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ABSTRACT. Th e fo rm a ti on of ice-co red mo ra ines a nd push mora ines is di sc ussed 
in the light or glac ier th erm a l regim e a nd glacier d ynamics. Da ta from two Svalba rd 
" a ll ey glaciers, Erikbreen a nd Us herbreen a re presented. On Erikbreen, foss il forms 
we re im'es tiga ted , whi le on Usherbreen a surge ending in 1985 caused the form a ti on of 
new push-mora ine rid ges . Th e push mora ines a re consid ered as a so il-m echa nica l 
pro bl em. In a theo retical di scuss ion the stress transmitted by the glaciers to the 
proglacial sediments is es tima ted. On Usherbreen, th e compress ive fl ow res ults in 
deformati on both in old front rid ges and in undisturbed frozen sedim ent layers in the 
front sandur. Thus, folding, thrust fa ulting a nd ove rriding a ll occ ur. D eforma tion o r 
proglacial sedimen ts seems to be highl y dependen t on th e mechanica l properties o f th e 
sediments. The sedim ents a re strongly influenced by perm a frost conditions. The 
unfrozen wa ter content in the sedim ents gO\'e rns the d eformabi lity, which in turn is 
pa rrl)' determined by pore-water salinity. The distribution of push mora in es in 
S"a lba rd is th erefore res tri c ted to areas below th e H olocene m a rine limit, a nd th ey 
occ ur mos t frequentl y in areas of se dim en ta r v bedrock. This stud y concludes th a t push 
mo ra ines a nd ice-cored mora in es require perma fros t conditions. Push-mora ine rid ges 
a re not form ed in direc t conta ct with th e g lac ier, so the\' a re geomo rpho logica ll y no t 
mora in es, bur d eform ed perm a fros t sedim ents. A model fo r glac ier debris sedim enta
ti on a nd d eforma ti on is outlin ed for S"a lba rd g lac iers ending o n la nd. 

INTRODUCTION 

Two major types of moraine are found in front of glaciers 
in S,·a lba rd. On e is the ice-cored lIloraine, where a n ice core 

is prese rved by a layer of debris. Th e other is the /lush 
moraine, showing pushing a nd sedim ent thrusting due to 

a n ad" a ncing ice front. Bo th types seem to be a fi.ll1 c ti on 
ofrh e glacier thermal regime (cr. Boulto n, 1970 ,1 972 : Sollid 
a nd Sorbel, 1988) a nd the glarier (!),lIamirs . In thi s paper 
we will di sc uss some as pects of th e ge nes is of mora in es 

under permafrost conditions in S\·a lba rd. 

rid ges b,' a n ad"an cing g lac ier. O. Li esto l (persona l 
communi ca ti o n , 1960 ) ea rl y recogni sed th a t pu sh 
mo ra in es in S" a lba rd were res tricted to a reas bel ow 
th e H o locene ma rin e limit , a nd th a t sa lts of m a rine 

o ri g in weakened th e p ermafros t, a llowing d efo rma tio n or 

sediments. [n thi s paper th e na m e push mo ra in es 
d e notes compos ite rid ges conta ining sedim ents \\'ith 
d eform a tion stru ctures no t in direc t co ntact \\'ith the 
g lac ier sno ut. This is in contras t to deformed sedim en ts 
in reac ti va ted ice-co reel m ora in es . 

For m os t glac iers ending on la nd in S"a lba rd , a n a rc 
o f ice-co red mo ra ines, often up to 50 m in height , 
indi ca tes th e o ute rmost pos tg lac ia l positi o n. Pu sh 
mo ra incs (Stau chendm o ra nen : Gripp, 1929 ) a re sm a ll 
rid ges, norma ll y less th a n 10 m in height , forming the 

o utermos t part o f mo ra ine a reas . Th ese mora ines ma y be 

d efin ed as prog lac ia l sediments, pushed a nd thrust to 

Push 1ll00"a ines a nd ice-co red mora ines coex ist in front 

of some S"alba rd g lac iers. Glaciologica l a nd sedimento
log ica l a na lys is ,·\·as ca rri ed o ut o n two g lac ie rs, 
Us herbreen and Erikbree n. Th e progla cia l mo rain es on 
Erikbree n a rc Jossil fo rms, ge nera ted during fo rm er 
ach-a nces (Fig . l a ). On Us herbreen ac ti ve form a ti on o r 

push mora in es was obsen 'ed a nd measured during a surge 
in 1985. 
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Fig . I. ( a) The ablation area al/d moraine area of 
Erikbreen . ( b) T he glacier-frolll area of Csherb reen. 

SETTING 

The g lac ie r U sherbree n (7 8° 15' N, 18°40' E ) is located o n 
th e eas t coas t ofSpitsbe rge n (Fig . 2 ) , th e la rges t isla nd o f 

th e Sva lba rd a rchipelago . The nea res t m e teorologica l 

stati o n is in Lo ngyea rb ye n, w here th e mea n annu a l a ir 

tempera ture is a bout - 6°e a nd prec ipita tion is a bo ut 
200 mm a I . At U she rhree n , m ean temper a tures a rc 
ass umed to be a littl e 10 \\"( 1' , and p rec ipita tion hi g he r , 
th a n in Lo ngyearb yen. Thc g lac ier Erikbree n (79 40' N , 

12°30' E) is si tuated o n th e north ern sho re o f Li efd e fJ o r

d en , no rth e rn Spitsbe rge n (Fi g . 2 ) . In Ny-A lesund , 

~ 100 km southwes t of Li efd eGo rd e n (Fig. 2 ) , th ere is a 
perm a nent wea th e r s ta ti o n , \\·here th e ave rage a nnua l a ir 
tempera ture is - 6D e a nd precipita ti o n is no rm a ll y below 
400 mm a I . Sva lba rd is in th e zo ne o f continuo us 

perma fros t , a nd th e perm a fros t va ri es betwee n 100 m in 

coasta l a reas a nd m o re th a n 400 m in th e centra l 

mo unta in a reas (Lies to l, 1977 ) . Th e geology o f th e 
Ushe rbreen a rea is d omin a ted by Trias lave rs o f m a rin e 
sc hi st a nd so m e sand sto ne up to abo ut 300 m a .s.l. Abo \'e 
tbi s heig ht th ere is so m e g rey a nd blac k sc hist from Jura 

