Quaternary Science Reviews, Vol. 17, pp. 43-73, 1998
& 1998 Elsevier Science Lid.
Pergamon Printed in Great Britain. All rights reserved.

0277-3791/98 $19.00

PiI: $0277-3791(97)00066-8

THE LAST GLACIAL MAXIMUM OF SVALBARD AND THE BARENTS
SEA AREA: ICE SHEET EXTENT AND CONFIGURATION

JON Y. LANDVIK{, STEIN BONDEVIK], ANDERS ELVERH@I§, WILLY FJELDSKAARY,
JAN MANGERUDI, OTTO SALVIGSEN{{, MARTIN J. SIEGERT1, JOHN-INGE SVENDSENSS,
TORE O. VORREN1Y
T The University Courses on Svalbard (UNIS), P.O. Box 156, N-9170 Longvearbyen, Norway
(E-mail: jan. Landvik@ unis.no)

I University of Bergen, Department of Geology, Allégt. 41, N-5007 Bergen, Norway
§ University of Oslo, Department of Geology, P.O. Box 1047 Blindern, N-0316 Oslo, Norway
Y Rogaland Research, P.Q. Box 2503, N-4004 Stavanger, Norway
T University of Wales, Centre for Glaciology, Institute of Earth Studies, Aberystwyth, Dyfed SY23 3DB Wales,
UK
11 Norwegian Polar Institute, P.O. Box 5072, Majorstua, N-0301 Oslo, Norway
§§ University of Bergen, Cenire for Studies of Environment and Resources, N-5020 Bergen, Norway
§9 University of Tromsg, Department of Geology, N-9037 Tromsg, Norway

Abstract—The timing, extent and configuration of the Late Weichselian Burents ice sheet has .
been debated for several decades. This debate has arisen largely because of the limited or Q S
conflicting field evidence on which most models have been based. 1n particular, reconstruction

ol the marine parts of the former Barents ice sheet has been controversial. This paper aims to
review the geological observations and interpretations regarding the size and timing of the Late
Weichselian ice sheet, combined with numerical modelling of its formation in order te produce
a reconstruction of ice sheet extent and behaviour. Sub-glacial wll with overlying glacimarine
deposits dated to the Latz Weichselian is found over most of the Barents Sea floor and the
continental shelf west of Svalbard. Glacially induced debris flow depeosits on the large Bjgngya
and Isfjorden trough mouth fans strongly support the idea of ice sheet extension to the shelf
edge during maximum glaciation. Isobase maps show a centre of post-glacial uplift in the
north-central Barents Sea, and glaciological and isostatic modelling suggest that the ice sheet
was 2000-3000 m thick in this area. The ice sheet was confluent with ice over the Kara Sea, but
the interaction between the Barents and Kara ice sheets is not yet fully understood. The
deglaciation of the Barents ice sheet started ca 15 ka, probably by calving within the deeper
troughs. By 12 ka, most of the central Barents Sea was ice [ree, and ice remained over the
Svalbard, Franz Josef Land and Novaja Zemlya archipelagos and adjacent shallow shelf arzas.
The coasts and fjords of these islands were ice [ree by 10 ka. &) 1998 Elsevier Science Ltd. All
rights reserved.

INTRODUCTION A large marine-based ice sheet in the Barents Sea
during the last glaciation was first proposed by de Geer
(1900). His model of a glaciated Barents Sea was gener-
ally accepted for a number of decades, unti] renewed
field studies in the 1960s and 1970s failed to prove such
an cxtensive glaciation (Lavrushin, 1969; Boulton,
1979a,b; Troitsky et al., 1979; Matishov, 1980). How-

For the last three decades. the extent of the Late
Weichselian ice sheet over Svalbard and the Barents
Sea (Fig. 1) has been subject to one of the most fascin-
ating scientific discussions regarding the glacial history
of the Aretic. Although scientists have agreed on the
location of ice margins around many of the former

northern hemisphere ice sheets, the suggested recon- ever, the conclusions from these studies were in con-
structions for the Svalbard-Barents Sea region range trast to those of Andersen (1981) and Denton er al.
from almost no glacier ice to complete grounded ice {1981), who, based on a thorough review of geological
cover of the region. At the last glacial maximum, this data, suggested an almost total ice-sheet cover of Sval-
marine-based Barents Sea ice sheet played an impor- bard and the Barents shell as the most likely Late
tant role in the climatic history of the region through Weichselian scenario. An important argument relating
interaction with the oceans bordering the ice sheet to to the glacial extent was the pattern of Holocene gla-
the west and the north. cioisostatic rebound. This had been mapped by Schytt
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FTG. 1. The Barents Sea.

et al. (1968) and suggested that at 6.5 ka there was
a centre of postglacial uplift in the northern Barents
Sea. The question of extensive glaciation of Svalbard
and the northern Barcents Sea was resolved when dnift-
wood dated to almost 10 ka was found at 100 m elev-
ation on Kongsoya Land (Salvigsen, 1981), requiring
that a large ice load had existed over the region some
time during the Late Weichseiian. Based on detailed
terrestrial and marine field studies, Mangerud et al.
(1992) demonstrated that the Late Weichselian ice
margin reached beyond the coastline of western Sval-
bard. Marine geological siudies in both the Barents
Sca (e.g. Elverhgi and Solheim, 1983a.b; Vorren and
Kristoffersen, 1986; Solheim et al., 1990; Elverhgi et al.,
1993) and on the Svalbard shell (Mangerud et al., 1992;
Svendsen et al., 1992) during the 1980s have also con-
tributed to the documentation of an extensive gla-
ciation model through mapping and age estimates of
glacial tills and sub-glacial flutes (Fig. 2).

Extensive investigations in the Svalbard and Barents
Sea region have resulted in a signtficant increase in
geological data since the last extensive review by An-
dersen (1981). In this paper, we review the present data
that allow a new and improved reconstruction of the
Late Weichselian ice limits. These include a wide range
of observations, including sediment sections on land,
offshore sediment cores and seismic profiles, relative
sea-level changes and geomorphology. The ice-sheet
reconstruction obtained [rom the geological observa-
tions is compared with results from numerical gla-

bardering ocean and land masses.

ciological and isostatic modelling to obtain quantitat-
ive information concerning the geometry of the ice
sheet, and the processes that controlled its growth and
decay.

In a glaciated region, the completeness of the strati-
graphic record and, thus, the resolution of the recon-
structed history, decreases drastically with each suc-
cessive glaciation. In this chapter we discuss the Late
Weichselian glaciation in greaier detail than 1s possible
for earlier glaciations. However, this conceptual gla-
ciation model can be used to understand earlier gla-
ciations throughout the last interglacial-glacial cycle
{see Mangerud et al., 1998).

GEOLOGICAL OBSERYATIONS

Svalbard and the western shelf

In the Svalbard region (Fig. 1). the debate whether
a limited or a large ice sheet existed during the Late
Weichselian originated lrom studies on the main island
of Spitsbergen (Fig. 2). Based on investigations of the
stratigraphy at Kapp Ekholm in Billefjorden, and
other sections, Lavrushin (1969), Boulton {1979a) and
Troitsky et al. (1979) suggested that the glaciers only
advanced slightly beyond their present margins during
the Late Weichselian. However. the same authors dis-
agreed on the timing of this advance. Troitsky et «l.
(1979} also proposed that the advance occurred as
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FI1G. 2. Selected large-scale geomorphic features related to the Late Weichselian ice sheet in the Svalbard -Barents Sea area. Contour interval

early as 26 ka on the basis of a thermoluminescence
age estimate from glacial sediments south of Bellsund,
whereas Boulton (1979a) assigned a Younger Dryas
age (the Billefiorden event on the basis of his investiga-
tions at Kapp Ekholm. Reports of glacially undistur-
bed raised beaches older than the Lale Weichselian
from the coast between Kongsfjorden and Isfjorden
{Fig. 4) supported the assumption that the area had
been ice free since at least since the Middle Weichselian
(Salvigsen, 1977; Boulton et al, 1982; Miller, 1982;
Forman and Miller, 1984; Fowman 1989; Lehman and
Forman, 1992).

A key question is whether a lack of till or other
sub-glacially formed features overlying these pre-Late
Weichselian beaches really proves that the sites were
not overrun by glacier ice. The opposite is demon-
strated in KongsfJorden. where apparently undistur-
bed Middle Weichselian beach sediments were lound
on the proximal side of a terminal moraine dated to ca
13 ka (Lehman and Forman, 1992). From the south
shore of Isfjorden, Mangerud et al. (1992) showed that
even the morphology of a beach terrace dated to 36 ka
was preserved after the glacier overrode the terrace.
These two case studies demonstrate that it is difficult to
prove non-glaciation based on non-deposition. We,
therefore, consider it important to base our reconstruc-
tion in this paper on stratigraphic and geomorphic
evidence of glaciation (Fig. 2) and associated radiocai-
bon ages (Fig. 3).

Although if the present geological reconstruction
shows that Late Weichselian ice covered both Svalbard
and the Barents Sea, this ice sheet most likely resulted
from the interplay between several separate ice domes
and accumulation areas (Landvik and Salvigsen, 1985;
Forman, 1989: Mangerud et al., 1992). In particular,
the high relief, valleys and fjords of the Svalbard archi-
pelago must have had a substantial influence on the ice
flow. Due to these regional differences in ice accumula-
tion and drainage, we discuss separately the extent of
the last ice advance within the different fjord systems
and the adjacent parts of the continental shell off
Svalbard.

