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ABSTRACT. R esults Crom a recent time-dependent ice-shee t mod elling stud y of" 
the la te \\' eichselia n Svalbard- Ba rents Sea ice shee t sugges t that , und er em ·ironmel1lal 
conditi ons representa tive of those during the late \\'eichse li a n , ice deri\"ed so lely from 
Svalba rd may ha\"C occupied onl y the rel a ti\'e ly sha ll ow « 300m water depth ) 
northwes tern Ba rents Sea , with oth er deeper regions remaining free o f" g ro und ed ice 
(Siege rt and Dowdeswell , 1995a) . Howe\"C r, la te \\' eichselian geo logica l inro rm a tion 
Crom th e 400 m deep Bjornoyrenna (southern Barents Sea) indi ca tes tha t g round ed ice 
was presen t in an area modelled by Si ege rl a nd D owdeswell (1995a ) as Cree of ice (e.g. 
La berg a nd V orren , in press a ). Isos ta ti e uplift of the central Ba rents Sea m a y have 
reduced the rel a ti ve sea level and hence provided a mecha ni sm by which ground ed ice 
could ha ve migra ted from rela ti\'e ly 5ha Il0\\' regio ns of the Ba rents Sea into , pn:' \'ious 
to uplift , d eeper wa ter. \\'e ha \"e used a ll isos ta tic Ea rth model to determine th e 
geometry or an isosta ti e forebulge within the lat e \·Veichse li a n Ba rents Sea, ca used by 
ice loads over S\'alba rd , Franz JosefLand , Novaya Zeml ya a nd Fennoscandi a . Th ese 
d a ta were then used as input to a time-d ependent glac io log ical model , in ord er to 
predi c t furth er informa tion abo ut the m agnitud e of bedrock uplirt required to allow 
ground ed ice to Dow from S\'a lba rd into th e centra l a nd south ern Ba rents Sea . Our 
experiments sugges t tha t g rounded ice, orig in a ting from S\'alba rd , is a ble to form over 
Scntra lbanken, providing tha t at leas t 60 m of" uplirt is ac hie\'ed in th e celllra l Ba rents 
Sea. Ground ed ice wi thin Bjornoyrenn a was onl y predi c ted wh en the a m plitud e of" th e 
local fo rebulge exceeded 250 m. 

INTRODUCTION (H ebbeln a nd oth ers, 1994) . R ece n t glac io logica l model­
ling studi es ha\"e indica ted th a t a gro und ed ice shee L, 
cO\'erin g Lh e entire Barents Shelf with a n ice thi ckn css o r 
up to 2.5 km , \I'ith iceberg cah 'ing o n th e wes tern Ba rents 

Shelf; \I'o uld haw required a peri od of g rowth in excess of 
15 000 yea rs (Si ege rl and Dowd eswell , in press ). ~I o re ­

o\"er, numeri ca l modelling has a lso predi c ted th a t, if" 
iceberg ca h 'ing occ urred within the central reg ions of th e 
Ba rents Sea, th e maximum extenL of" th e ice shee t covered 
only the rela ti\'e ly sha ll ow regions a round S\'a lba rd a nd 

the northwes tern Ba rents Sea (Figs I a nd 2) . In thi s la tt er 
g lac ia l reconstruc ti on , the ice shee t was separa ted from 
ice masses in bo th Fennosca ndi a a nd the K ara Sea a nd no 
g ro und ed ice was fo rmed over th e deeper regions of the 
Ba rents Sea such as Bjornoyrenn a or th e Centra l D eep 

Severa l pre\'io us reconstructi o ns o[ the las t S\"a lba rd 
Ba rents Sea ice shee t have indicated complete g ro und ed 

cove rage orth e Ba rents ShelCby a n ice shee t up to 2.5 km 
thi ck (e.g . D enton a nd Hug hes, 198 1; Grosswa ld , 1988; 
Lindstrom and ~IacAyea l , 1989 ). H owe\"(' r, a number of 
recent geo logica l inves ti gations o n Svalba rd a nd th e 
Ba rents Shelf region, concerning both th e timing o f" ice­

sheet build -up a nd the m ax imum ice-shee t dimensions, 

have indi ca ted that thi s scena rio may be unlikely Cor the 
la te \\'eichselia n g lac ia ti on (e.g. ~Iangerud a nd S\"C nd­
sen, 1992; El ve rhoi a nd others, 1993; Hebbeln a nd o th ers, 
1994). 