(Flood a nd o th e rs, 19 71 ) , Und er E rikbree n , m a inl y 

Lowe r D evo ni a n sandsto nes a re found in the acc umula 

tion a rea, whil e m ass ive d ense m arble a nd inte rbedded 
se hi s ts d o min a te in th e a bl a ti o n a rca (Hj e ll e a nd 
Lauritze n , 1982) . 
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Fig. 2. M a/} of the Sualbard archi/;elago, s/zo l1'illg the 
locatioll rij'the Erikbreen ( A ) and the Usherbreel! area 
( B ). ( I) .\ ) -AleslIl/d, ( 2) LOllg)'ear~Jiell, (3) S1'f(1. 

METHODS 

A t U she rbreen th c g lac ie r-fro nt \ 'c loc iti es a nd th e 
\'e loc iti es o f th e mo ra ine rid ges in front o f th e g lac ie r 
we re m easured by traditio na l sun'eying techniqu es using 

a th eod o lite a nd clec tro ni c di s ta nce m e ter (ED]\f ) fro m 

fi xed tri a ng ul a ti o n po ints to refl ecto rs m o unted o n sta kes , 

Th e sedim e nt s tru c ture o f th e m o r a in es o f bo th 
U she rbree n a nd Eri k bree n was reco rd ed a t seve ra l 
excava ti o ns. Soil sa m p les werc ha ndl ed using con\ '(" n
ti o n a l a na lysis techniqu es . At Erikbrce n, p robcs 0 (' po rc 

wa ter we re taken by Iys ime te rs to measure th e content of 

sa lt, The po re wa ter was filtered (millipore 0 .8 f.1.m ) a nd 

sa mpled in pre-c1cancd pl as ti c bo ttl es . All p o re-wa te r 
samples we re a na lyzed [o r majo r ca tions (AAS ) a nd 
a ni o ns (c h ro m atogra ph y) . lVIincra logica l a na lyses we re 
ca rri ed o ut on a Philips X-ray diffracto r. Od ega rd a nd 

o th e rs ( 1992 ) a nd Etze lmi.ill e r a nd o th e rs ( 1993a ) 

d esc ribe th e m e th ods used to reco rd the th e rm a l regim e 

a nd g lacie r d yn a mi cs o n Erikbree n , 

GLACIER DYNAMICS AND THERMAL REGIME 

Ushe rbree n surged in th e peri od 19 78-85, Be fo re th e 

surge th e glacier had an area or 29 knl ~ and ,·,'as 12 knl 

lo ng . T he e le \'a ti on ra nged from 550 to 10 m a.s .l. Th e 
o utwas h pl a in \-,'as a rew hundred me tres fro m th e fj o rd. 
A ve ragc slo pe was o nly 2 .5° , In 1985 th e g lacie r "vas 

surveyed a nd m a pped (H agen 1986, 1987; Fig . 3 ) , It was 

o bse rved from L a ndsa t sa tellite im ages th a t th e g lac ier 

fro nt sta rted to ach 'a nce in 1978 , Sa tellite im ages fro m 
1980 sho\\' th a t th e front had ach 'a nced a bo ut I km , 
g iving a n a nnu a l mo ti o n 0 [' mo re tha n 300 m . In th e mos t 
acti vc s tage th e ve loc ity was pro ba bly consid e ra bl y m o re 

th a n I m d I , Th e g lac ier front mO\'ed mo re slowly in the 

following yea rs, a nd during th e summe r o f 1985 the surge 

w as in its fin a l stage. Th e fro nt was th en res tin g o n a 
complex o[ a rc hin g m o ra ine ridges fo rm ed durin g ea rlie r 
surge ad \'<1l1 ces . Th e g lacie r fro nt was furth e r o ut in 1985 
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Fig , 3, Schema /ic map oj the moraine area oj Usherbreell 
and slake jJosilions, The ridge s}s/em call be divided ill to 
distinel zones (shaded areas) , A alld B dellole Ihe loca l ion 
of Ihe sedimenl seclions ill Figure 5, 

th a n in a n y former surge, a nd it had mo\'ed oyer pa rt of 

th e o ld mor a ine rid ges a nd o n to fres h g round, Th e 

glac ie r had a d\ 'anced a to ta l of 1,6 km a nd co\'e red a n 
a rea of 4,5 km ~ , Th e tota l ice mass transfe rred to th e 
lo\\'er part during th e a cti\'e surge ph ase was es tima ted to 
be 0 ,81 5 km 3

, a bo ut 20 % o f th e to ta l glac ier \'olu me, 

Erikbreen was 9 km 2 in a rea in 1990 , Th e g lacier is 

heav il y c re\'assed in th e a b la ti on area , Th e a ltitudin a l 

distr ibutio n of th e g lacier shows th a t a la rge pa rt of the 
acc umul a tion a rea is dra ined thro ug h a rela tive ly na rm\\' 
cha nnel to th e a bl a tion a rea , Pa rt 0(' th e g lac ie r fi-ont 
ca lves into a la ke damm ed b y ice-co red morain es , 