Northwest Spitshergen

The nerthwest corner of Spitsbergen from Wood-
fjorden to Kongsfjorden (Fig. 4) is characterised by the
large Reinsdyrflya strandflat to the east, and a more
alpine topography with a relief up to 1000 m as.l. to
the west. The continental shelf extends for 80-100 km
to the north and west of the coast. The northwestern-
most islands, Danskgya and Amsterdamaya, lie almost
at the shelf break {Figs. 3 and 4). In contrast to the rest
of Svalbard, the geological record on land in this area
shows well-preserved pre-Holocene glacial features
such as terminal moraines, glacial striae and melt-
waler channels (Salvigsen. 1977; Salvigsen and Oster-
holm, 1982).
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FIG. 3. Key radiocarbon age estimates used to delimit the Lale Weichselian ice sheet. The ages represent a selection focused on highlighting the
last glacial advance. For some sites two or more corresponding ages are shawn. Details of the radiocarbon ages can be found in Table 1. Place
names are given in Fig. 2.

In Woodfjorden and Liefdefjorden, a minimum ex-
tent of the Late Weichselian ice sheet is marked by the
terminal moraines and lateral melt-water channels
near the mouth of Liefdefjorden (Figs. 2 and 4) (Salvig-
sen and Osterholm, 1982). The marine limit on the
proximal side of the moraines is 23 m a.sl. on Reins-

dyrflya, distal to the moraines, undisturbed beaches as
high as 90 m a.s.l. have radiocarbon ages of > 40 ka
{Salvigsen and Osterhoim, 1982). They postulated that
retreat from the moraines occurred prior to 11-10.5 ka
based on correlation of shore lines along the fjord.
Glacial striae and erratics indicate that a_local Late
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Weichselian ice cap was centred west ol Liefdefjorden
(Salvigsen and Osterholm, 1982). The ice-marginal fea-
tures in Liefdefjorden were assumed to have formed
along the eastern limit of this ice sheet and, thus, be
synchronous with the submarine moraines discovered
by Liestgl (1972) (see below). A sea-eroded section in
the morainic ridge in Liefdefjorden shows sublittoral
sand underlying till and containing caicareous algae
(Lithothamnion sp.) dated at 34 ka (Table 1). However,
unpublished data by A. Solheim (pers. comm., 1996) on
the fjord sediments show that there is no change in
sediment thickness across the reconstructed ice margin
position as one would expect #f the maximum limit for
the Late Weichselian glacier had been located here. We
find it likely that these marginal features record a re-
treat stage in Liefdefjorden, and that the Late Weich-
selian glacier extended further out, removing older
sediments [rom the Liefdefjorden and Woodijorden
basins.

On the inner shelf off Raudfjorden, Smeerenburg-
fjorden and in the sound between Amsterdamgya and
Danskgya (Fig. 5), well-developed submarine moraines
were deposited in front of glaciers that filled the fjords
(Liestgl, 1972). Proximal to the moraines are several
sites on land where marine sediments have been in-
corporated into tills or have been glacially dislocated.
Shells in these deposits are of Middle Weichselian age,
the youngest being 28.5 ka (Salvigsen, 1977). This sug-
gests that the moraines mapped by Liestgl (1972) are of
Late Weichselian age. The short distance to the shelf
break restricted the extent of the ice sheet westward,

and accounts for deposition of the moraines close to
the Late Weichselian maximum position. A seisntic
profile across the shelf off Raudfjorden shows that firm
sediments, possibly till, cover the sea floor north of the
moraine ridges (A. Solheim, pers. comm., 1996). The
higher parts of the outermost islands, Danskpya and
Amsterdamgya, are covered by autochthonous block
fields interpreted to have been formed on nunataks
rising above the surface of the ice sheet (Salvigsen.
1977).

Western Spitsbergen

The west coast of Svalbard is characterised by an
alpine mountain range comprised of a belt of pre-
Devonian metamorphic rocks. West of the range there
1s a 5-10-km wide strandflat which continues below the
present-day coastline, and the whole continental shelf
15 ca 60 km wide and less than 200 m deep. Outside the
major fjords, the shelf is cut by submarine troughs
through which glacial sediment was transported to-
wards large sediment fans on the continental slope
{Solheim ez al., 1996).

Based on stratigraphic and geomorphologic studies,
several researchers (Salvigsen, 1977; Boulton, 1979a;
Boulton er al., 1982; Miller, 1982; Forman, 1989; Miller
et al., 1989; Lehman and Forman, 1992) have suggested
that the Spitsbergen glaciers only experienced a limited
advance during the Late Weichselian (see above), fill-
ing the inner parts of Kongsfjorden and the tributaries
of Forlandsundet and Isfjorden (Fig. 4). This was view
partly accepted by Mangerud et al. (1987), who sugges-
ted a minimum-advance model with restricted ice filling
Van Mijenfjorden (Fig. 4), while tidewater glaciers cal-
ved along the coasts of Isfjorden during the Late
Weichselian. To investigate whether the ice had
extended even further west, the land-based studies were
followed up by integrated terrestrial and marine invest-
igations along Isfjorden and the adjacent shelf (Sven-
dsen et al., 1989, 1992, 1996; Mangerud and Svendsen,
1990; Mangerud et al., 1992; Elverhgi et al., 1995a).
As a result, the maximum position of the reconstructed
Late Weichselian ice margin has been moved success-
tvely westwards, and the present conclusion is that
the glacier extended to the shell edge off Isfjorden
(Fig. 6a,b).

In Kongsfjorden (Figs. 2 and 4), Lehman and For-
man (1992} interpreted a moraine lobe close to the
mouth to mark a minimurn extent of the Late Weich-
selian glacier. The Late Weichselian marine limit in
Kongsfjorden cross-cats the moraine and is dated to ca
13 ka on its proximal side (Forman er al., 1987). Leh-
man and Forman {1992), thus, concluded that the ice
retreated from the Kongsfjorden moraine ca 13 ka, an
idea also supported by an age of 12.3 ka on foraminif-
era enclosed in glacimarine sediments inside the mo-
raine. Qutside the Kongsfijorden moraine, ie. on
Braggerhalvpya (Fig. 4), iwo series of raised beaches
have been found above the Late Weichselian marine
limit. Their partly preserved morphology and lack of
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TABLE 1 Key radiocarbon dates associated with the reconstruction of the Late Weichselian ice sheet over Svalbard and the Barents Sea. Most of
she dates are plotted as ka in Fig. 3. All dates on marine samples have been corrected for a reservoir age of 440 years {Mangerud and Gulliksen, 1975)

Reservoir corr. age Lab. ref. Position Dated material Setling Reference
Western Spitsbergen
36,100 + 800 T-52il T8°03'N 13°52°E M. truncata Beach sediment below  Mangerud er al. (1992)
till
35,900 + 500 T-6618 < < paired < <
40,600 + 1100 T-8184 M. truncata Beach sediment 83m <
' asl
12,3200 + 190 Ua-729 Shells Marine sediment above Mangerud and Svendsen
firm diamicton (1990)
12,300 £ 190 Ua-732 Sheils << <
12,270 + 110 WHG-531 E. excavatum Marine sediment above Lehman and Forman
till {i992)
12,960 + 190 B-10967 791N 11°17E Whale skull Beach sediment Forman ef al. (1987
Forman {1990)
11,355 + 125 T-9009 76°43N 16"20E M. truncara Above till Salvigsen and Elgersma
{1963)
41,900 + 1300 TF-9011 T6°56'N 16°14'E < Below till <
12,830 +- 210 T-6000 T1°34'N 14°24'E N. pernula Muarine above iill Landvik et al. (19923a)
12,570 + 160 Ua-280 < < < <
Shell west of Svalbard
14,815 + 180 TUa-359 78°11.30'N 09°56,56'FE  N. pachyderma Marine sediment above Elverhgi et al. (1995a);
firm diamicton care NP90-21
14,595 + 90 TUa-855 < < < <
14,710 + 120 TUa-856 < << < <
12.545 + 145 TUa-42 7R°02.08'N 12°59.03E  Nucula tenuis < Svendsen er al. (1992);
core NP8E-02
19,195 1 225 Ua-3270 78°14.18'N 08°4782E N, pachyderma (sin) Below debris flow Andersen et al. {1996);
core NPS0-18C
[9,205 + 205 Ua-3271 < < < <
13,560 + 120 WHG-941 Benthic foraminifera  Marine above firm Lehman ¢t al.,
diamicton unpiblished data; core
NP90-09. Res corr.
— 425 years
12,480 + 121 WHG-946 N. labradoricum < <
16,440 + 80 Beta 71988 T713.20N 12°3719E  E. excavatum Marine sediment above Cadman (1996); core
diamicton NP90-46
14,330 + 90 Beta 71987 TP1TS8'N 12°39.73E  E. excavarum/E. asklundi < Cadman (1996); core
NP4-4
13,000 - 70 Beta 78059 <Z Shell fragments < Cadman (1996); core
NP9%4-4
12,040 + 8O Beta 81234 T7°30.35'N 13°22.04'E  E. excavatum/C. < Cadman (1996), core
reniforme NP90-4%
Bjsrngya
97954 120 Ua-4130 78°28'N 19°02°E Bryophyta Lake sediment Wohlfarth et al. (1995)
Bjerndyrenna
34,835 + 1430 Ual 052 74729 4N 25°46.3E Shell fragments Reworked marine Hald et al. {1990); core
sediment 7425/09-U-01
21,615 + 565 Ual033 < < << <
27.320 + 733 Ual049 73716.75N 23709.5E < < Hald er al. (1990); core
Dia 84-2
21,960 + 1095 Ual 136 T519'N 24°43'E Shell fragments Diamicton Elverhpi et al. (1993);
core 87-21
29,070 + 1260 Ual 137 < < < <
29,700 + 925 Ual 138 < < < <
36,160 + 1900 Ual270 < < < <
42,260 + 1500 Ua%40 < < << <
37,040 4- 900 Yal810 < < <z <
24,715 4+ 220 TUa-818 74"28'N 10"42'E Shell Dicbris flow deposit Laberg and Vorren
{1995); core IM93-6/1
17,460 -+ 145 TUa-820 < Foraminifera < <
Southern Barents Sea
13,290 + 290 T-4914 T1°25N 22°54E Macoma calcarea Marine sediment VYorren and