I ce-shee t g ro\l·th within the la te \\'c ichse li a n Ba rel1ls 

Sea bega n rela ti\'e ly la te in th e g lacia l, at a pproxim a tely 

25 000 years ago. The S\'a lba rd Barents Sea ice shee t may 
ha\T, th erefore, had less th a n 8000 yea rs to g row to its 
maximum dimensions befo re the onset o f" deg lac ia tion 
(H ebbeln a nd o thers, 1994). During this time, seasona l 
sea-i ce-free conditions ex isted in the eas tern ma rgin of the 

N o nl"eg ia n- G ree nl a nd Sea a nd m a y ha \ "C a ll owed 

relati\ "C ly high ra tes of iceberg caking a t th e \I"('s tern 
g round ed ma rg in of th e S\'a lba rd Ba rents Sea ice sheet 
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(Fig . I). 
Gl acige ni c sediments a nd mo rain e rid ges within 

Bjornoyrenna indica te th a t thi s tro ug h has been glacia ted 
(e.g. S<e tLem a nd oth ers, 1992). Bjornoyrenn a is th e 
deepes t tro ug h \I'ithin th e ",es tern Ba rents Sea a nd has a n 
ex tensi\'C g lac igeni c sedimenta ry fa n a t its mouth (Fig . I ) . 
R adi ocarbo n dating of th e upper regio n of the Bjornoyr­

enna fa n indica tes th a t thi s region ex peri enced hig h ra tes 
of sedim ent d epos ition during th e la te \\'e ichseli a n 
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Fig. 1. The locatioll and present bat!~J'mell} of the Barents Sf({ . E, Edge~)'a: B . Bjorn~)'rfl/lla; S, Slolj)ordrenlla; 1, 
J~[jorden: SB , Selllralballkell: STB. Slorballkell: SPB, SjJilsbergenballkeJl: CD, Cel/lral DeejJ. The bo\ denotes Ihe 
jJosilioll of Ihe he'o-dimensional Ill/merical grid IIsed ill lite IIl1merical ice-slteet model reslIlls illllslraled ill Figure 2. 

glaciat ion (i.e . 124cml000 years I, (Laberg and \'o rren, 

in press a )) , which caused la rge-scale debris Oo\\'s on to 

th e deeper regions of the [an (Laberg a nd Vorren , in 

press b ) . The geomet ry oC Bjornoyrenn a is likely to deri\'e 
from the a bras i\"e ac ti on o f a n icc strcam thro ughout a 
number oL g lacia ti ons, which ca n b e indi\ 'idu a ll y 
id cntifi ed within the fan seq uence (e .g. V orren and 

o th ers, 1988; S<ettem a nd others , 1992) . If th e Baren ts Sea 

was totally covered by ground ed ice, it is hi ghl y probable 

that ground ed ice wou ld h a \'e Oo \\"ed from the centra l 
Ba rent s Sea thro ug h Bjornoyrenna to the contin enta l 

A 

c 

B 
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o 

Fig. 2. (a) Ire Ihirklless alld (b) slU/are efel'OliollJor Ihe 
!lllmerica! ice-sheel recolls/rurlioll oJ Siegerl and DOl('des­
ll'cll ( 1995b). COlllollrs al el'el)' 200 Ill . Tlte /)o:,ilioll 0/ 
/lOri<.olllal(I' ollc-dimflljiollal lransecl lilies {Ire jllriimled. 

shelf break wherc sub-marine pro-g lacia l sedimentation 

wou ld ha\"e occurred. Within the mouth ofBj ornoyrenna , 

a se ri es of moraines which li e across th e trough (i. e. 

perpendicular to th e estimated direct ion of ice Oow) has 
been det ec ted se ismica ll ), (Eh'e rhoi a nd Solh eim, 1983; 
\' orren a nd Kri stolTerse n , 1986). The Bjornoyrenna 
m oraines ha\'e bee n interpreted by some to be o f late 

\\' eichse li a n age , since th ey arc cO\'ered by on ly a thin 

layer of line-g ra ined Holocene sediments. Thus. a t 

a round th e L as t G lacia l ~Iaximum (LG?\J ) betwee n 
22 000 a nd 18000 yea rs ago, th e g round ed-ice m argin of 
th e Svalbard Ba rents Sea ice sheet migra ted from th e 
relat ive ly sha llow (less than 300 m water depth ) banks or 
th e northwestern Barents Sea into Bjornoyrenna (Eh'er­

ho i and o th ers, 1993 ). HowC\'er, t he ca use of' th e ice-shee t 

a(,,"anee ri'om th e relati\'e ly stabl e m a rg in in the no rth­
western Barents Shelf into deeper reg io ns o f the Barenls 
Sea a t between 22000 a nd 18000 ),ea rs ago has yet to be 
determillt'd. 