Acco rdin g to radi o-ec ho sounding (0degard a nd oth ers, 

1992) th e maximum measured thi ckn ess on Erik b reen is 

nea rl y 300 m , d ec reasing to 50 m close to th e pi edmont
lik e fr o nt. Th e ave rage thi ckn ess is a bo ut 140 m , 
Th e rmi stor m easurem ents a nd ra d io -ec ho so undin g 
show th a t Erikbree n is poly th erm a l, with a co ld upper 

laye r in th e a bla tio n a rea and in pa rts of th e acc umul a

ti on a rea , The co ld laye r represents 25- 35% of th e g lac ier 

thi ckn ess a long the central Oowli ne (Odega rd a nd o th ers, 
1992 ) , The ice benea th th e co ld surface laye r is a t th e 
press ure-melting point (F ig , 4,) , The mea n a nnu a l surface 
ve locity ra nged from 2 to 45 m a I, A clea r difference 

be tween summ er a nd winter \'e lociti es was obse rv ed, 

Field observa ti o ns a nd th eo re tica l calcu la tions i ndica te 

hi g h b asa l sli din g ve loc iti es in th e a b la ti o n a rea 
(Etze lmOll er a nd o th ers, 1993a; Fig , 4) , I cc Oow equa l 
to a ba lan ce ve loc it y appea rs to be maint a ined in a vea l' 
with positi ve mass ba la nce, so th e g lac ier is proba bly no t 

bu il din g up to a surge , This is a lso indi ca ted b y 

compa riso n of di gita l glac ier surface ma ps based on a ir 
ph o tos fro m 1938, 1970 a nd 1990 (Etzelmi.ill er a nd 
o th ers, 1993b; Etze lm Oil er 1995 ) , 

EI;,elmliller and others: Glacier debris a({ufllulalion 
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Fig , -1- , (a) Thermal regime of Erikbree/l. fIIa/) based 011 

/ou'-j requellq radio-er/to soulldillg ( Odegord alld olhers, 
1992). ( b) Longitudinal veLociO' profile 011 Erikbreen , 
sholt'ing high veLocilies i ll lite abLalioll area of Ih e l!,Lacier , 

RESULTS 

Ush e rbreen Itloraine d y n a Itli c s and Itlorphology 

Th e \-e loc ity or Us herbreen was meas ured in 1985 a long 
t \\'0 profi les (Fig , 3 ) , Th e measuremen ts sho\\'ed th a t th e 

\'e locit y was sti ll hi g her th a n if th e g lacier had bee n in th e 

qu iescent stage be tw ee n two surges , Th e \'e loc it ) 
inc reased rrom a bout 15 ,0 cm d 1 nea r th e m a rgin (S2 
a nd S8 ) to a bo ut 30 ,0 cm d 1 I,S km up on th e to ng ue 
(S5) (T a bl e I: Fig , 3 ) , 

The \ 'e loc ity obsen 'a ti ons confirm ed that th e ice in th e 

o ld te rmin a l rid ges was reac tiva ted, During th e first year 

o f' rh e surge th c glac ier scems to ha \ 'e m o\'ed O\ 'c r th e 

m ore th a n 1 km long. na t a rea prox im a l to rh e o lel 
mora in e rid ges witho ut pushin g up a n\' ma te ri a l. Th e 
g lacie r ad\ 'a nce \\'as th en hind cred by th e rid ges , Th e 
whole rid ge sys tcm \~ ' as th en reac ti\ 'a tcd a nd pushed 

f'o r\l-arcl, Th e g lacier mO\'eel two to three tim cs as fas t as 

th e rid ges nea rest th e g lac ie r front (see sta kes SI aga inst 

S2, a nd S7 aga inst S8 in T a ble I a nd Fig ure 3) , a nd th e 
g lacier fro llt th erefore g radu all y ach' a nced o\'e r th e o ld 
r id ges , The mOli on o r th e rid ges d ec reased ou (I,\'a rd s fi-o m 
th e glac ie r fron t. H owever, a t S6. 230 m [rom th e g la cic r 

front, th e \'e loc ity was still 5 cm d I, a nd m o ti on \I'as 

obsen 'ed a t th e surface of th e sandur in front o[ rh e rid gc 
sys tem m o re th a n 300 m fi-o m th e g lac ier. Sm all shea r 
pla nes werc fo rm ed th ere in th e dry , re \\' centimetres 
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thi ck, surface cla l- laye r. Parrs of the ridge sys tem \\-CTe 
pushed 200 m fon\-a rd during the surge (Fig. 3). 

Only th e old ridges nea rest th e g lac ier conta in ed ice 

cores that were reac til'ated . Th e more distant rid ges 

conta ined no pure ice but onl y fo ld ed sandur m a te ri a l 
(Fig. 5) . Th e laye rs in the rid ges had diffe rent thi ckn ess 
and consisted main ly o f so rted materi a l of different 
gra in-size, in t\\-O m a in g roups: ( I ) typical sa ndur 
conditio ns with pebbl es, sa nd a nd silt , a nd (2 ) m a rin e 

silt a nd c lay laye rs (F ig. 5). Th e compress il 'C (l ow results 
in d eformati o n both in the o ld ridges a nd in former ly 
undi sturbed fro zen sediment layers o n the sandur in 
front of th e rid ge sys tem. Folding, thrust fau ltin g a nd 
ol'(:' ITiding a ll occur du e to diffe renti a l " e loe ity o f' the 
ridges . The rid ges usua ll y had a n asy mm etric form \rith 

th e steepest parr downstream , often res ulting in a small 

talus cone. The lal'ers became g raduall y steeper towa rd s 
th e g lac ier , a nd close to the g lacier dipped about 50°. 

D eform ed ice la yers were o bse n 'ed III th e newly fold ed 
ridges (fi g. 5b) . 

Erikbreen m.oraine m.orphology and 
stratigraphy 

The moraine sys tem at Erikbreen ca n be divid ed into 
three types (Fig . 6a ): 

( I ) An ou term ost push-moraine sys tem including three 

major morain e lobes. 

(2 ) An arc of ice-co red mora ines . 

(3) An inn erm ost now-till area adjacent to th e glacier 
lake. 