Kristoffersen (1986);
Vorren and Laberg
{1996)
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Rescrvoir corr, age Lab. tef. Paosition Dated material Seiting Reference

Northwest Spitshergen

28,530 £ 430,410 T-2091 T79°47'N 10°48'E M. vuncata/H. arctica Till Salvigsen (1977)

38,790 + 940,840 T-2093 T9°42'N 1049'E < Till <

41,080 4 2670.2000 T-2094 T9°41'N 1(F43'E H. arctica Til <

9380 + 110 T-2700 793N 12745°E M. fruneata Beach sediment Salvigsen and
Osterholm (1982)

43,340 4 1800,1400 T-2702 T9°45'N 13°40'E H. arctica Beach sediment Salvigsen and
Osterholm (1982)
{erronausiy reported in
Salvigsen, 1979)

10,050 + 120 T-2918 79725 N12°45'E M. runcata/H, arctica  Marine sediment Salvigsen and
Osterholm {1982)

11,110 4+ 140 T-3099 79°47TN 14°31'E M. rruncata/H. arctica < <

10,740 + 190 U-2095 79°535'N18"20'E M. truncata < Olsson et al. (1969)

10.885 + 530 Organic Lake sediment Karlen {1987)

42,000 + 3200,2300 T-329411 80"43'N 20°48'E M. runcata < Salvigsen and Nydal
(1981}

33,965 + 630 T-12223 T9°43'N 13°10'E Calcarous algae Below till Salvigsen. impublished
data

9930 + &0 T-3100 80°42’'N 21"00E H. arctica Marine sediment Salvigsen and Nydal
[1981)

Eastern Svalbard

9850 £ 80 GSC-3039 78 50°'N 29"20'E Larix sp. Salvigsen (1981)

9790 + 120 T-3397 < Larix sp. Salvigsen (1981); same as
above

10,265 + 95 Ua-2536 T834'N 21°20E Nuculana pernula Marine above till Landvik et al. (1992h,
1995)

10330 + 110 TUa-2095 TI39'N 22°59°F M. truncata <

10,200 + 95 TUa-269 77728'N 23°16'E Shell fragment Bondevik er al. {1995)

Northeast Barents Sea and Franz Joscl Land

13,245+ 150 TUa-183 79°58.8'N 41°56.9E Mixed forams Marine sediment above Polyak and Solheim

diamiclon 1994); core 45

10,150 + 70 CAMS-5561 80°41.07'N 47°43'E << < Polyak and Solheim
{1994}, coze 45

G990 + 95 TUa-182 < < Polyak and Solheim
(1994); core 32

12,890 + 80 CAMS-5547 81°07.U'N 43°2592E  Cassidulina tevetis Forman er al. (1996}
core P1-91-AR-JPCS

(1,790 + 70 CAMS-5348 < < < <

10,290 + 115 GX-172606 M. truncata Marine sediment Forman et al. (1996);
Hocker Island, 30 m
as.l

10,360 + 115 GX-17196 Driftwood Beach sediment Forman er al. {1996);

Southeastern Barents Sca

12,240 + 135 AA-9452

12,525 + 105 AA-9457

[2.695 + 115 AA-9458

12,735 + 95 AA-12262

Northern Russia

9779 + 110 T-11200 67°5TN49°12E
9755 + 150 T-11220 65 15'N5S2"15°E
10075 + 130 T-11219 <

Mixed loraminifera

I. norcossi

1. norcossi

Mixed foraminifera

Peat
Branch of Salix
Peat

Marme sediment abave
diamicton
<

<

<

Nansen Island, 27m
asl

Polyak et al. (1995); core
305

Polyak er af. {1995); core
313

Polyak er al. (1995); core
313Polyak et al. (1995);
core 140

Tveranger et al. (1995)
<
<

overlying glacial sediments have been taken as evid-
ence that the beaches were not overrun by glaciers
during the last glacial maximum (Salvigsen, 1977; Mil-
ler, 1982; Forman and Miller, 1984; Forman, 1989).

However, Lehman and Forman (1992) showed that
well-preserved pre-Late Weichselian beaches also exist
on the proximal side of the Kongsfiorden moraine.
Even if we do not fully understand the sub-glacial
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FIG. 5. Submarine maraine lobes off the coast of northwest Spitsbergen (moedilied from Liestgl, 1972). For location, see Fig. 4.

processes related 1o the ice sheet, their study demon-
strates that glaciers may override beach sediments
without either removing them by erosion or depositing
any till.

The problem of the ice extent in Kongsfjorden has
recently been addressed by Lehman, Solheim, Elverhsi
and Jones (unpublished data), who retricved cores {rom
the sea floor of the trough west of the flord mouth
{Fig. 3). They obtained ages of 13.6 and 12.5 ka from
marine sediments overlying a firm diamicton inter-
preted as a till. These ages, thus, suggest that the glacier
must have extended beV¥ond the Kongsfjorden mo-
raines and overrun the old beaches on the Brpgger-
hatvaya peninsula prior to 13.6 ka.

Undisturbed pre-Late Weichselian deposits have
also been reported {from Prins Karls Forland (Salvig-
sen, 1977; Troitsky et al., 1979) and fromn the west coast
of Spitsbergen north of Isfjorden (Fig. 2} {Forman,
1989). Based on the evidence for a grounded glacier
covering the entire shelf west of Isfjorden (see below) or
at least parts of the shell off Kongsfjorden, we conclude
that only some of the highest mountains on Prins Karls
Forland could have remained ice free during the Late
Weichselian glacial maximum. Seismic profiles and
sediment cores show that the sediment succession in
the Isljorden basin continues into Forlandsundet with-
oul any thicker sediments beneath (Svendsen ef al.,
1996). The similarity in sediment and seismic stratigra-
phy is a strong indication of a similar glacial history for
the two areas.

Isfiorden.

Isfjorden, the largest fjord system on  Spits-
bergen, is 200400 m deep, and continues across the
shell as the Isfjorden trough (Fig. 4). The fjord may
have been filled with a fast-flowing outlet glacier that
drained a large portion of the former ice sheet over
Spitsbergen during several glaciations, However, Lav-
rushin {1967, 1969} and Troitsky et al. (1979) concluded
from studies and ages at Kapp Ekholm and other
sections that the Late Weichselian glaciers were not
much larger than at present. This conclusion was also
supported by an initial study by Mangerud and Salvig-
sen {1984). Boulton (1979a) also studied the Kapp
Ekholm section, and suggested that the Late Weich-
selian glacier advanced only to the submarine moraine
at the mouth of Billefjorden some time between 11 and
10 ka. Subsequently, Mangerud and Svendsen (1992)
demonstrated that Late Weichselian ice overran the
section at Kapp Ekholm, and that > 30 ka ages re-
ported by Lavrushin (1969) were obtained from gla-
ciolectonically disturbed sediments that were not
covered by till in the part of the section studied by
Lavrushin. However, a Late Weichselian till occur in
other parts of the section.

One main problem in the reconstruction of the Late
Weichselian ice margin in Isfjorden has been the lack
of a terrestrial record that shows unambiguously ice
drainage through the main fjord. A minimum recon-
struction of the ice margin, based on till fabric and
glacial striae (Mangerud er al., 1987), suggested that
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valleys and tributary [jords on the north and south
sides of Isfijorden were filled with tide-water glaciers
that calved along the main fjord. From the stratigra-
phy in Linnédalen {Fig. 4), the glaciation can be con-
strained to have occurred somewhere between 25 and
12.3 ka. Raised beach sediments below a till bed yiel-
ded radiocarbon ages of 36 and 40.6 ka (Mangerud
et al., 1992, 1998). Till fabric analyses show deposition
by a glacier moving north down the Linnédalen valley,
which runs perpendicular to the main fjord. Amino
acid alle/Ile ratios show that the shells had been
covered by ice (0°C) for a maximum of 10,000 years
(Mangerud et al, 1992). The valley was deglaciated
12.3 ka (Fig. 3), as shown by basal ages from the sedi-
ments in the adjacent Linnévatnet (Mangerud and
Svendsen, 1990; Mangerud er al., 1992).

It is interesting to note that the land record in the
Isfjorden area can account only for the minimum ex-
tent of the Late Weichselian glaciers as suggested by
Mangerud et al. (1987). However, no observation on
land excludes a larger ice extent. Therefore, investiga-
tions during recent years have been aimed towards
mapping the maximum glacier extent in the fjord basin
and the adjacent continental shelf and slope (Mangerud
et al., 1992; Svendsen et al, 1992, 1996; Elverhgi er al,
1995a; Solheim et al., 1996). Sea-floor cores along a tran-
sect from Isfjorden to the shelf break show a firm dia-
micton directly overlain by a clayey silty mud with
outsized clasts (Mangerud et al., 1992; Elverhgi et al.,
1993a; Svendsen er al., 1996). The lateral distribution of
the diamicton can be traced on seismic profiles from the
main fjord to the adjacent shelf, where it is recorded as
an acoustically opaque unit underlying more transpar-
ent sediments that become thicker toward Spitsbergen
(Svendsen et al, 1992; Elverhgi et al. 1995a; Solheim
et al., 1996). The diamicton has been sampled from a set
of cores located between the mouth of Isfjorden and the
shelf break (Svendsen et al, 1992, 1996}. It appears as
poorly-sorted homogeneous and slightly over-con-
solidated sediment with angular to sub-angular, often
striated gravel that is derived from the Isfjorden drainage
area. Eighteen age estimates on shefl fragments from the
diarmicton yield ages older than 37 ka (Svendsen et al,,
1996). The diamicton could have been formed either by
sub-glacial processes, iceberg turbation or debris flows.
However, the lithology, the degree of consolidation,
lack of stratification and extensive lateral distribution
of the diamicton suggest formation as a sub-glacial till.