Siegerr a nd D owdeswell ( 1995a ) proposed th a t, if' 

Bjo rn oyrenn a \\'as cO\'Cred by grounded iee during the 

lat e \\'eichsel ian, th en a mechanism, ex ternal to th eir 

model of th e S\'a lba rd Baren ts Sea ice-shee t sys tem , 
whieh would have allowed ground ed ice to ha\'C fo rm ed 
rapidl y within th e ci et' pes t regions orlh r Barcll ts Sea, ma y 
ha\'e been in opera tion during th e las t g lac ial. Such 

processes include (i ) g ro und ed -i ce mig ration from nea rb y 

ice shet' ts in Scandina\·ia a nd th e K a ra Sea, (ii ) th e 
processes of sea -i ce-indu ced ice-shelf thi ckening a nd (iii ) 
isostat ie uplifl of the central Bare nts Sea Ooo r due to a 
lo re bulge ca used by th e icc load ing oC the no rthweste rn 

Barents Sea, Fennoscandia a nd th e Kara Sea. This paper 

aims to assess th e likelihood or gro und ed-i ce ex tension 

be yo nd the limits o f'th e 1l0rth\\'Cste rn Barcllts Sea , caused 
so lely b y the process of isos tatic uplift wit hin the ce ntral 
regions or th e Barcnts Sea. 
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MODELLING PROCEDURE 

Th e ice-sheet model used in this stud y is centred around 
the continuity equation for ice (MahaITy, 1976) where the 
time-dependent change in ice thi ckness is associa ted with 
the spec ifi c ne t mass budge t of an ice cell. Ice tempera ture 
is ca lculated fi'om the stead y-s ta te method of R obin 
(1955 ) . Howe\·er, this solution of th e ice-tem perature fi eld 
is onl y applicable close to the ice divide, since it assu mes 
consta nt vertical strain ra te, a nd d oes not acco unt for 
horizontal heat advection. Thus, ice-temperature calc ula­
ti ons far from the mode ll ed ice divide may be too high. 
This problem is addressed simpl y, by no t a llowing the 
mean ice temperature of a ce ll to exceed ~5 °C (a 
temperature often used in iso therma lmodcls to determine 

the Oow-Iaw paramete r) . Grounded-ice velocity is calc u­
lated as the sum of depth-averaged ice d eform ation 
(Pa terson, 1994) and basa l sliding (Budd a nd o thers, 
1984) . The basa l-sliding veloci ty is rela ted to th e effec ti\·e 
pressure and not the tempera ture of basal ice . Thus, the 
model is rela ti vely sta bl e to changes in the maximum 
temperature a llowed in a n ice cell , within the thermal 
regime mentioned above. Bed rock ele\·ation cha nge, 
caused by variation of ice thickness , is d eterm ined by an 
asthenospheric diffusion equ a ti on (O eri ema ns a nd Van 
d er Veen, 1984) . Further details of the model are 

discussed in Siegert and Dowdeswell (1995a) . 
Siegert a nd Dowd eswell (1995b) produced a n Ice­

shee t reconstruction by employ ing the model d esc ribed 
above, forced by environmental conditions representa tive 
of those of the la te vVeichse lian , run until stead y-state was 
achieved with respec t to both mass balance a nd ice-sheet 
dimensions. The co rresponding equilibrium ice sheet 

covered only the northwes tern Barents Sea (Fig. 2) . Th e 
position of the calcula ted grounded-ice margin corre­
sponds with the loca ti on of glacigenic sea-floor structures 
(E lverhoi a nd Solheim, 1983). No gro unded ice was 
calculated over Sentralbanken or Bjornoyrenna (Fig. 2). 

This stud y uses a simila r g laciologica l model (in 
horizontally one-dimensional, tra nsec t rorm ) and the 
same environmental forcing conditions, held constant at 
full glacial va lues , as in th e hori zonta lly two-dim ensiona l 
numeri ca l studi es of Siegen and Dowdeswe ll (1995b) . 