The frontal ice-co red moralll es end in an ice clifT' 

towards the mud-fl ow area. Shear planes a nd material 
bands a rc frcquenLl y obsen'ed in the ice clin; showing that 

Glacier 
front 

Pre-1985 push-moraine ridges 
moved by the 1985 surge 

Ridges recently formed 
by the 1985 surge E 
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Fig. 5. Secliol/ logged ill lite /Jllslt-morail/e area oJ L'sherbrem . Tlt e slruclure qJ lhe ridge s),slem could be obsen'ed ill a CI"OSS

sectioll earl'ed through Ihe ridge .~ l 'slem ~l ' a waler challl1eL ( profiLe A ) . The sedimelll la)'ers are hig!t(l' di/J/Jul and deformed: 
folded ice l{~)lers are f requenl£l' observed. Prqfile B shows a receIIl[I' develo/Jed push moraine, u'hich is forllled mosl[l' ill 
.frictio l/al sands alld gravels. / 11 [oll l/eclion 10 shear /Jlalles, ice Imses wl'1e olien fo ulld. The /JhOIO 0/ lite ridge ill /Jro/ile B 
sholt's deformed ice Io.yers. 
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Table 1. ReslIl/s of velociO' measlIremen/s a/ Usherbrefll ill 

1.985. Stake positions S1, S6 alld S7 were sitllated in the 
moraille area (rl Fig. 3) . Straln-rale values are ({l'erage 
NtfllfS Jrom readings III t/ze IJlfrtSlll"emen/ jJerlods. For /he 
/lush-morallle area. all average shoT/ellillg l!l 3.5111 a I 

( 1.0 CI7I d I) beil('eell S6 and S7 was estimated ill /he /)os/ -

511 rge /Inlod 

Profite I SI S2 S3 S-I S5 

Distance to fi'o n t (Ill ) 30 70 370 820 1470 
Velocit y (Clll cl I): 

15.08- 16.08 9.2 20.2 26.+ 3 1.0 43.6 
16.08 23.08 7.6 14'.-1 19 .5 2 1.9 3 1.3 
23 .08 27 .08 S.2 1 1. 2 14.3 16.3 26.0 

Profile 2 S6 S7 S8 

Disla nce l O fro nt (m) 230 60 - 60 
\ 'c loe- it\· (cm cl I ) : 

17.01H9.08 5.2 6.3 17.8 
19.08- 27 .08 4.9 6.0 17.9 

.5'2/S3 S6/S7 .5'7/.5'8 SJ IS2 

St ra in ra te (il I ) 0.05 0.02 - 0.3 - 0.4· 

it is of glacia l o ri g in . Th e' mora in e ma te ri a l a bO\T rh c ice' 
co res is loca ll y b u ilt of sa nd-ri ch g lac ioOu\'ia l a nd 
glac io limnic sedim ents . Th cy a re o ft en di sturbed a nd 
tiltcd , indi ca ting ice ad \'a nces a nd react i\ 'a ti on of th c ice 

corcs (Fig . 6b ). Push mora in es a re concentra ted in three 

lo bcs . Co m mon to a ll th ree a re in tem a l sedim cn t 
stru ctures showing ro li a ti on a nd signs or stress fa ilure. 
The surG cia l ma teri a l in this a rea is d omin a ted b y ma rin e 
d eposits such as shell-bea ring loa m v sil ts, g ra \'e ll y beae' h 
sedim cnts a nd consolid ated till laye rs (Fig . 6 b ) . 

G eo tec hnical wo rk showed th a t th e sa lt co ntent in 

the pore wa ter d epresses th e freez ing p oint, leading to 
increased Iiq uid water at su b-ze ro tem pera tures (cL 
T sytovich , 19 75 ) . The po re-wa ter chemistr \' o f the push
m orainc m a teri a l was thcrefo re a na lyzed. Po re-\\'a tcr 
chemistr y or sa mples ta ken in th e m a rin e scdiments 

differed from th a t of th e lod ge m ent till , eyen when th e 

m easurem ents we re ta ken a t adj acent sites . W hi le th e 
clay-rich m a rin e scq uences had a la rge a mo unt o r salt in 
th e po rcs (m ea nI 5g l l ) , th c p o re wa ter in th e 
lod ge m en t till co ntain ed a no rm.a l soil wa ter so lute of 
less tha n 1 9 l I . 

DISCUSSION 

Glacier debris input, transport and accuInulation 
- the forInation of ice-cored Inoraines 

Th e d ebris cO\'e r of th e ice-cOl'edm ora in es has two m ain 
on g lll s: ( I ) supraglacia l sedim enta ti o n o n clea n g lacicr 
ice, as o bscn 'ed on Erikbre'c n , a nd (2 ) m elt-o ut of 

EI::.ellllliller alld o//zers: (;I([cler debris ([{{/llI/llialloll 

a Section 1 b 

C Section 2 
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La~er structure/ 
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Fig . 6. (a) T he morallle area of Hrlkbreell. T he sulid 
cirrles denote ~J'slme/er sam/Jle sill's , while the solid 
ree/angles lomllse sec/iol1s reJi'n ed to in the text. ( b) 
ExamjJle qf a icc-(orl'd moraille dl'bris (01'1'1 . Cllit I s!tOlt'S 

foliated slmlified sedlmenls. val~J ' /IIg bel1l'ff1l [('e/I-rol/lu/ed 
glacioflll1'ia/ /Jebbles and sal/d.1' si/Is. ['1111 /l cOllsls/5 oJ 
dl/J/Jed slrallji'ed sallds of glacloj711l'ial origill. CI1I/ [[[ 
shows lIorl,::,olllal slra/iji'ed lr~)'ers III sorled sal1{{1' sills. 
Cllil I r' is a flow lLOri::,oll rich ill jJebbles, it'hich ((tll be 
recognised all over the moraille area as all IIjJjJer fr~1'fr . (c) 
F;xam/J/e }i'DIll a jJ/lsh-morallle sectioll . T he seclloll s/zo ws 
well-sol"/I't/ glacIoj7/11'Ia/ and glacIo-lIIarille sedlmen/s. 
whirh are folded and l/iruo/ed. [ee jJ1I5/1 }i'om ll'eol 10 easl. 

eng lac ia l d ebri s. Th e la ttc r is connec te d to ex traglac ia l 
m a teri a l input in th e acc umul a ti o n a rea a nd subg lac ia l 
input. Subg lac ia l m a tcri a l input is gO\c rIl cd 1l1 <l inh' by 
two d iffe ren t processes , regclat io n a nd basa l a d freez i ng 
of till (cr Bo ul to n 19 70, 1972 ) . Th e Grst p rocess ta kes 
place und er tempera te ice with basal sliding co nditi o ns. 