The thick deposits on the continental slope immedi-
ately west of the Isfjorden trough play a key role in our
reconstruction of the glacial maximum. The deposits
consist abmost exclusively of debris lobes {Andersen
et al., 1996). Based on AMS radiocarbon ages and
oxygen isotope stratigraphy, the uppermost generation
of debris lobes correlates with the timing of the last
glacial maximum al approximately 18-15 ka. The gen-
eration of these features is closely related to the high
input of sediments on the upper continental shelf (see
Elverhgi ef al., 1998; Vorren er al., 1998). As discussed
later, the continental slope is i general characterised

by low hemipelagic sediment accumulation during that
period {Elverhgi et al, 1995a). Thus, high sediment
input to the troughs mouth fans, as the one off the
Isfjorden trough, is related to direct sediment discharge
from a grounded glacier located at the shelf edge (see
Vorren et al., 1998). The diamictic composttion, includ-
ing the presence of shallow marine foraminifera in the
debris lobes, strongly suggests that this was the mode
of deposition for the sediments on the Isfjorden fan.

The seismic stratigraphy across the shelf (Svendsen
et al, 1992; Solheim et al, 1996) also indicates an
extensive glaciation at a late stage in the geological
history. Along the outer shelf between the Isfjorden
and Bellsund troughs, the upper units, which have been
deposited during the Late Quaternary glaciations (An-
dersen et al., 1996; Solheim et al., 1996), are truncated
by up to 150m of erosion and a prominent ridge,
interpreted to be a terminal moraine, has been formed
at the shelf break (Fig. 2). However, these moraines are
not radiocarbon dated.

There are three sets of arguments that peint to
a Late Weichselian age for the till on the continental
shelll A maximum age is given by the > 37 ka dates on
shell fragments incorporated in the diamicton. How-
ever, and most importantly, four AMS dates from
molluscs within the till sampled from two cores from
the shelf yielded ages in the range 12.6-12.4 ka, provid-
ing strong evidence for an extension of the Late Weich-
selian ice sheet well beyond the coastline (Svendsen
et al., 1996). Svendsen et al. (1992) and Svendsen et al.
(1996) argue that there are no sedimentological signs of
a hiatus between the till and the overlying glacimarine
sediments. Thus, an Ice retreat from the outer shelf at
ca 14.8-14.6 ka is concluded from ages on foraminifera
and molluscs at the base of the overlying clayey silty
mud (Fig. 6b) (Elverhgi er al., 1995a; Svendsen et al.,
1996). A further indication of the age at which max-
imum ice extent was reached at the continental shell
break is provided by two 19.2 ka ages on shells and
foraminifera, respectively, below a debris lobe on the
Isflorden Fan (Andersen et al, 1996).

Bellsund

The wide embayment of Bellsund branches eastwards
into two major fjords (Fig. 4). Studies on the land
around the mouth of the fjord (Landvik et al.. 1987,
1992a; Mangerud et al., 1992) led to a reconstruction of
a minimum-advance model for the extent of the Late
Weichselian ice sheet in which Bellsund acted as a calv-
ing bay prior to 12.8 ka. The main evidence for this
glacial scenario are: (1) a sub-glacial till showing north-
erly ice flow on the south coast of Bellsund (Landvik et
al., 1992a); (2) deglaciation dates of 12.8 and 12.6 ka on
shells from marine clay immediately above the ull
{Landvik er al, 1992a};, and (3) the termination of the
11 ka shoreline at the mouth of Van Mijenfjorden
(Landvik er al., 1987; Mangerud et al., 1992).

The stratigraphy on the shell off Bellsund shows
features similar to those found on the Isfjorden shelf



LY. Landvik er al.: Last glacial maximum of Svalbard and the Barents Sea area

(above). In a set of cores from the outer part of the
Bellsund trough (Fig. 3), dates of 16.4, 14.3 and 13.0 ka
were obtained from sediments overlying a diamicton
interpreted as a sub-glacial till (Cadmarn, 1996). These
ages show that the Late Weichselian glacier extended
almost to the shell break, and that deglaciation of the
outer part of the shelf started prior to 16.4 ka.

Hornsund and Sgrkapp Land

Sub-till sediments occur within a few places. Two
glactal phases are represented in a section near
(Gishamna on the southern shore of the Hornsund fjord
(Fig. 4) (Salvigsen and FElgersma, 1993), where shells
below the upper till have yielded ages of about 42 ka
(T-9011}). Further south, near Olsokbreen, shells above
till yielded age estimates of about 11.4 ka (T-9009).

Their position close to the neoglacial lateral moraine
of Olsokbreen indicates that the glacier cover over
Serkapp Land was less extensive at 11.4 ka BP than it
is today (Salvigsen and Elgersma, 1993). Deglaciation
TL and radiocarbon ages of 10-11 ka {from this region
are also reported by Lindner and Marks (1993).

Western Barents Shelf

The northern and central Barents Sea (Fig. 2) have
a generally thin ( < 10-15 m} cover of Quaternary sedi-
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ments above the Mesozoic bedrock (Solheim and Krist-
offersen, 1984; Elverhgi et al, 1993). The sediment
thickness increases towards the western margin, and
may exceed 600m at the outer parts of the large
troughs (Vorren et al., 1992). The general stratigraphy
(Fig. 7) consists of a stiff diamicton interpreted as basal
till overlain by softer glacimarine sediments deposited
during ice recession. At water depths < 100 m, the
succession is capped by a thin veneer of fine-grained
sediments, which is replaced by reworked sand and
gravel on the banks (Elverhgi e al, 1993),

Storfiordrenna, Spitshergenbanken and Bjgrngyrenna

The major geomorphologic features of the western
Barents shell are the Storfjordrenna and Bjgrngyrenna
troughs that are separated by the shallow ( < 50m
deep) Spitsbergenbanken (Fig. 2). Bjerngyrenna, the
larger of the two troughs, is ca 750 km long and
stretches from Storbanken to the shelf break. It reaches
almost 500 m water depth south of Bjgrngya. Storfjor-
drenna is smaller and separates the shallow Spitsbher-
genbanken from the main islands of Svalbard to the
north (Fig. 2). The Bjgrngyreuna trough mouth fan,
which extends from the mouth of Bjgrndyrenna into
the deep sea, is the largest depositional feature on the
Barents Sea margin (Vorren ¢t al, 1998). The large
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volumes of glacigenic sediments are evidence that the
troughs may have acted as major ice drainage path-
ways for successive Barents Sea glaciations (Laberg
and Vorren, 1995; Vorren and Laberg, 1996).

Several glacial features within the two troughs have
been used to reconstruct the Late Weichselian ice dis-
tribution (see Elverhgi er al., 1993). A set of 20-50 m
high sediment ridges are found at 300 m depth along
the western and southern margins of Spitsbergenban-
ken (Fig. 2) (Elverhgi and Solheim, 1983a.b; Solheim
and Kristoffersen, 1984), The ridges were interpreted as
moraines (Elverhgi and Solheim, 1983a) and correlated
to large bodies of acoustically transparent ice proximal
sediments occurring at the same depth both at the
mouth of Storfordrenna and in the inner part of
Bjorngyrenna (Fig. 2} (Elverhgi et al, 1990, 1993).

In the southern Barents Sea, Vorren and Kristoffer-
sen (1986) identified marginal moraines some of which
were deposited from the northeast, 1.e. from an ice sheet
located in the southern Barents Sea, evidently also
occupying Bjgrngyrenna. The most convincing evid-
ence that a grounded glacier existed in Bjgrngyrenna is
the discovery of large areas containing 100-500-m long
parallel linear groves and ridges, interpreted as sub-
glacially formed flutes (Solheim et al., 1990). The flutes
have been mapped with side-scan sonar both at the
head of Bjgrngyrenna, between Spitsbergenbanken
and Storbanken, and in a smaller area in the central
part of the trough south of Spitsbergenbanken (Fig. 2).
The latter site shows that the ice extended beyond the
moraines discussed above. The flutes are developed at
the surface of the firm mud which is interpreted as a till
(Solheim et al., 1990), and in several large areas they are
covered by a thin veneer of post-glacial sediments. The
stratigraphic position and the thin, or absent, sediment
cover are strong evidence supporting a Late Weich-
selian age of the ull.

As discussed for Isfjorden west of Svalbard, the thick
debris lobes in the Bjgrngyrenna trough mouth fan
play a key role in the understanding of the western
extent of the Late Weichselian ice sheet (see Vorren
et ul, 1998). Seismic studies suggest that the fan was
constructed mainly by large-scale debris flows which
formed by down-slope movement of sediments
brought to the shelf break by glaciers (Solheim and
Kristoffersen, 1984; Vorren et al, 1989; Laberg and
Vorren, 1995} Radiocarbon age estimates on
foraminifera in the uppermost debris lobe suggest that
deposition occurred after 17.5 ka, i.e. during the Late
Weichselian (Laberg and Vorren, 1996; Vorren and
Laberg, 1996). Thus, the glacier must have been
grounded at ca 500 m water depths at the mouth of
Bjgrngyrenna.