An initial ex periment calcula ted steady-sta te ice sheet 
results across two transec ts within the Ba rents Sea (Fig. 
2) . The resulting ice sheet indica tes, a ft er compari son 
with the origin a l ice-shee t reconstruction of Siegert a nd 
Dowd eswell (1995a), a ny modifi ca tion in the originally 
calculated dimensions due solely to the onc-dimens iona l 
form or the model. 

R esults from an isosta ti c model orthe Barents Sh elr a re 
then di scussed in ord er to identiry the geometry or the 
forebulge tha t may have existed within the la te \ 'Veich­
sel ia n Baren ts Shelf. 

The ice-shee t model was then run across both tra nsec ts 
again within a series of ex periments in whi ch regions of 
the Barents Sea Ooor were up lifted to account ror th e 
isosta ti c influ ence of the Fennoscandian a nd Kara Sea ice 
shee ts on the Barents Shelf morphology . The results 
indica te how ice g rowth beyond the limits proposed by 
Si ege rt and Dowdeswell ( 1995a ) is possible if an isosra ti c 
rorebulge within th e central Ba rents Sea existed during 
the la te 'vV eichse lian glaciation. The ice-shee t model was 
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th en run in a num bel' of sensi ti\·i ty exe rcises to determine 
th e ice-shee t response to varia ti ons in th e magnitude of 
the imposed isos tati c uplirt. Note th a t the ice-sheet 
mod el's isos tatic trea tm ent is still active a fter the uplift , 
representing a forebulge. Consequently, g rounded ice will 
act to depress Lh e forebulge when loca ted over it. 

The ice-sheet results presented in thi s paper a re 
calc ul a ted ove r tvvo tra nsec ts: one positioned from 
S\·albard to Sentralbanken (involving 50, 20 km wide 
cells) and another, 70 cell transect loca ted from Svalbard, 
over Spitsbergenbanken to Bjornoyrenna (Fig. 2). 

ENVIRONMENT AL FORCING AND MODEL 
BOUNDARY CONDITIONS 

The model requires inputs of acc umulati on rates, mean 
a nnual sea-level a ir temperature, ra tes of iceberg ca lving 
a nd sea-level depress ion. An eq ui librium a pproach to 
modelling is ado pted , requiring th a t forcing d a ta a re held 
constant a t th eir rull g lacial va lues, and the mod el run 
until stead y-sta te is ac hieved with respect to ice-shee t size. 

It is ass umed th at, prior to glaciation, th e bedrock 
eleva tion of the Sva lba rd- Barents Sea reg ion was simila r 
to th a t of today, such that th e present bedrock eleva tion 
could be used to d efine initia l conditions in the model 

(Siegert and Dowd eswell , 1995a, b) . J u tifi cation ror thi s 
assumption is based on sedim entary evidence rrom central 
Svalbard tha t indica tes interstadial conditions between 
50000 and 30000 years ago (Mangerud and Svendsen, 
1992), during which g laciers on Svalbard were no larger 
th an at present. 

During the last g laciation, seasonal sea-ice-rree condi­

tions existed in th e Norwegian~Green l and Sea which 
ac ted to suppl y the Barents Sea with rela tivel y la rge rates 
of precipita tion (e.g. H ebbeln and o thers, 1994). The 
modern a lti tude~prec i pi tation rela tionshi p, d efi ned as 
Polar Mix by Pel to and others (1990), describes the 

modern mean accumu la tion of ice on g laciers in the High 

Arc ti c and, in parti cular , Svalbard. Th e rates or 
acc umulation a t the LGI\i[ a re es tim a ted by adjusting 
th e Pelto a nd others' rel a ti on to account for a LGM sea­
level a ir tempera ture of - 15°C (M a nabe and Bryan, 
1985) through an adi a batic altilUde-related tempera ture­
lapse rate (Fortuin a nd O eriema ns, 1990). 

The sea-b·el depression ror the glaciological model is 
set a t 120 m below modern sea level, th e maximum value 
th at has bee n meas ured on seve ra l ra ised terraces of low­
la ti tude co ra l reefs (Fa irbanks, 1989) . 

Iceberg ca lving is introduced to the ma rine ma rgin of 

the modell ed ice shee t in the (arm of a depth-rela ted 
runction (Pel to and \V arren, 1991 ) . A d etailed di scussion 
of the forcing inputs to the num eri ca l model ca n be found 
in Siegert and Dowdeswell ( 1995 b) . 