On Erikbreen , hig h basa l sliding \'a lu es a re sugges ted , 
a nd o n Usherbrec n th e surge ac\\-a nce is m a inh' du e to 
basa l sliding. Thus, rege la ti o n processcs a re poss ibl e. 
H mye\"e r, rege la tio n is conn ec ted to fi ne-g ra in ed d eb ris 
(c r. \\' eer tm a n, 196 1) , a nd ca n no t ex pl a i n th e m a te ri a l 

ba nds a nd e\"e n comple tc sedi m en t la yc rs o bsen 'Cd o n 

ex p osed g lac ie r ice . Th e second proccss is c lose ly 
con nec ted to th e tempera ture regim e o r th e glac iers 
(cC. Bo ulto n , 1972 ) . Po lyth c rm a l surging glac ie rs III 
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Fig . 7. (a) Sdzematic depiction oJ the Jormatioll oJ ice-cored moraines under the conriition oJ a rajJiri arillance/s lIrge oj the 
glacier over bedrock or frictional undifonnable sediments . 1, Base oJ jJennaJrost. 2, Bedrock . 3, Diformed ice during a 
slnge, glacio-Ieclonical jJrocesses. 4, Tem/male ice allhe /Jressure-melting /Joinl. 5, CoLd ice . 6, Shear zone mu/lor ellglacial 
material bands . 7, T ransition ::.one between l1el melting and net freezing condiliolls according 10 Boullon ( 1972) . I II Ihis 
zone. oll-Jree::.illg oJ subglacial sediments may take pLace. T ra 11 s/J 0 rt of material towards the sllljace. 8, Debris-covered 
glacierJront, material cover preserving 1I1/derljlillg glacier ire. ( b) T he same as (a), but now the glacier advances over a 
Jrozen, ji·l/e-grained sedimentlajler. This causes diformatioll oJ the sediments. 9, Frozen marille/Liml/ic sediment Layer. 10, 
Diformed sedime// Ila)le!s, /Jllsh-moraines, willl Ihrllsls, pLaslic diformalioll/JoLiation of sedimen/s. I II both cases Lakes may 
be develo/Jed belweell Ihe ice-cored moraine ridge and the glacier fro ll l. causing sedimenlal ion oJ lawstrine sedimenls ill IIIis 
area. The ice-cored morallle ridge shows tlte ma,inwm exlenl oJ the gLacier advance. 

Sva lba rd have cold ma rgina l zones in th e quiescent 
phase due to perm a fros t co nditions, a nd thus low mass 

flu x (c f. L efa uconni er a nd H agen , 199 1) . It is onl y 
during surges th a t the g laciers slid e a nd the base is a t 
th e melting point. The cold margina l zones cause th e 
glacier [ra nts to be frozen to th e g round , p reventing 
basal sLid i ng m o ti on . Nla le ri a l tra nsported in th e 

tra nsi ti on between th e cold m argina l bed zo ne a nd 

the tempera te bed zo ne is th en res tr icted [ 0 eng lacia l o r 
supraglacial tra nsport , upwards rela ti ve to th e g lac ier 
s urf~lce , as disc ussed by G oldth wait ( 195 1), VV ee rtm a n 
(196 1) and Boul to n (1972 ) . On bo th Erikbreen a nd 
C sherbreen freezi ng-on of su bg lacia l sedimen ts can 
the refo re be ass um ed . D ye- tracer a nd susp en sion

tra nspo rt studies a nd direct observa tions on Erik breen 
ind ica te the existe nce of a basa l till laye r (Va tne a nd 
oth e rs, 1995 ). 

Th e a bundance of ice-co red 11l0 raill.es shows a typical 
acc umula tion pat te rn of glac ia l ma teri a l. No rm a ll y, one 
or two we ll-d eveloped a rcs of mora ines a re observed , 

followed by a dead-i ce terra in with melt-out tills and fl ow 
till s. T he rim of ice-cored moraines then d eno tes th e 
max imum glacier ach ·ance. T hus, th e genesis of th ese 
mora in es is connec ted to ve ry ac ti\ ·e ph ases, with ra pid 
adva nces and high ma teri a l tra nspo rt. After a n ac ti ve 
ph ase th e g lacier remains in the same pos ition lo r a long 

period , melting d ow n. H ence, eng lac ia l ma teri a l is 
tr a nsported a nd acc umul a ted a t th e surface until 
perm afrost conditions p revent furth er melting (Fig. 7). 
Th is proposed forma ti o n of th e ice-cored morai nes 
requires ra pid glac ier ad\·ances with long-las ting retreat 
phases under permafros t conditions. 
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DeforlTIation of proglacial sedilTIents - the 
forlTIation of push lTIoraines 

T o im·es tiga te whether it is poss ibl e for a glacier to 
defo rm prog lac ia l sedim ents, criti ca l va lu es we re es tim
a ted fo r th e streng th of the sedimen t a nd the forces 
transmitted from th e g lac ier to the sedim ent. We can 

assume sediment d eforma tion if the transmitted stress 

from a glac ier (a gIl exceeds th e sediment creep streng th o r 
yield stress (a sed ) , a t leas t locall y and tempora ril y. 

