 
concell tration. Cs vs water discharge , Q, in the meltwater 
riverJrom v Vigardsbreen . Coeffirients of correlatioll of Lhe 
three ) Iears 1989, 1990 and 1993 are r = 0.36, 0.56 and 
0.70, respectively . Allal]lsis of alf )'ea)'s together gives 
r = 0.55. 

A simi la r pa ttern is observed at E ngabreen (36 .2 

km 2
) , a wes tern outl e t g lac ier of th e Svartisen ice ca p 

(Fig . 6) . T he correla ti ons were as low as 0.30 in 1990, 
when th e yield was high , increasing to 0.6 in 1992, a yea r 
of lower yie ld (Fig . 6) . 

The pa ttern of va ri a bil ity in sedim ent yield for th ese 

glac ie rs may be interpreted in ter ms of a mod el where th e 

sedim ents a re introduced to th e subglac ia l wa terways by 

Gs t kffi! yr-1 Q x 106 m3 yr1 
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Fig. 6. Allllual sediment )lield, gs' (solid columns) ([nd 
ru 11 off. Q, (g rry ) jrom Ellgabreen during the ) Iuns 1987-
93 . .IVa measllrements were made in 1988. 

meltin g o f d ebr is-ri ch ice in the glac ier so le (Fig . 7). The 
ra te o f d eform a tion of cond uits d epends on th e diffe rence 
betwee n th e ice ove rburd en press u re a nd the inte rn a l 
wa ter pressure. Due to va ria ti ons in glacier meltin g a nd 
prec ipita ti on , wa ter di scha rge in th e subglacia l conduits is 

subj ec t to changes throughout th e season . I n periods of 
low wa ter d isc ha rge, th e movem en t of th e g lac ier a nd the 
plas ti c d eforma ti on of th e ice will d eform th e condui ts. A 
subsequent ex pa nsion by a n increase in wa ter pressure 
will melt more ice a nd add mo re sed iments to th e 

subg lac ia l sys tem . In a sys tem of equ ili brium conduits, 
th e d omina nt sed iment so u rces a rc the beds of th e 
condu its a nd possib le subglacia l till. S uch sources should 
be ex pec ted to gi\'e a good rela tion berwee n sediment 
load a nd d ischa rge, but th a t is no r true for th e g lac iers 
includ ed in th is stud y. Th e pa ttern of sed iment tra nspo rt 

in the mel twa ter ri ve rs of the g lac iers is ava il a bi li ty

controll ed. Tha t is, th e ra te of increase in d ischa rge d oes 
not a lways give rh e sa me ra te of increase in sediment load , 
d e pe nd i ng o n whe rh er sedim en ts a re a \'ai la b le for 
tra nsport. This pa tte rn , a long with th e low eros ion ra re, 

strong ly sugges ts tha t subglacia l till is not the d om ina nt 

so urce. M os t proba b ly, the glacier so les a re res ting on 
bedroc k on whi ch till is on ly present in pa tches . I n such 
sys rems, nucru a t ions in wa ter pressure a nd glac ier now 
ra te are as importa nt as tota l run off in controll ing the 
acquisiti on of sediment. 

u,···· ·,',·,·· . .... .. '.' ." .":'\>- -.:.- . - ... 

a 

~ 
b 

~ -c 

Fig . 7. Schem.atic diagram. indicating lite wa)l that Cl cavil)' 
or all ice tunnel melts olll sedimenls iucor/Joraled ill the ice. 
( a. b) " 'aiel' jJressllre is rising and the sllbglacial cavity is 
eX!J(I1lding. ( c) 'I 'a ter jJressure is falling and the lunnel or 
ravil)! is deformed. (d) Changes in the jJosition of the 
drainage s,vs1el1l mr!)' increase availability of sedimen/s. 

I t is li kely th a t thi ck, fas t-m oving glaciers such as 
N iga rd sb reen a nd Engabreen will d efo rm th eir empty 

su bglacia l cond uits a t a more ra p id ra te tha n th e thin , 
slow-moving 0 vre Beia rbre. "Vater from the subglacia l 
condu its of Engabreen is used fo r hydroe lec tri c purposes, 
a nd wa ter is coll ec ted benea th the g lac ier. Engabreen is 
200 m th ick in th e a rea of the subglac ia l wa ter in ra ke. 