MODEL RESULTS WITHOUT AN ISOSTA TIC 
FOREBULGE 

For the cases of both transects where no isos tatic forebulge 
was accounted for , the mod el reconstruction form ed an 
initial ice shee t by accumulating ice over Svalbard after 
about 5000 years or mod el time which , during the 

https://doi.org/10.3189/S026030550001363X Published online by Cambridge University Press

https://doi.org/10.3189/S026030550001363X


Siegert alld FjeLdskaar: lsostatic ujJLijI in the late I Veichselian Barents Sea 

C2J Ice 

·0'-

" 

... :::.-

-<o>::,:,::/:.:>':::::':·::::~~::·:~:'::: 
-./ 

" 

"'::'::;~;~:~~?/~~~~:~'~0i~~{'~~:"""'" 
.. -

,,-------­

.--, " 
,- .... ' 

..... '°0 ___ :' ,... 

,,( 

'0 

Fig, 3, /soslalic model resullJ, iLLustraling lite ball~J'mellj oJ Ihe Barellls ShelJ (lfler all ice load, limiled 10 lite lIorlhem 
Barmls Sea , ,1I, 'ova)'a Zem/jla alld FellllosCGlldia reaches all isoJtalic equilibrium wilh the Ear/I!, , \ '0/1' that cell/raL regiolls of 
the Barenls Sea are aerialL)! eXjJosed, illljJ/yillg a forebuLge of between 50- 100 Ill. 

succeeding 5000 yea rs, sp read o\'er th e neig hbouri ng 
sha llow sea on to Spitsbergenba nken, By 12000 yea rs of 

model time, th e ice sh eet had g rown to its maximum 

stead y-sta te size, For transec t l over Sentralba nken , th e 
ice sheet had a maximum thi ckn ess of a bo ut 15 10m, 
whil st in tra nsec t 11 over Bjornoyrenna th e m ax imum ice 
thi ckn ess was 1580 m, I n both tra nsec ts, th e loca ti on of 
max imum ice th ickness was o \'e r th e sha llow waters 

within Sto rG orden, Importantly, th e dimensions a nd 
ex tent of th e ice shee t ca lculated with th e one-dimen­
sio na l tra nsec t mode l is very sim ilar to that calc ul a ted 
within a pseudo three-dimensio na l model of th e ice shee t 
in th a t g rounded-i ce g rowth was limited [0 th e north­
wes tern Ba rellls Sea (Fig, 2) , 

ISOST A TIC MODEL OF UPLIFT IN THE 
BARENTSSEA 

Th e res ponse of th e Ba rents Sh elf lithosphere to build-up 

of g laciers in th e northwes t Ba renls Sea , Novaya Zeml ya 
and Fennoscandi a was d e termined by an Ea rth model 
rep resen t i ng a no n-spheri ca l viscoLls 0 uid ma n ti e, in 
which th e \'iscosit y is a ll owed [0 va ry with dep th , overla in 
by a unifo rml y thick e las ti c Jithosphere, Th e method 
used , which accounts for bo th isos tasy a nd eustasy, has 

been d escribed in detail by Ca th les ( 1975 ) a nd Fjeldskaar 
a nd Cathl es ( 1991 ), 

Eustasy ca n be regarded as \'e rti ca l cha nges or sea 
leve l and may be of three types: ( I ) glac ia l eustasy, 
contro ll ed by \'aria ti on of th e ocean- water \'o lum e, (2) 
tectono eustasy, controll ed by varia ti on of th e ocean­

bas in \'o lume a nd (3) geo id a l eustasy, Geoid a l eustasy , 
representing changes of th e ocean -wa ter di stribution due 
to va ri atio ns in th e Earth's g ra vit y fi eld , is not considrrcd , 
Th e eusta ti c change is here assumed to be 140 m between 
20000 years ago and th e present da y, W e note th a t th e 

sea-I C\ 'e l d epress ion used in th e Earth mod el is 20 m lower 
th a n in th e glaciologica l mod eL H owe\'e r, Ea rth-model 

sensti\'it y tes ts on th e foreb ul ge response to sea-level 

dep ress ion , not presented in this pa per, indica te th a t th e 
ba th yme try predicted by th e Ea rth mod el for 140 m of 
sea -Jrvcl fall can be repli ca ted , with sli ght modifi ca ti ons 
to th e ice thickness and Oexura l rig id it y inputs, when th e 
sea-leve l d epression is 120 m, 

H ydro-i sos tasy (the movem ent of the ocean bo ttom 
caused by th e sea-level cha nge ) is ca lculated separa tely by 
th e E a rth mode l. Th e la nd- ocean di stribution during th e 
deglac ia tion is ass umed to be simil ar to tha t a t present. 