For es tima ting th e a ppl ied stress fi"o m a glacier two 
scena ri os a re consid ered . In th e first, the glacier is ass umed 
to have ad vanced O\·er a layer of frozen sediments res ting 
on top of unfroze n deform a ble sedim ents with insignificant 

bonding between th e frozen and unfi'ozen sedim ents (Fig. 
8a). Th e a pplied stress from the glacier (a gIJ is here a 
[uncti on of th e subglac ial shear stress (Tb ) on the sedim ents 
a nd the rela tion between the leng th (s) of glac ier ad va nce 
ove r the deform a bl e sediments and the sedim ent thickn ess 
(h). Th e to ta l transmitted horizontal stress (agl ) on the 

sedi me nts ca n th en be es tim a ted a ft er agl = TbS/ h 
(Schindler and oth ers, 1978) . The second scena ri o is the 
ra pid ad vance of the glacier a nd push towa rds an older ice
co reel moraine ridge as obse rved a t Usherbreen (Fig. 8b). 
In this case one has to consid er the deform a ti on of ice when 
the ice hits the moraine ridges. Th e deforma ti on depends 

on glacier velocity, a bla ti on and ice tempera ture. Beca use 
of the deform a bili ty of the ice, lower stress valu es a re 
expec ted to be transmitted to the sediment compared to 
the first scenario. Based on Gl en 's ( 1955) now law th e stress 
to the sediments (OgJ) was es tima ted by using the situa tion 
for uniaxia l compression, confined in one directi on (cf. 
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Fig . 8, ( a) Lejilwlld diagram slloll's a se/lemalie draJi lcitieit lcas lisI'd la eslimale m/lles of Ihe glacier-illdueed slress la lite 
sllhglacial sed/menls ( O'gl ) whell the glacier has adNII/red OI'N deformable sedimenl.> (Schilldler alld ollters. 1978) , Here .5 

is lite dislalla oJ tile glacier advance Ol'er lite sedimmls, h is sed/mel/I Iltidlle.\s (/lid T is basal sllear slress , Rigltlhand 
diagralll shows Ihe re/alioll belll'em 8/ 17, s/zear slress ( T ) alld lrallslllilled hori:;,ollla/ slress ( O'gl ) 1111 Ih e g/acier , ( b) 
Leji/wlld diagram .Ih ows a draft 0./ Ih e silllalioll 1"helP l/ie adNlIlcillg g/acierji"olll /)II .rhe:> againsl a jJre-nislillg ire-cored 
mumille ( v is glacier ve/ociO', E is slraill ) , R ig/II/wlld diagmlll shalt's I/I e .\lress 10 Ihe ,Iedimmls ( 0')),1) eslillla/ed ~J ' II sillg 

Ihe silllalioll Jar ulI/al/a! compresslOlI Jar cold alld lellljJerale ice (see 11' 11 ) , 

Paterso ll, 1994) : O')!,I = 2(E,, / A)1 /u w here A and TI are 110\\'
la\\' co nstants a nd E., is th e strain rate in 11 0\\' direction per 

yea r. A d epends on the ice tempera ture, a nd O'gl increases 

with d ec reasing A \ 'a lues (Fig 8b, right diagram ), 

The creep streng th of sedim ent in a permafrost 

el1\'ironm ent is, in contrast to that o[ un[rozen sedim ent , 
strong ly dependent o n liquid-water co nt ent, ice co nt ent 
a nd the duration or app li ed stress (c l'. T sy to\'ich , 1975; 
Willi a ms a nd Smith, 1989). Liquid-\\'ater content a nd 

ice-co ntent are in turn dependent o n sed im en t type a nd 

sub-zero tempera tures , Fin e-g ra ined sedim ent contains 

mo re liquid water than coarse-grained sedim ent a t th e 
same temperature , In a reas with marine sedim ents, th e 
rree water content is in additi o n d e pe nci ent o n salt 
content o[ th e pore water, whi ch depresses the freezing 

po int cons id erabl y (cl', T sy tO\'ich, 1975; O gata a nd 

o th ers, 1982 ) , H ence, th e l\lohr~Coloumb failure criter

io n takes the [ollO\\'ing form: 

TI ,,,.T = Ct .. "T + 0" tan e (1) 

where shea r strengt h T a nd co hes ion c a re functi ons o f' 

tem pera ture T, pore-water sa linit y s and time t, tanB is 

th e angle of intern al friction , a nd 0" is th e efTect i\ 'e norm a l 
stress , This eq uation sta tes th at co hes ion is th e dom in a nt 
f ~l ctor con trolling shear strength a t 5\.1 b-zero (em pera

tures, This being due to th e [~t ct that th e ice-water 

equilibrium in the so il po res reac ts at \ 'arying tempera 

tures a nd app li ed st ress , lead s to ice 0 0 \\ ' I\'ithin th e so il 
a nd d efo rm a ti on 0(' so lid-i ce inte rfaces (\\ ' illi a m s a nd 
Smith , 1989 1, 

Coarse. f'ri ct io nal sedim ents ha\ 'e no co hesion in 
unfl'ozcn state, The strength characte risti cs a rc duc to 

thc normal pressure which gO\ 'e rn s th e fi'ict iona l lorces 

be t\\ 'Ce n sing le sed im ent gra ins, "'hen frozen. ice bonds 

between gra ins result in a co nsid era bl e co hesion compo

nent. a nd sed im ent streng th increases, U nsaturated 
li 'oze n sands o r g ra\ 'e ls can ha\ 'e streng th characteristi cs 
com para ble to sa nci sto nes , a nd deformation \\'ill occ ur in 
the ice rath e r than in th e sedim ent. Irthere is a hi gh pore

water content, al l pores in the sed iment can be fill ed with 

ice when frozen, a nd th e contac t be t\\'Cen pebbles ca n bc 

partly replaced by ice bonds (T s\'tO\ 'ich , 1975; J ohnston , 
198 1) , Fri c t io n is th en red uced a nd th e creep cha racrer
isti cs of ice determine th e sed iment streng th, As ice has a 

\ 'en' low long-te rm shea r stren gth, layCl's of' supe r

satu ratecl g ra\'e ll y sediments a re plasticalh- d efo rmab le 

under sub-ze ro tempera tures, Pl asti c deformation of 

g ra\'el h ' seciim ents th erefo re requires at least seasona l 
sub-zero tem perat ures, K~i1in ( 197 1) trea ted the gra\T lly 
push mo ra in es in rron l o r Th ompso n G lac ie r , Arctic 
Canada , as a sliding mass, and ca lcul a ted m ax imum 

\'a lues for co hes io n a nd a ng le of' interna l friction as 

c = 0,13 ?>.fPa a nd () = .'l e. Th ese \'a lu es a re obta ined 

\\'h en m os t o r th e int e rn a l friction \)c t\\'('cn th e solid s ca n 
be neglected du e to loca lh hi g h ice con tcnt. 