Maximum ages for the onset of the Late Weichselian
glacier advance in Bjgrngyrenna have been obtained
from a set of five sediment cores in a transect from
Spitsbergenbanken in the north o Fuglaybanken in
the south (Fig. 3). In the central parts of Bjgrngyrenna
(cores 7425/09-U-01 and DIA 84-2), Hald er al. (1990)
reported radiocarbon ages of 34.8, 27.3 and 21.6 ka,

obtained from reworked shells in marine sediments
(Table 1; Fig. 3). Similarly, on the margin of Spitsber-
genbanken, south of Hopen (core 87-21), Elverhgi et al.
(1993) obtained six ages on shell fragments between
423 and 220ka in a diamicton interpreted as till
(Table i; Fig. 3). In a core (core IM93-6/1) penetrating
the distal parts of one of the debris lobes on the trough
mouth fan, Laberg and Vorren (1995) dated foraminif-
era and molluscs incorporated in the debris lobe dia-
micton to 17.5 and 24.7 ka. (Table 1; Fig. 3). From
these ages we conclude that the glacier advanced
through Bjgrngyrenna some time after ca 22 ka, as
suggested by Elverhel et al. (1995b) (Fig. 8).

Bjsrngya

The island of Bjgrngya (Figs. 1 and 2} lies close to
the western margin of the Barents shell and, thus, close
to the margin of any former ice sheects in the Barents
Sea. From findings of glacial erratics and striae, it has
been known for almost a century that the island once
was covered by glaciers (Nathorst, 1899; Horn and
Orvin, 1928). A re-investigation of the glacial geology
of the island was carried out by Salvigsen and Slette-
mark (1995). They found that the erratics were solely
derived from the local bedrock, and concluded that the
numerous glacial striac (Salvigsen and Slettemark,
1995) were formed by a local ice cap. The highest
mountains may have been nunataks at this time. A lo-
cal deglaciation of 9.8 ka is inferred from ages on
mosses from basal lake sediments on the northern part
of the island (Wohlfarth er al., 1995).

An important question is whether Bjgrngya has been
subjected to glacio-isostatic depression as a result of
the ice load over the Barents Sea. Earlier reports of
raised beaches on Bjgrnpya (Horn and Orvin, 1928)
were rejected by Salvigsen and Slettemark (1995), who
found undisturbed till down to the present day beach.
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We thus conclude that the present sea level represents
the post-glacial marine limit on the island. This is also
indicated by the southward extrapolation of the 10 ka
shoreline that is mapped along the coast of Spitsbergen
(Fig. 11) and the isostatic modelling discussed below.

Southern Barents Sea

Reconstruction of the Late Weichselian ice margin
in the southern Barents Sea is more complicated than
of that farther north, as it represents a confluence zone
between the dynamically independent Barents Sea and
Fennoscandian ice sheets. From studies on Andpya
{Vorren et al., 1988) and the seismic stratigraphy in
outer Bjerngyrenna {Laberg and Vorren, 1995: Vorren
and Laberg, 1996) suggested that the last glacial max-
imum in the southwestern Barents Sea occurred in two
phases: the first advance prior to 22 ka, and the later
after 19 ka. In our reconstruction we focus on the last
advance.

Evidence of grounded ice is found in the south-
western Barents Sea where a system of 10-50-m high
and 1-5-km wide moraines were formed in front of
lobes from both the Fennoscandian and the Barents
Sea ice sheets (Vorren and Kristoffersen, 1986) (Fig, 2).
A deglaciation age of 13.3 ka (Fig. 3) from material on
the proximal side of the moraine lobes shows that they
were formed by the Late Weichselian ice sheet (Vorren
and Kristoffersen, 1986). Large-scale glaciotectonic
features have also been reported 50-80 km farther west
of the lobes (Fig. 2) (Smttem. 1990). These are noi
dated, but a limited cover of postglacial sediments in
the depressions suggests that they were also formed
during the Late Weichselian. If this is correct, the ice
sheet also extended almost to the shelf break in this
region. Thus, the glacier margin inferred by Laberg
and Vorren (1995) at the mouth of Bjprngyrenna
(above) may have continued southwards along the
shelf break until it met ice flowing off northern Scandi-
navia (Fig. 12).

-

Northern Svalbard and the adjacent shelf

Compared with the shelf west of Svalbard and the
Barents Sea. less is known about the part of the shelf
that faces the Arctic Ocean to the north (Fig. 2). The
northern shelf is cut by several large troughs, from the
Hinlopen Trough (Fig. 4)in the west to the large Franz
Victoria Trough west of Franz Josef Land (Fig. 2).

Northern Spitsbergen and Nordaustlandet

As discussed above, the marine record from the shell
indicates that the Late Weichselian ice extended north
ol the moraines mapped by Liestgl (1972} and Salvig-
sen (1977) in the Raudfjorden and Liefdefjorden area.
In Mosselbukta (Fig. 4), shells from 65m asl were
dated to 11.1ka, while the upper marine limit was
determined to 85m a.s.l. (Salvigsen and Osterholm,

£982). This elevation of the marine sediments is compa-
rable with the situation on the west coast of Svalbard,
between Isfiorden and Van Mijenfjorden, where it has
been shown that the Late Weichselian ice sheet ex-
tended to the shelf break. Thus, we suggest that a
substantial isostatic load existed over the north
coast. and that the Late Weichselian ice sheet extended
to an unknown position on the continental sheli to the
north,

Radiocarbon ages from the western part of Nord-
austlandet (Fig. 2) are similar ages obtained from Mos-
selbukta. The minimum age for the deglaciation in the
Murchisonfjorden area (Fig. 4) is demonstrated by
10.7ka old shells found 82 m asl (Olsson ef al.,
1969). Although the northward extension of the Late
Weichselian ice sheet along the north coast of
Nordaustlandet is not known, Ostetholm (1990)
argued that because the postglacial marine limit is
about 50 m as.l. on Prins Oscars Land {Fig. 4}, then
the Late Weichselian ice sheet extended only to the
coast line. Deglaciation ages older than 10 ka have not
been obtained from the north coast of Nordaustlandet,
but Osterholm (1990) suggested that deglaciation took
place about 1lka or earlier. Investigations on
Sjugyane (Fig. 4)(Salvigsen and Nydal, 1981) led to the
conclusion that the Late Weichselian ice sheet did not
reach Sjugyane. The marine limit there was determined
to be 22 m a.sl. The isobase map (Fig. 9} indeed indi-
cates that the Late Weichselian ice sheet reached at
least Sjuoyane. Shells found above the marine limit as
well as shells from the upper unit of a sea-facing cliff
were dated to > 40 ka, whereas shells of 10 ka indicate
a minimum age of the deglaciation (Salvigsen and
Nydal, 1981},

Franz Victoria Trough and Franz Josef Land

Two independent studies of sediment cores {rom the
Franz Victoria Trough at ca 80°N (Polyak and Sol-
heim, 1994) and 81°N (Lubinski et al, 1996) show
a typical deglaciation succession of glacial diamictons
(tills) overlain by laminated mud. Radiocarbon ages
unmediately above the diamictons indicate deglaci-
ation prior to 12.9 and 13.2 ka (Fig. 3). Seismostrati-
graphic studies (Lubinski et af, 1996) demonstrate
a large lateral extent of the diamicton, and support the
interpretation that it represents a basal till. Thus, the
ice was grounded down to a modem water depth of ca
400 m. Seismic studies as far north as &1.5°N also
suggest that the sea floor in the outer parts of the
trough is covered by the same till bed (A. Solheim, pers.
comm., 1996), which supports Late Weichselian ice
grounded within most of the Franz Victoria Trough
down to a modem depth of ca 500 m.

The Franz Josef Land archipelago represents the
northernmost islands on the Barents Shelf {Fig. 1).
They have low reliel with adjacent shallow banks cut
by the 500-600 m deep Franz Victoria Trough to the
west. and the large 600-700 m deep Svayataya Anna
Trough to the east (Fig. 2). As with other islands in the
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region, previous studies have suggested limited gla-
ciation during the Late Weichselian (see review by
Forman et al., 1996). However, recent studies on sev-
eral of the south-central islands reveal a glacial diamic-
ton overlying bedrock, succeeded by offlapping beach
sequences up to a marine limit that drops from 50 m
a.s.l. in the north to ca 30 m as.l in the south (Forman
et al., 1996). Ages on driltwood and in situ molluscs
close to the marine limit indicate a deglaciation
10.3-10.4 ka (Forman et al., 1996), whereas deglaci-
ation dates in marine cores in one of the western [jords
suggest they were deglaciated by 10.0-10.2 ka. (Polyak
and Solheim, 1994). There are no geological observa-
tions that help constrain the ice extent on the continen-

tal shelf north of Franz Josef Land. However, shore-
lines as high as 50 m a.s.l. indicate a relatively thick ice
cover and, thus, that the ice margin was situated some
distance offshore.