Th e theoreti cal move ments or th e ocean Ooor in the 

Barents Sea during th e period in whi ch ice-shee t g rowth 

occurred, assuming isos ta li c equilibrium , was based 0 11 a 

lirh osphere ri gidit y of 1023 Nm and a n effec ti\ 'e elastic 
thickn ess of the lithosphere of 20 km , 

A fore bulge within the central S arents Sea with an 
a mplitud e of o\,er 50 m was calcu la ted a fter th e ice 
distribution , limited to S\'a lba rd a nd the surro unding 

sha ll ow sea, Nova ya Zem lya a nd Fennosca ndia , \\'as used 
as input (Fig . 3), In additi on , th e a mpl itude of th e 
forebulge within th e ba th ymetri c troug h or Sjornoyrenna 
(Fig , I ) was pred ic ted by the Earth model to be a round 
50 m (Fig, 3) , Wh en sea-leve l reduc tion is accounted for 
in th e mod el, severa l regions of th e central Barents Shelf 

becom e aeria ll y exposed (e,g , Sentralbanken ) , Th e 
max imum uplift is loca ted no close r than 100 km from 
th e ice marg in a nd has a paraboli c form wi th zero 
a mpliLUde at the ice margin (Fig , 3) , Such uplift a nd th e 
effect it may have had on ice-sheet g ro\\,th within th e 
Barents Sea, is now di sc ussed, 

Th e forebulge info rmation from th e isos ta tic mod el is 
input to the g lac iologica l model slig htl y differentl y ac ross 
each tra nsec t. [ n tra nsect T, ove r Sen tra lba nken, the 
Fennosca ndian ice margin is loca ted fa r o utside th e 
tra nsec t. The region of max imum uplift is subseq uentl y 
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elevatioll . (d) Ice Ilt irkness and ire lIe[o[iOI . 
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loca ted o\T r Sentra lba nken a t th e southern ex treme of th e 

transec t. The a mpli tud e of th e fo rebu lge \'a ri es a long th e 

li ne in the form of a pa ra bola until it reaches th e ice 

margin , ",here th e a mplitud e is 0 m. F o r tra nsec t 11, th e 
Fennosca ndi a n ice marg in is loca ted a t th e so uth ern end 
of th e li ne. Thus, th e fo rebu lge ac ross this la tter tra nsec t 
has m a ximum uplift loca ted in th e centre ofHjorn oy renna 
a nd ze ro up lift either side of the tro ug h. The max imum 

up lift is va r ied in a sensitiv ity ex perim ent to asce rta in 

wha t up lift va lues wi ll a ll ow g round ed ice to now into th e 
d eeper regions o f th e Ha rents Sea . The loca ti on a nd 
geo m e tr y o f t he fo rebu lges fo r both tra nsec ts are 
ill ustra ted in Fig ures 4 b a nd 5b. U p lift is imposed o n 

th e mod el a fter g ro und ed ice has fo rmed ove r th e 

northwes tern Ba rents Sea in a stead y-sta te ma nn er. The 

mod el runs fo r a furt he r 5000 yea rs a ft e r th e impositi on of 
th e fo rebu lge . 

ISOST ATIC UPLIFT AND ICE-SHEET GROWTH 

T he g la cio logica l mod el was run over bo th tra nseClS \l' ith 
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bedroc k up lift within th e Ba rents Sea, as d esc ribed in th e 
isos ta ti c mod el res ults a nd accounted fo r. Th e magnitud e 

oCisos ta t ic up lift \I'as \'a ri ecl in th ese exp erim ents be twee n 

o a nd 300 m . The di sc uss ion on how bedrock uplift may 
have a fTcc ted th e g rowth of th e ice shee t is di vid ed in to 
t\l'O sec ti o ns co rres po nding to th e t\l'O tra nsec ts. 