Fin e-g ra in ed, co hesi\'(' sedim ents h a\'e 10\\'(:'[' ang les or 

internal friction and co nsid e rabl e co hesion, In unrrozen 

sta te , shear strength is low a nd d e pends o n th e pore

\\'a te r press ure (Equation ( l )) . and sed imen ts can be 
deformed O\'er a sm a ll e r ra nge, \\ ' hen frozen, ice bonds 
in crease the co hesio n. a nd seci im ent strength in creases, 
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Th e sedim ent th en ac ts mo re like a compac t mass, 
a ll owing t ra nsfe r o f stresses o\-e r lo ng dista nces. H ow
C\'e r, in fin e-g ra ined sedim ents wa tc r rem a ins unfroze n 
at sub-ze ro tempera tures , w'hi ch weakens the sedimenl. 

T sy tO\' ich ( 1975 ) distin g ui shcs between weak perma 

fr os t , w hi c h is pl as ti ca ll y d e fo rm a bl e, a nd ha rd 
permafros t, w here th e clim a te a nd lith ology crea te 
no n-d eform ab le scdim en t condi tio ns. 

On Erik breen a nd Us herbree n, both cohesi\'e a nd 
fri ct iona l sediments we re deformed (Figs 5 a nd 6). The 

marine sediments in th e Erikbreen g lacier forefi eld can be 
consid ered as cl ayey loa ms conta ining g ra \-cls. Such 
sed im ents no rma ll y sho\,' strength va lues \" e ll below 
1.0 l\1Pa (cr. T sy tovich , 1975 ). Wh en considerin g th e 
tem pera tu re a nd sa line co nd iti ons as measured in scve ra l 

pl aces a t Erikbreen, va lues below 0.2 MPa a re realisti c. 

\1arin e sediment thickn esses va ry loca ll y, a nd a re o n th e 
ord er of 10 m. A t its maximum exten t, Erikbreen had 
ach-a nced a t leas t 200-300 m ove r soft sedim ellls. Basa l 
shea r stress \'a lues were th en calc ul a ted to be a bou t 
50 kPa in the fronta l area. For th e first scena ri o (Fig. 8a ), 
\'a lues of agl on the ord er of 1- 1.5 \1Pa we re es tima ted, 

\\'hi ch will deform mos t fin e-gra in ed sedim ents \,·ith a 
considerab le unfrozen wate r conten t. Lower basal shea r 
stresses will p rodu ce high eno ug h stresses o nl y in thinn er 
sed ime nt layers (Fi g . 8a ) . 

" ' here th e g lacier pushes aga inst a lread y ex isting ice

co red mora ines (Fig . 8 b), \'a lu es of a gl < 0.3 MPa a re 

reali sti c, ass uming a stra in ra te of E < 0.3 a I and co ld ice . 
This stra in ra te is simil a r to th e measured stra in rate a t 
Us herbreen (T a ble 1; H agen , 1987 ) . T he outermos t push
mora ine ridges a t Erikb ree n wo uld p robably d eform 
during a pp li ed stresses of this order, ass uming wea k 

cohes i\'e sedim en ts or m a teri a l supersa tura ted with clean 

ice. Perma fros t conditio ns a re, however, required . 
On Usherbreen, th e o bserved push-m ora ine fo rma ti on 

sta rted wh en the g lac ier hit th e old er ice-co red mo ra ines. 
Th e direc t meas urements made it poss ible to es tima te the 

st resses from the glacier , using th e second scena ri o (Fig. 

8b) . Wi th a measured max imum stra in ra te in the 

tra nsiti on a rea between glac ier front a nd mora ine of 
0.5 a I in the pos t-surge period (T a ble 1) a nd a co ld 
glac ier fro nt, stress \'a lues of a gl ~ 0.4 :--[Pa a rc es tim a ted . 
D efo rma ti on is ma inl y seen in fi 'ictiona l Ou via l sedi me nrs 
in th e Us herbrcen glac ier fore fi eld. This indica tes loca l 

supersa tura tion of pa rts of lh e sedim ent with ice, or a 
clean-i ce laye r wh ere sliding occ urs under perm a fi'os t 
cond i ti ons. 

T hese considerati ons raise the q ues ti on wheth er th e 
first su rge ad va nce of th e glac ier may have developed th e 

la rges t forms, with onl y minor cha nges ta king pl ace sin ce 

the de\'elopm ent of th e ice-co red mo ra ines because of 

lower stress \'a lu es tra nsmitted to the p roglacia l sedi
ments. Tt is deba ta b le whi ch of these two processes is 
res po nsibl e fo r sedim ent de fo rm a ti o n. K a lill. ( 197 1) 
re\'ea led stra in ra tes on th e g lac ier fro nt close to -
0 .03 a I whi ch is t he sam e ord er o f m agnitud e as 

measured on U sherbreen (Tabl e I) . Ave rage com pres
sive strain was - 0. 02 a I within th e push mora ine a t 
Th o m pso n Gl ac ier, co nsid e rab ly hi g her th a n was 
measured al Us herbreen d uring th e fin a l stage of the 
surge . Ho wever , the difference betwee n glac ier \'e loc ity 

a nd rid ge yelocity was more enh a nced on Us herbreen 
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tha n on Th ompson G lac ier. ft is sugges ted th a t th e 
magnitude o f glacier- fro n t ddo rm a ti on du e to a n ad\'a nce 
p lays a min or role bu t may tri gge r th e deformatio n 
process . 