Eastern Barents Sea
Novaja Zemlya and the adjacent sea

Seismostratigraphic and sediment-core studies
(Gataullin et al, 1993) have shown that the sea
ficor west of Novaja Zemlya is characterised by an
extensive diamicton layer (seismostratigraphic unit I1I)
overlain by glacimarine and postglacial sediments. The
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diamicton has characteristics of a true till, and contains
inclusions of unlithified Mesozoic sediments, striated
clasts and redeposited pre-Quaternary foraminifera
and palynomorphs. The surface of the diamicton is
irregular and rough, a morphology attributed to ice-
berg ploughing (Gataullin et al, 1993). Because the
unit rests directly on the upper regional unconformity
(URL) in the area, considerable erosion must have
taken place during the Late Weichselian. Thus, no
maximum age has been obtained for the deposition of
the till. Prominent arc-shaped morainic ridges up to
100 m in relief are found west of Novaja Zemlya
{(Fig. 2} (Epshtein and Gataullin, 1993). Evidently,
these end moraines reflect ice dispersal from the east,
and they were possibly deposited along the margin of
an ice sheet that was centred in the Kara Sea. The age
of these moraines is unknown, but their fresh mor-
phologies suggest a Late Weichselian age. This is
supported by the fact that on the distal side of the
moraines, deposition of glacimarine sediments upon
ull began shortly before 12.7 ka (Fig. 3) (Polyak et al.,
1995). Thus, grounded ice must have extended west of
the ridges. On Novaja Zemlya there are few radiocar-
bon ages from well-documented stratigraphic contexts
that can be directly related to a Late Weichselian
glaciation.

The north Russian coast

The present knowledge of the extent and timing of
the Kara Sea Ice sheet on the European part of the
Russian mainland is based partly on preliminary re-
sults oblained by the ongoing Russian~Norwegian re-
search project PECHORA (Paleo Environment and
Climate History of the Russian Arctic) (see review in
Rutter, 1995). On the basis of the end moraine config-
uration, tili fabrics, erratics, striations and other ice-
directional features, it has been known for some time
{Astakhov, 1979) thal the youngest ice flow that affec-
ted the Pechora basin (Fig. 1) is from the northeast
(reviews in Grosswald, 1993; Astakhov, 1994; Punkari,
1995). Thus, there is good evidence to suggest that the
last ice sheet inundating the coastal areas to the east of
the Kanin Peninsula (Fig. 2) was dynamically connec-
ted with the Kara Sea ice sheet and not the Barents Sea
ice sheet. However, the Kara Sea ice sheet must have
merged with both the Fennoscandian and the Barents
Sea ice sheets in the southeastern Barents Sea, pro-
vided that they existed at the same time.

The extent and timing of the last glaciation of Euro-
pean arctic Russia is controversial. According to Gros-
swald (1993) the Late Weichselian ice sheet extended
several hundred kilometres to the south of the present
coast line. However, based on recent investigations in
the Pechora Basin it has been concluded that the
Weichselian glaciation was much less extensive than
Grosswald predicted (Tveranger et al., 1995). The latter
researchers suggest that the Weichselian glacial max-
imum corresponds with the so-called Markhida Mo-
raine, a broad zone of ice-marginal landforms running

east-west across the Pechora lowland (Fig. 2). Gros-
swald (1993) concluded that this end moraine was
formed during a re-advance of the Kara ice sheet after
9 ka. However, Tveranger ef al. (1995) demonstrated
that the postulated young ice advance was due to
a misinterpretation of the sediments and stratigraphy,
and that the Markhida Moraine is oider than 10 ka.
Based on TL dates that were obtained from fluvial
sediments under till, they tentatively suggested a Late
Weichselian age for the formation of the end moraine.
However, this has not yet been confirmed by radiocar-
bon ages.

Alternatively, the last ice advance that reached the
Markhida Moraine occurred during the Middle or
Early Weichselian.

HOLOCENE RELATIVE SEA LEVEL

The pattern of glacio-isostatic uplift has been a wide-
ly used tool used to reconstruct Late Weichselian ice
sheets in different arctic regions. Modelling of the
Earth’s response to glacial loading has been one of the
few methods available for reconstructing the spatial
configuration of past ice sheets, as has been done for
the former ice sheet over the Barents Sea {Elverhoi
et al., 1993; Lambeck, 1993, 1996; Breuer and Wolf,
1995).

Schylt er al. {1968) first published an isobase map
based on the elevation of a mid-Holocene pumice hor-
izon, indicating a centre of uplift in the northern Bare-
nts Sea. Later, a 9.8-ka-old driftwood log found in
beach sediments 100 m. asl on Kongseya (Fig. 2)
demonstrated that this uplilt was caused by melting of
a large Late Weichselian ice sheet over the northern
Barents Sea and Svalbard (Salvigsen, 1981). Such an
uplift centre over the northern Barents Sea was also
shown by the 5 ka isobase map construcied from re-
cent data by Forman et al. (1995).

An isobase map based on the ¢levation of shore lines
formed just after the deglaciation would depict the load
of glacier ice better than isobase maps constructed for
younger periods. Deglaciation ages suggest an almost
instantaneous and final withdrawal of the last ice sheet
from the land areas bordering the Barents Sea at ca
10 ka (Fig. 3). We have, therefore, constructed an iso-
base map for [0 ka for the Barents Sea region (Fig. 9).

Observations

Sequences of raised beaches are common on the
forelands bordering the Barents Sea (Fig. 10) (e.g. Mar-
thinussen, 1974; Salvigsen, 1978, 1981; Forman. 1990:
Bondevik et al., 1995; Forman et al., 1996). Dating of
the raised beaches has provided data sets for construc-
tion of isobase maps. Our reconstruction (Fig. 9) is
based on 24 independent relative sea-level curves from
the Svalbard archipelago. in addition to local deter-
minations of the marine limit and data from Franz
Josef Land (Glazovskiy and Nislund, 1992; Nislund
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BELLSUND

FIG. 10. Examples of raised beaches on Svalbard. Oblique air photograph of Nordenskidldkysten seen from Bellsund. The three main beach levels
are shown: the Tapes transgression beach ridge (A); the 10 ka shoreline (B); and the marine limit (C) Photograph: Narsk Polarinstitutt S 36 [928.

et al., 1994; Forman et al.,, 1996) and from the coast of
northern Norway eastwards to the Kola Peninsula
(Sollid et al, 1973; Marthinussen, 1974; Snyder ef al.,
1996).

Svalbard

The west coast of Svalbard was deglaciated between
13 and 12 ka, and at about 10 ka, the glaciers had
receded to the head of all ffords (Mangerud et al., 1992).
Some of the shore lines formed prior to 10 ka are broad
(50-100 m) beach ridges or spits formed by long-shore
drift (Forman e al., 1987, Landvik et al, 1987; For-
man, 1990). Radiocarbon age estimates of shells and
whale bones indicate a slow emergence, or even still-
siand, during the formation of these shorelines
(Fig. 11}. A prominent beach ridge that is found along
the west coast is informally named beach level B by
{Landvik et al., 1987) (Fig. 10). Most radiocarbon ages
indicate an age between 10.6 and 10.0 ka. Beach level
B probably indicates a transgression or a stable sea
level during parts of the Younger Dryas {Landvik et al..
1987). We have used the elevation of this beach to map
the 10 ka isobase in a north-south profile along the
west coast (Fig. 11).

Both the marine limit and the 10 ka shoreline show
a distinct updoming around the central part of Spii-
sbergen, ie. the Isfjorden-Van Mijenforden area

(Fig. 11). The northwestern tip of Spitsbergen is char-
acterised by little post-glacial emergence, and the Late
Weichselian marine limit here is probably close to the
present sea level (Lehman and Forman, 1987) (Figs. 9
and 11). At Bjgrngya, at the southern end of the profile
in Fig. 11, no raised shorelines are found {(Salvigsen
and Slettemark, 1995). The local deglaciation is dated
to 9.8 ka (Wohlfarth er al., 1995), and by extrapolation
of the 10ka shoreline in Fig. 11, we estimate that
relative sea level at Bjgrnpya was about 40 m below
present ai the time of the local deglaciation.

Due to the large amount of well-preserved driftwood
on the raised beaches in eastern Svalbard, relative
sea-level curves from this area are much better con-
strained than on western Svalbard (Salvigsen, 1978,
19%1; Bondevik et al, 1995). The marine limit was
formed about 10ka in large parts of central eastern
Svalbard, following a rapid deglaciation of the area at
this time (Landvik et al, 1995). Subsequently, the
whole archipelago started to emerge rapidly (Salvigsen,
1981; Forman, 1990; Bondevik et al., 1995).

Franz Josef Land

Several relative sea-level curves have been construc-
ted from the islands in the Franz Josel Land archipel-
ago (Fig. 9) (Glazovskiy and Nislund, 1992; Nislund
et al., 1994; Forman et al., 1996). Forman et al. (1996)
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FIG. 11. North-south profile of the marine limit and beach level B (10 ka) along the west coast of Svalbard, The sea-level curves from three
selected locations are shown. The profile is located on Fig. 9.

dated the deglaciation to ca 10 ka (Fig. 3), and found
that the elevation ol the marine limit increases towards
the Barents Sea, from 25 m as.l in the northeast, to
almost 50 m asl in the southwest (Fig. 9). This in-
crease indicates that the archipelago and adjacent shelf
were subjected to ice loads similar to that on the
western part of Svalbard.

Novaja Zemlya

Grosswald (1980) reported postglacial marine terra-
ces > 100 m a.sl. However, Forman et al. (1995) con-
cluded that the post-glacial marine limit on north-
western Novaja Zemlya was formed by a transgression
ca 6 ka and is less than 20 m a.s k. They also interpreted
the higher beaches to be covered by discontinuous
glacial drift, and that they are, thus, of a pre-Late
Weichselian age. Based on both minimum and max-
imum ice extent models, Lambeck (1995) calculated
a 10 ka marine limit to be 60 and 250 m, respectively,
and concluded that the low marine limits observed
could only be explained by a local deglaciation as late
as 6ka Novaja Zemlya is presently emerging
2 mm/year (Emery and Aubrey, 1991). Such a rate is

similar to other regions with a high marine limit {e.g.
eastern Svalbard, Bondevik et al, 1995), and suggests
strongly that the island was subjected to a considerabie
glacial load during the last glaciation.