Sentralbanken transect 

Ground ed ice, was ca lcu la ted beyond th e ma rgin of th e 
ice shec t illustra ted in Fig ure 2. \I·hen isos ta ti c uplift of 
60 m O\'e r Sentra lba nk cn (a t th e so utheas tern end o f th e 
tra nsect ) II'as input to th e mod el (Fig . 4 ) . Th e ice-shee t 
dimensions O\'e r th e north of th e tra nsec t remain intac t 

under this m od el run , but a t th e southern end be twee n 

500 a nd 400 m o f ice is mode ll ed 0 \ 'Cr Sentra lba nken (Fig . 
4 ) . If less th a n 60 m of up lift was im posed , th e d imensions 
o f th e ice shee t rem a ined simil a r to th ose o f th e initi a l 

m od el run where no up lift was imposed. H owever, if 

isos ta ti c up lift in excess of60 m was m odell ed , o\'e r 500 m 

of g ro und ed ice fo rm ed on Sentra lba nken a ft e r 5000 yea rs 
of m od el time. I f the magnitud e of th e fo rebulge exceed s 
65 m th en, ta kin g in to acco unt 120 m of e usta ti c sea -l evel 
fa ll , Sentra lba nken becom es subae ri a ll y exposed (as 
sugges ted b y th e isos ta ti c m od el; Fig . 3) . In thi s situa ti on . 

g ro und ed ice fo rm ed direc tl y O\'e r Sentra lba nk en , w hich 

su bsequentl y connec ted to ice in th e north wes tern Ba ren ts 
Sea, res ultin g in ice vo lumes up to 40% la rge r th a n when 
60 m of up li ft was mod elled , a ft e r 5000 yea rs of model 
ti me . 

Due to th e sim ple isos ta ti c lo rebu lge trea tment . a nd to 

se\'C ra l ass umptions mad e in thi s stud y concernin g th e ice 

masses O\T r Fennoscandia a nd th e K a ra Sea, th e subj ec t 

o f th e tim ing o f isos ta tic up li ft canno t be p ro perl y 
ad d ressed in this pa per. H owe\'C r, it has been shown th a t 
60 m of up li ft in th e cent l'al Ba rents Sea , ca used by 
sur ro unding ice load s, provides a mec ha nism by II'hi ch 

ground ed ice. d e ri ved from Sva lba rd , may have form ed 

over Sen tra l ba n ken. 

Bjornoyrenna transect 

Impos ing 60 m of isosta ti c uplift within centra l Bjornoy­

renna d id no t yield res u lts signifi cant ly d ifferent from 

th ose g i\ 'en in Fig ure 2. Sensiti\'ity ex perim ents conce rn ­

ing th e m agnitud e o f isosta ti c up lift indica ted th a t ove r 
260 m of up li ft was required in o rd e r to a ll ow g ro und ed 
ice to fl ow from the no rth into th e tro ug h regio n (Fi g . 5 ) . 
Adjust ing th e timing of the isosta ti c up lift did no t 

encourage ice g ro \l·th beyond th e ice m a rgins d e ta iled 

in Fig ure 2, wh en using up lift magnitudes less th a n 260 m. 
Since our m od elli ng of th e isos ta ti c forebu lge ind ica tes 
that 260 m o f up lift wo uld not hm'e occurred in Bj ornoy­
re nna , \V e co nclud e th a t th is m eth od of obta in ing 
g ro unded ice in the rela tively d ee p south ern Ba rents 

Sea m ay be less likely th a n fo r th e centra l Ba rents Sea. 

DISCUSSION 

If g rounded ice form ed O\'e r th e centra l Bare l1ls Sea 

(Sentra lbanken ) a nd was connec ted to ice masses Over th e 

nort hwes tern Ba rents Sea, F ennosca ndia a nd the K a ra 
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Fig, 5, Olle-dill1f11siollal /ransect l1Iodel ire sheet across transect C- D ( Fig, 2) after 260 III of IIp!i)1 had been ajJJJlied to 
Sentmlbanken, (a) Bedrock elevation b~fore alld ({fler ice loading, (b) Forced lIjJliji, (c) Ire-sheet .I'll/face elCl'{{tiOIl , (d) 
l ee thicklless alld ice lwLoci[J' , 

Sea, Bjorn oy renn a may have become surro und ed by 

g ro unded ice to the n orth , eas t a nd so u th , 1\10 reo\ 'C' r , th e 

surface g radien t of th e ice shee t in thi s area wo uld , 
p res um a bl y, ha\'e been cont roll ed by th e und erh'in g 
to pog ra ph y of the region a nd slope to\\-a rd s Bjurno yr­
enna, In thi s wa)" ice mav ha \'e bee n prefe renti a ll y 
tra nsport ed in to Bjornoyrenn a ri-o m th e gro unded ice 

shee t , a n id ea p roposed prev io usl), b y K \'aso \' a nd 
Bl az hchishin (1978), 