Distributional pattern of push IIloraines on 
Svalbard 

The d istributio n of push mo ra ln es o n S\'a lbard shows a 
clea r pa ttern (Fig. 9 ). T he fo rms a re ( I ) a ll fo un d be lo,,' 
lh e H olocene m a rine li m it a nd (2) mos t frequ entl y found 
in a reas of sedim en ta ry bed rock. Th e unfrozen Wa le I' 
content in th e sed iment s gO\'erns th eir defo rm a bililY 
und er pe rm a li'os t conditi ons. whi ch in turn is dependent 
on pore-wa ter salinit y. T his ex pla ins loca li sa ti on acco rd
ing to po int (I ). In fri c ti o na l sedim ents, ice-rich ho ri zo ns 

" 'o rk as sliding pl a nes a nd defo rma ti o n zones . C roo t 
( 1988b) cla imed th a t ice is no t necessa ry to ex pl a in push
morai ne forms in Ice la nd a nd th a t high pore-wa ter 
p ress ure ,,·ill ca use deco ll at io n o f sedim ents a nd then 
th rusting . H e suggested tha t th e a\'a il a bility ofm eltw<1 ter 
whi ch reduces sedim ent strength a nd of nea r-surface 
gro un d -wa te r is cruc ia l fo r th e forma tion of p ush 
m o ra in es . On Snl lb a rd, th e pe rm afros t con diti on 
pre\'e nts th e wa ter dra ining into th e gro un d. Th e 
ac ti \'e -I ayer thi ckn ess is norma ll y less th a n Im, a nd th e 
o bse n 'ed d efo rm a ti o n stru c tures a t Erikbree n a nd 

Us herbreen clea rl y pro paga te into perma fi'ost. In addi

tion th e act iYe laye r re m a ins me lted for onl y 2- 3 mo nths 
duri ng th e summer. 

D epe nd ence of the fo rm a ti o n o f m Ol'a in es o n th e 
bed rock geo logy is sugges ted to be due to pe ri g lac ia l 
ri 'os t weatherin g a nd g lacie r eros io n . Fros t wea th erin g 

a nd g lac ier erosio n produ ce fin e-g ra ined d ebris in a reas 

d om ina ted by cl as ti c bedroc k a nd hig h m a teria l inpu t 
lO the m a rin e e nviro nm en t. This fa yo urs in creased 
acc umul a ti o n oC fin e-g ra in ed sedim e llls in th e ShOIT 
area. 

Seve ra l a uthors ha \'e cl a im ed th a t the form a tion of 

p us h mora ines in S\'a lba rd is connec ted to th e surge 

beha\'iour of th e g lac iers (cr. C root, 1988a; Lefa uconni er 
a nd H agen, 199 1). Acco rdin g to th e a bO\·c considera 
ti o ns, thi s means th a t rap id g lac ier ach 'a nce on' r 
sedi me ll. ts oye r a la rge a rea is need ed to p rodu ce 
sed i men t d efo rma tion. H O\" eve r, push mo ra i nes in other 

a reas a rc built with o ut surging glac iers. For example, 
Th ompson Glacier in Arctic Ca nada built up push 
m o ra in es during a n a d va nce spa nning 10 yea rs a t 
a \-erage yelociti es oC less th a n 20 m a I (K a lin , 197 1). 
R a pid , non-surge ad va nces should ha \'e a compara ble 

effect on the ma rgina l a rea of Sva lba rd g laciers . This 

wo uld ex pl a in the push mora in es a t Erikb ree l1 , " 'hi ch 

does no t seem to be a su rge-type g lac ier. 

CONCLUSIONS 

The form a ti o n a nd prese rva tion of ice-co red moraines o n 

Svalba rd is related to cold g lacier- fro nt m a rgins directly 
connec ted to perma fros t conditions. D ebris acc umul at io n 
is d ue to sup raglac ia l sedim enta ti o n or melt-ou t of 
c ng lac ia l d ebri s. I ce -co red mo ra in e d eve lopm ent IS 
fa\ 'o ured by ra pid acl\-a nees a nd lo ng retrea t ph ases. 
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Nordaustlandet 

50 km 

Fig. 9. Distributioll d jJlISIt moraines Oil tlte Sl'{tlbard 
archijJelago, based on air-jJhoto interjJretation (scale 
1: 50000 alld 1:15 000 ) . On!.y /JZl sh moraine.l· ill t/ie 
sel/se desaibed ill Ihe 1nl are registered. Push-muraine 
.forms call easiLy be recogllised and dislingllished ji-OIl7 ice
cored morailles b)' their reglllar ridge j)(lttem. ,\fost 

morailles are cOllll ected /0 morjJltological0' sojia rock £vpes 
(clastic sedimmts, shales, ete.) . ..JlI registered jJl/sh 
moraines ({re situaled below Ihe H olocene marille limil . 
III areas l(,ilh thick slIIyicialmaterial COI'er, push moraille.l· 
are more .frequflll (e .g . 011 Edgeo)'tl) . Tile shaded arm 
dis/JIc~l's lite areas ru metamorjJltic jJl'e-Del'olliall bedrock all 
SjJitsbflgen . 

Th e main (~I ctor controlling th e form a ti on o f push 
morain es is th e so il mechanics 0[' th e sediments \\'hi ch a re 

strong ly influ e n ced by perma fro s t co nditi ons. Th e 

unfroze n wate r content of the sedim ents gm'e rns deform 

a bility , which in turn d epen ds on pore-water sa linit y. At 
Us he rbree n. th e co mpress iye now uncl e I' a g lac ie r 
ack ance res u lts in reac ti\ 'a ti on o r o ld ridges a nd in 
fo rm erl y undi sturbed fi'ozen sedim ent layers o n th e 
sa ndur in fi'ont or th e ridge system. Thus, foldin g , thrust 

fa ulting and o\e rridin g a ll occ ur. The surge beha\' iour of 

the g laciers accelerates the dn'elopment , but ma y no t be 
th e on ly ca use . It is sugges ted thal th e push mora ines a t 
Us herbrecn and Erikbreen arc not stri e th' glac ier Corm s 
but perig lacia l form s. Push moraines on Sn tlba rd a rc 

d eformed a nd di sturbed sediments in permafrost where 

th e stress applied is or g lac ia l o ri g in . 
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