I nspec ti o n tunn els melted out beneath the ice a re subj ect 

to substa ntia l d eform a tio n in the course of 3-4 d ays. Th e 
poo r co rrela tion between wa rer d ischa rge a nd sediment 
conce ntra tion sugges ts rh a r such de fo rma tion of th e 
condu its la kes p lace co m ino usly th ro ug hout th e season. 
This process is more ra p id a t Engabreen tha n a t 0vre 
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Beia rbre , At th e Il'a ter intake, th e 10 \l'est pa rt o f the ice 
co nsists o f a d e bri s-ri ch sole I 2 m thi c k, mOl 'ing ol 'er a 

m os th' ba re roc k bed, Th e bedroc k a reas arc no so urce o f 

sedim ents fo r th e subg lac ia lwa te rll'a , 's , H OII'CI'er, poc ke ts 
o f' subg lacia l till m ay exi st o utside th e ill\'Cs ti ga ted areas , 

C ha nn els d o no t necessa ril y fo rm in th e- sa m e pos iti o n 
eac h year. Th ere a rc se lT ra l inta kes beneath Engabree n , 

a nd th e pos iti o n of th e ac ti\ 'e in ta ke shirted be twee n 1993 

a nd 199+, The so m e\\'h a t la rge r I'ea rll' I' a ri a bilit ~ , o f' th e 

Enga breen reco rd compa red to .\'iga rd sbree n nUl' be 
a ttributed to m o re frequ ent shift s in ch a nn e l positi o ns to 

a reas th a t ma y ha lT differe nt co ncentrati o ns of d ebri s ill 
bas al ice, 

Benea th th e thin , slow-mol'ing OITe Beia rbre, conduits 

d o no t d eform a t th e same ra te as benea th th e tll 'O other 
g lac ie rs, The basa l ice a long th e subg lacia l drain age sl's tem 
m ay a f't e r somc tim c be \\'as hed c lea r o f sedim e nts, 
D efo rmatio n o f th e conduits to a ll o \l' fo r mo re melting o r 

d ebris-l ad en ice \I' ill ta ke a lo nge r tim e , 1 n so me yea rs, 

th ere is a la rge shift in sedim ent yield , but such a shift d oes 

no t necessa ril y ta ke place el'e ry yea r. i\los t pro ba bl y, a 

ye-a r \I 'ith hi g h yield is preced ed by a winter d efo rmati o n 
causing a majo r cha nge in th e pos iti on o f th e conduits o r 
linked-ca, 'it y sys tems to a reas o f ice ri cher in sedim ent. [n 
so me yea rs th e sedim ent yield rem a ins 10\1', pres um a bl y 

beca use no cha nge in positi on too k place, 

Brogge rbree n is a su b- po la r g lacie r, loca ted nea r l\ y 
A lesund in Sl'alba rd, Y ear-to-yea r I'a riabilit y in sediment 
yield is hi g h. as sholl'l1 in Fig ure 8 . Sedim e nt loads ha\'e 
bee n ro und to be co rrelated \I'ith wa ter di scharge (R e pp , 

1978, 1985; Bogen , 1989, 199 1) . but in recent yea rs thi s 

co rrel a tio n has bee n weak. 
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Fig. 8 . . 1// II/l nl sedill7enl J'ield, g,. ( solid (01/1117115 ) ([lid 
/lI lIoff. Q. (gr~)') of B roggerbrem /989 93. 

Th e sediment-m o nitoring s ta ti o n is situ a ted a bout 

I km d ownstrea m fro m th e g lac ie r sno ut. So m e eros io n o f 
mo ra ine m a teri a l a nd form erl y d epos ited sedime nts a lo ng 
ril'er-banks takes pl ace , Thu s, th e sediment yie lclm<l\' a lso 
be influ e nced b>' processes in the prog lac ia l reac h o f th e 

c ha nn el. 