G ro und ecl-i ce fo rm a ti o n in Bj o rn o), rcn na \yo uld , 
conce i\'a bl y, d epcnd la rgel y on th e ra te o f icc berg ca king 
li-o m th e surro unding g round ed-ice margill w hi ch, in 

tUJ'll , m ay be rela ted to th c ocean og ra phic conditi ons of 

th e eas tern No rwegian Sea a nd th e prese nce of rela ti\ 'C' ly 

mo ti onl ess multi -yea r thick sea ice within th e tro ug h , 
Th e mod elling procedure ad opt ed in thi s swd y, \\'hi ch 

acco unts fo r a n isos ta ti c lo re bulgc in th e centra l Barent s 
Sea, ass umes th at ice load s on S\'a lba rd , Non!ya Z eml ya 
a nd F en nosca ndia occ u n ed si m ullan eo usl y , 1\Io reO\'c r , 

o ur stud y a lso ass um es th a t th e bedrock response ri-om thi s 

ice load ing rea ched a n equilibrium \-a lue befo re ice 

g ro \\th in to th e cen tra l Barents Sea took place , It sh ould 

be no ted th a t, during th e La te \\'eichscli a n , ice loading 

peri p hera l to th e centra l Ba renls Sea may no t ha \'e 
occ urrecl a t th e same time a nd , if ice was enco uraged to 
fl ow li-o ll1 S\'a lbard into d ee per rcgio ns of th e Ba rents Sea 
b y rcla ti\'e isos ta ti c-forebulge-indu ced sea-Ie\'e l IO\ \-e rin g, 
th e bed roc k ma y no t necessa ril y ha \'C bce n in a n 

equilibrium sta te, H owC\c r, asy nchrono us ice loadin g 

a nd non-equilibrium bed roc k adjustment within , a nd 
a ro uncl , th e L a te \\ 'e ichse li a n Ba renls Sea , may stili ha \-e 
produ ced uplift o r centra l, nOIl-g lacia ted , regio ns oC th e 
Ba rcnts Sh elf a nd, he ll ce, a llowed ice /l o\\' from S\ a lbard 

on to Sentra lba nk en , A full y t\\'o-dim ensional \'e rsion o r a 

g lac io log ical jce-shee t m odel co u pl ed Il'ith a n E a rth 

mod el is pl a nn ed, to jJ1\'es ti ga tc thi s problem , 

CONCLUSIONS 

R ecent g lac io logica l ice-shee t mod elling has sugges ted 
th a t th e lat e \\'e ichseli a n ice sheet did no t ex tend beyond 
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the relati\T ly shallow \I'es tern Ba rents Sea (Siege rl and 
DO\\'cleswell , 1995a, b ) . An Eanh mod el, run with 
g rounded-i ce extent limited to the wes tern Barents Sea , 
predi c ted th a t centra l regions of the Ba rents Sea would 
ha\'e been aeri a ll y exposed during ice-shee t build-up. 
Such bedrock uplift \I'as introduced into a g laci ologica l 
model ac ross two tra nsects, in ord er to inves tiga te furth er 
which isosta ti c conditio ns wo uld a llow the fo rma ti on of 
grounded ice in both Sentra lba nken and Bjornoyrenna. 
Gro unded ice, deri\ 'ed fro m the ice shee t O\ 'er Sn dba rd 
a nd th e no rthwes tern Ba rents Sea, was ca lculated O\'er 

Sentra lbanken when 60 m of uplift was introduced to the 
modcl in this region (Fig. 4 ) . Increasing magnitude of 
uplift to 100 m induced mo re ra pid g lacia ti on o f Sentra l­
banken. H owc\'e r, gro und ed ice was onl y predicted over 
Bjornoyrenna a rt er in excess of 260 m of uplift \I'as 
imposed o n th e bedrock configuration within the troug h 

(Fig . 5 ). W e conclud e th a t, even und er sea-iee-free 
conditions, whi eh permit rela ti\Tl y hig h ra tes of iceberg 
caking, Sentra lba nkel1 \\'ould ha\'(' become glacia ted due 
to the mig ra ti on of g ro und ed ice d erived from Sva lba rd. 
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