Northern Norway to the Kola Peninsula

Along the northern coast of Norway towards the
Kola Peninsula, the isobases run parallel to the coast
line {Marthinussen, 1974; Mgller, 1987; Snyder et al.,
1996), showing that the pattern of the postglacial
shorelines in Finnmark was mainly determined by the
Fennoscandian ice sheet. However, the shoreline gradi-
ents along the Finnmark coast decrease towards the
cast (Fig. 9), indicating that the load of the Barents ice
sheet had some influence on the isostatic uplift in
eastern Finnmark (Magller, 1987; Elverhgi er al., 1993;
Lambeck, 1993),

Muainland Russia and east of the White Sea

Along the coast of the Pechora lowland, Arslanov ef
al. (1987) described a terrace 15-17 m a.s.1, which they
interpreted to be of early Holocene age. However,
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during recent fieldwork, Mangerud ef of. (1993a, b)and
Svendsen et al., (impublished data) found that the sedi-
ments are of continental origin (lacustrine and eolian),
and that there are no marine terraces and sediments
along that coast. In a review of the Russian literature,
Astakhov (1994) concluded that there are no raised
shorelines on Cape Kanin or the Kolgujev Island
{Fig. 9. The conclusion is that all Late Weichselian
and Holocene shore lines are below the present sea
level along the southeast coast of the Barents Sea.
Thus, the isobases in northern Norway and the Kola
Peninsula (Fig. 9) turn south into the White Sea and
encircle the Scandinavian ice sheel. Any possible Late
Weichselian ice sheet in the southeastern Barents Sea
did not significantly influence the isostatic emergence
pattern of the Kola Peninsula and northern Norway
after ca 12 ka.

Configuration of the emergence patterns

The 10 ka isobase map (Fig. 9) shows two indepen-
dent domes, a Svalbard—northern Barents Sea dome
and a Fennoscandian dome. The Svalbard-Barents
Sea emergence dome shows a well-defined elliptical
configuration. The largest observed emergence is on
Kongspya and the tilt of the isobases points towards
a centtre of uplilt south east of Kongsgya (Fig. 9). The
largest uncertainty is still the continuation of the iso-
bases towards Novaja Zemlya. Even if the deglaciation
of the west coast of the island is dated to ca 10ka
(Forman et al, 1995), no raised beaches from this
period have been found. Based on their reconstruction
of the 5 ka isobases, Forman et al. (1995) suggested that
the uplift of Novaja Zemlya was mainly influenced by
the Kara Sea ice sheet.

Implications for the last glacial maximum ice sheet

The reconstructed emergence domes reflect mainly
the ice thickness just prior to the major unload-
ing/deglaciation. The isobase map shows an c¢lliptic
dome that reflects a max#num iceload over northern
Barenis Sea at that time (Fig. 9).

The relative sea-level curves for the region (see
Fig. 11} show that half of the emergence was completed
within 2000 years after the local deglaciation. Thus, an
1sostatic signal [rom the deglaciation of the central or
southern part of the Barents Sea at 15-14 ka might be
hard to detect. By the time the land areas bordering the
Barents Sea were deglaciated, 50-75% of the isostatic
emergence in the central Barents Sea may have been
completed.

This rapid crustal response to unloading 1s probably
the main reason why the isobase pattern constructed
from land areas that were deglaciated ca 10 ka, fails to
detect rebound from the ice that existed over the south-
ern Barents Sea. However, Bondevik et al. (1995)
pointed out the possibility that the higher uplift rates
on Hopen and southern Edgegya during the last 7000
years as compared with uplift rates at locations farther

north, may be parily a result of rebound from ice load
mn the southern Barents Sea. Mpller (1987) and Lam-
beck {1995) suggested that the less steep shorelines in
eastern Finnmark compared with those further west
could have been caused by the same cffect.

THE LAST GLACIATION COMPILATION

Our reconstruction of the Late Weichselian max-
imum ice limit based on the available geological data is
shown in Fig. 12. Along the coast of northern Norway,
the ice margin of the Fennoscandian ice sheet follows
the reconstruction by Vorren and Laberg (1996}, The
margin lies on the outer shelf, with smaller lobes
caused by drainage from the major fjords and troughs.
The margin also runs across the northern part of And-
oya where lake basins show ice-free conditions from ca
22 ka (Vorren et al, 1988; Alm, 1993). However, the
Late Weichselian ice sheet inundated these lakes prior
to 22 ka.

Immediately north of the Norwegian coast, ice flow-
ing off the Fennoscandian ice sheet met with ice from
the Barents Sea. A minimum extent reconstruction of
the ice margin in this convergence zone is shown by the
moraines mapped by Vorren and Kristoffersen {1986)
(see Vorren and Laberg, 1996). However, it is possible
that the moraines only represent a stage during ice
retreat. The presence of large glaciotectonic structures
at the sea floor further west Seettem, 1990 suggests that
the ice sheet extended almost to the shelf break during
ihe Late Weichselian (Fig. 12). According to Vorren
and Laberg (1990), there were two major ice advances
during the Late Weichselian in the area: LGM I (belore
22 ka}and LGM II (after 18 ka). Possibly the ice sheet
reached the outermost position during LGM 11, and
the mapped moraines were deposited during LGM L

As discussed above, ice filled the Bjerngyrenna
trough out to the shell break (Solheim et al., 1990;
Laberg and Vorren, 1995). Bijgrngya, which sits on
a topographic high close to the shelf edge. was ice
covered at the same time (Salvigsen and Slettemark,
1993). Glacial striae on the island may indicate that
Bjgrngya was covered by a local ice dome, which must
have been confluent with the Barents ice sheet during
the Late Weichselian. The persistent ice flow off the
Bjerngya topographic high shows that the Barents ice
sheet was rather thin close to its margin. Such a model
of confluence between ice sheets over Bjgrngya/Spils-
bergenbanken with the Barents ice sheet is also sup-
ported by a series of recessional moraines on the south
slope, and moraines close to the shelf break west of
Spitsbergenbanken (Elverhgi et al., 1993) (Fig. 2). Al-
ternatively, the mapped ice movements on Bjgrngya
may stem from a late stage of the deglaciation.

Radiocarbon-dated sediment cores containing gla-
cial diamictons along the Spitsbergen shell (Mangerud
et al.,, 1992; Svendsen et al., 1992, 1996; Cadman, 1996)
Lehman et al., unpublished dara) (Fig. 3} clearly illus-
trate that glaciers reached the shelfl break off the major
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FIG. 12. Reconstruction of the margin of the Late Weichselian Svalbard-Barents ice sheet. The dotted lines show minimum proven extent in some
areas. Conceptual flow lines are based on geernorphelogical evidence. For place names, see Fig. 2.

fjords troughs. The seismic stratigraphy from the shelf
between the troughs shows deposition of moraine
ridges with extensive erosion on the proximal side
(Solheim er al., 1996; Andersen ef al., 1996). We find it
most likely that the ice sheet also reached the shell edge
in these areas. Such an ice extent cannot be explained
convincingly by only a local ice cap located on Sval-
bard, and implies that a large Barents Sea ice sheet
inundated the entire archipelago.

A major question still to be answered concerns the
ice margin on the northern shell of Svalbard and the
Barents Sea. In the northwest, the ice margin can be
ascribed to the Amsterdampya—Danskeya area (Fig, 4)
that sits close to the shelf break. The moraines in the
sound between the islands {Salvigsen, 1977) were prob-
ably deposited at or close to the maximum Late Weich-

selian ice extent. To the north of Svalbard, a minimum
extent is shown by the moraine mapped off Raudfjord-
en (Liestgl, 1972) and in Liefdefjorden (Salvigsen and
Osterholm. 1982). However, as there is no change in
sediment thickness across the moraines we assume that
these probably only represent recessional stages as
suggested by Andersen (1981).

We conclude that Late Weichselian ice filled the
Franz Victoria Trough down to ca 500 m water depth.
Further, we assume that the westward continuation of
the ice margin also covered the shallow shell north of
Kvitgya and Nordaustlandet {(Fig. 12}

Another major uncertainty regarding the ice-sheet
margin and ice-sheet topography during the last glacial
maximum is the southeastern part of the Barents
Sea and adjacent land areas in northern Russia. The
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Barents ice sheet was probably contiguous with the
Kara Sea ice sheet. The ice that inundated the coastal
areas of northern Russia were derived from this conflu-
ence zone. During the maximum glaciation, the ice
flow into the Pechora lowland was dominated by flow
from the Kara Sea.

A consequence of our reconstruction is that practic-
ally all land areas in the Barents Sea area were covered
by glacier ice during the Late Weichselian. The recon-
structed ice drainage pattern from the land areas, ¢.g.
Svalbard and coastal Norway. shows predominantly
topographically-controlled ice movements, whereas
the large-scale reconstruction implies that ice move-
ments of a much more regional character also occur-
red. This discrepancy can probably be explained by the
overprint in ice movements imposed on the higher
relief tand areas during the late-glacial and deglaci-
ation phases.

DURATION OF THE LAST GLACIAL
MAXIMUM

Until recently, there has been little information on
the onset and duration of the Late Weichselian gla-
ciation of the Barents Sea. No stratigraphic successions
that contain a continucus development from the last
intersladial, through the glaciation and deglaciation
phase have been found. However, some estimates can
be made about the nature of the western part of the ice
sheet based on: (1) amino acid epimerization rates in
pre-Late Weichselian molluscs from Spitsbergen; (2)
radiocarbon-dated molluscs in tills in Bjgrngyrenna;
and (3) sediment cores from the western slope and the
deep sea.