DISCUSSION AND CONCLUSIONS 

Th e pa tte rn o r yea ri y \ 'ari a bilit y o f erosiol1 ra tes indi cated 
by sedime lll y ield s is difTc rent fo r th e {o ur g lacie rs 

in c lud ed in thi s stud\', Th e sm a ll, thin Onc Beia rbre is 

c ha rac teri zed by yea rs o f excess i\'C ly hi g h sedim ent vi e ld 

Bogen : GI([cial eroJioll rales ([lid .\edimenl Jield.\ 

being interspersed with lo \\'-yield pe ri ods o f a t leas t 

2 years. It is sugges ted that thi s pa tte rn is assoc ia ted with 

sedim ent-exh a usti o n effec ts th a t las t (o r so m e yea rs. 

fo ll o ll'ed b l' cha nn el c ha nges th a t increase sediment 
<1I'a il a bilit >" 

The re la til 'C ly thi c k a nd ras t-m ol'ing I'a ll ey g lacie rs 
Engabree n and i\iga rd sbree n see m to m a inta in sedime nt 

a l 'a il a bility 1]1' defo rm a ti o n of th eir subg lac ia l conduits 

a nd subsequ ent me lt-o ut o f sediments w hen the wa te r 

lelT I ri ses aga in. :'Iuch sedim ent is Iyas hed o ut fro m th ese 
g lac ie rs in summ e rs \\'hen \I'a te r pressure is subj ec t to 

fi'Cqu ent fluctuation s. 

The d epend ency o f sedim ent ~ ' i e ld o n lI'a te r di sc harge 

fo r th e sub-po la r Brogge rbree n durin g so m e \'ears 

indica tes a sys tem o r conduits th a t ra re ly cha nge th eir 
pos iti o n from I'ea r to yea r, H O\\'el'e r , in o th e r years 
cha nnel c ha nges m ay tak e pl ace, ma kin g mo re sedime nt 
al'<lil a blc , f\ sig nific a nt pa rt o f' th e sedim ent load m ay be 

e rod ed fro m subae ri a l loca ti o ns. 

Gl ac ia l qu a rrying a nd a brasio n COJ1\ 'Cy a continuo us 

su pp" of d e bri s to th e g lac ier so le . Th e sedi m en t yie ld o f' 

g laciers is d e pe nd ent o n th e- co ncentra ti o n o r d e bri s a t 
th e sol e a ncl , a t leas t fo r th e temperate g lacie rs inc lud ed 
in thi s s tud y, th e re is a cl ea r re lation to g lacia l eros io n 
ra te . 

H OII'e l 'f,)" the melt-o ut processes th a t re mOI'e d eb ris 

fro m th e so le o perate o n a mu c h sho rt er tim e-scal e th a n 

g lac ie r e ros io n, I n o rd er to use records o r sedim ent y ield 
in mcltll'a te r to es tim a te e ros io n ra tes, se l'e ra l yea rs of 
d a ta sho uld be used to e\ 'e n o ut I'a ri a bili ty o ri g in a tin g 

fro m m elt-o ut processes. Average \'a lu es a re th en th e m os t 

m ea nin gful indicators of lo ng-te rm bed roc k erosion ra tes 

(Table I ), 
It is interes ting to compa re th e present ra te o f eros io n 

o f'Enga bree n !O. 168mm )'ea r I ) with th e ra te o bta ined 
bl' R eksta d 19 12 ), R e kstad es timated a ra te of Ilmm 
y~a r 1 fro m th e infill of a sm a ll la ke in fro nt o f th e g lacier, 

At tb a t tim e, th e snout o f th e g lac ie r m os t pro ba bly res ted 

o n o ld la ke sediments d epos ited in la ke Enga bre\'a rn prio r 
to th e g lac ier adl 'a nee o f th e 18 th century. D es pit e th e 
difference in m e th od s, it may be co ncluded th a t g lacia l 
eros ion o f a so ft bed be nea th thi s g lac ie r ta kes pl ace a t a 

ra te that is a t leas t on e o rd er of mag nitude large r th a n 

that of bedroc k. 
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