The amino acid epimerization rate in mollusc shells
is both time- and temperature-dependent (Miller and
Brigham-Grette, 1989) and can, thus, be used for time
estimates il the temperature is known. In Linnéddalen
on the west coast of Svalbard (Fig. 2), a beach terrace
87 m asl was overridden by the Late Weichselian
glacier {Mangerud et al., 1992, 1998). Molluscs in beach
sediments underlying a till yiclded radiocarbon age
estimates of 36ka, and amino acid ratios of
0.019 4+ 0.002. This value averlaps within 1 SD with
the mean D/L ratio of 0.016 + 0.003 obtained from 42
analyses of 10-13-ka-old shells from the west coasl.
Based on the difference in these ratios, Mangerud et al.
{1992} calculated the duration of ice cover to have been
hetween 3000 years (warm-based ice) and 10,000 years
(cold-based ice). With a local deglaciation of 12.3 ka
(Fig. 3) (Mangerud and Svendsen, 1990), the west coast
of Svalbard must have remained unglaciated until at
least 22 ka. Similar results were obtained from the
Kapp Ekholm section (Mangerud and Svendsen, 1992).
We assume that the lack of marine sediments and
molluscs [rom the period 40-20 ka on land reflects that
sea level was below the present day coast line, as
should be expected [rom global eustasy (Chappell and
Shackleton, 1986).

Evidence for Middle and Late Weichselian ice-free
conditions has been found in Bigrngyrenna (Fig. 3).
Glaciers flowing out the trough picked up marine
molluscs and incorporated them into tills (Hald et al.,
1990; Vorren et al., 1990; Elverhei et al., 1993). Mol-
luses recovered from glacial sediments in several cores
rendered a series of radiocarbon ages ranging [rom
42 to 21.6ka (Fig. 3), suggesting that glacier ice
first reached the 300-350m depth contour after
21.6 ka. Radiocarbon ages from the debris flow lobes
on the large ans suggest that the glacier reached the
shelf edge after 17.5 ka (Laberg and Vorren, 1995) and
after 19.6 ka off Isfjorden (Andersen er al., 1996). Thus,
the glacier rested at the outer shelf for only 3-3000
years.

The marine-based Barents Sea ice sheet had a strong
control on sediment flux to the adjacent deep sea. In
addition to clay and silt-sized particles transported in
the water column, all grain sizes were carried out by
icebergs as ice-rafted detritus (IRD). For the fine-
grained particles other modes of transpeort cannot be
ruled out and IRD is, therefore, identified as pertaining
to particles > 500 g. Studies of sediment cores from
the continental slope off Svalbard (Elverhgi et al,
1993a; Andersen et al., 1996) have provided ages relat-
ing to the glacial signal derived from the ice sheet.
These events were also correlated directly with the
palaeoceanographic regime (Hebbeln et al, 1994).
Prior to 23 ka the cores {rom the slope record an
overall low sedimentation rate and a low IRD signal.
Elverhgi er al. (1995a) concluded that there was no
grounded ice in the Barents Sea at this time, and that
glaciers on Svalbard were restricied to the fjords. How-
ever, some reworked palynomorphs in the sediments
may indicate more extensive glaciation over eastern
Svalbard and the northern Barents Sea. Ice-free condi-
tions in the southein and central Barenls Sca during
this time are also supported by the radiocarbon ages
from the Bjornoyrenna area which suggest ice-free con-
ditions from e¢a 30 to 22 ka (Fig. 3). After 23 ka, the
cores show a higher sedimentation rate, higher input of
organic matter, and the presence of bedrock fragments
with a northern and eastern Barents Sea provenance
{Elverhgi er al.,, 1995a). This mode of deposition con-
tinued until 19.4 ka, when the overall hernipelagic sedi-
mentation rate was lowered, although there was still
a high input of IRD consisting predominantly of Fen-
noscandian crystalline grains. The onset of ice retreat
from the shelf break off Isfjorden occurred at 14.8 ka
{see above). The initiation of the ice-sheet retreat at this
time is supported by the distinct melt-water spike re-
corded in the Fram Strait sediments (Jones and Keig-
win, 1988), and increased deposition of coarse-grained
IRD on the upper slope coinciding with the North
Atlantic Heinrich event H1 (Elverhgi et al., 1993).

These data also suggest a relatively short duration
for the LGM, where ice advanced onto the western
shelf after 22 ka, and culminated at the shell break
between ca 19 and 15 ka before the onset of the last
deglaciation.
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THE LAST DEGLACIATION

The ice recession from the LGM occurred stepwise,
and our reconstruction of the ice distribution at 15 and
12 ka is shown in Fig. 13. Generally, radiocarbon ages
from the base of post-glacial marine sediments above
till or beach terraces close to the marine limit, yield
progressively younger ages from the distal to the more
proximal parts of the former ice sheet (Fig. 3), support-
ing the assumption that the sediments were deposited
in front of a retreating glacier.

The onset of deglaciation at around 15 ka is sup-
ported by well-dated oxygen isotope records from the
continental slope to the west of Spitsbergen which
reflect a distinct meltwater event at this time (Elverhgi
et al., 1995a). T is assumed that rising sea level affected

the marine section of the ice sheet, causing iceberg
calving within Bjgrneyrenna (Fig. 13}, The sediment
succession in the cores from the continental shelf to the
west of Spitsbergen indicates that the ice front started
to recede at around 14.8 ka (Svendsen et al., 1996) or
perhaps as early as 16.4 ka (Cadman, 1996). This agrees
with previous results obtained from the confluence
area between the Scandinavian and Barents Sea ice
sheets off the mainland of northern Norway, where the
deglaciation has been estimated to between 16.2 and
13.7 ka {Vorren et al., 1988).

The rate and extent of this early stage of deglaciation
alter 15 ka is not known well, Investigations of raised
marine sediments on land show that the extreme west-
ern coast of Spitsbergen was partly ice free by 13 ka or
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FIG. 13, Reconstructed ice extent [or the Last Glacial Maximum (LGM: see Fig. 12), 15 and 12 ka. The 12 ka margin is based mainly on the
deglaciation dates (Fig. 3}, whereas the 15 ka margin is more tentative and based on interpolation and expected calving in response to sea-level rise
along the deeper parts of the shelf.
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shortly after {Forman, 1989; Landvik ef al, 1992a;
Mangerud et al.,, 1992). Sediment cores from the conti-
nental shelf to the southwest of Novaja Zemlya and the
inner part of the Franz Victoria Trough (Fig. 3) show
that a significant part of the Barents Sea was de-
glaciated by 12 ka (Fig. 13). This glacial retreat corres-
ponds with a pronounced increase in the flux of gla-
cimarine sediments and is inferred to reflect increased
melting due to a sudden climatic warming at this time
(Elverhei et al., 1995a; Svendsen et al., 1996).

Along the western margin of Spitsbergen this second
stage of deglaciation was interrupted by a loca! glacial
readvance that culminated on the continental shelf to
the west of Tsfiorden shortly after 12.4 ka, as indicated
by four AMS ages (12.6-12.4 ka) on molluscs in till
{Svendsen er al., 1996). This readvance correlates with
the terminal moraine in the Kongsfjorden area to the
north (Lehman and Forman, 1992) (Fig. 2), and may
also correlate with the moraine lobes in front of Wood-
fjorden, Lieldefjorden, Raudfjorden, Smeerenburgfjor-
den and in the sound between Amsterdamgya and
Danskgya (Fig. 2). This glacial readvance is correlative
with a re-advance of the Fennoscandian ice sheet along
the west coast of Norway (Andersen, 1968; Anundsen,
1977; Mangerud, 1977; Vorten et al, 1988). Shortly
after 12.3 ka the ice front receded inside the mouth of
Isfjorden (Mangerud and Svendsen, 1990), and the
retreat mosl likely continued during the Allergd period.

During the Younger Dryas, the inner branches of
Isfiorden were occupied by outlet glaciers, probably
draining the remnant of the Svalbard—Barents Sea ice
sheet (Mangerud er al,, 1992; Svendsen et al., 1996). The
glacier in Van Mijenfjorden had its terminus close to
the fjord mouth (Mangerud et al., 1992). Relative sea
level curves from the west coast of Spitsbergen reflect
a delayed glacioisostatic uplifi during the Younger
Dryas that points to a stable or growing ice load in the
east (Landvik et al., 1987; Forman, 1990; Mangerud
and Svendsen, 1990: Lehman and Forman, 1992).
Thus, there is evidence to suggest that the ice recession
paused and possibly the fjord glaciers that were con-
nected to the ice sheet advanced during the Younger
Dryas, as suggested by Boulton (1979a). Tn contrast,
local glaciers on the west coast of Spiisbergen were
even smaller during the Younger Dryas than during
the Little Tce Age (Mangerud and Svendsen, 1990). The
cause for such a different response is not clear, but
possibly the ice sheet received most of the precipitation
from the Barents Sea. The eastern part of Svalbard was
ice covered until the end of the Younger Dryas (Land-
vik et al., 1995) (Fig. 3).

Even though the question of a Younger Dryas ice
advance has not been resolved, numerous radiocarbon
ages from eastern Svalbard and from the inner fjord
branches on western Spitsbergen show that the rest of
the ice sheet in the northwestern Barents Sea melted
rapidly around 10 ka as a result of the sudden climatic
warming at the transition to the Holocene. During the
early and mid Holocene the glacier cover on Svalbard
was greatly reduced (Svendsen and Mangerud, 1992).

A regrowth of the glaciers seems to have occurred
during the Late Holocene, culminating in maximum
ice extent during the Little Ice Age (Elverhgi er al.
1995b; Svendsen and Mangerud, 1997),

NUMERICAL MODELLING OF THE LAST ICE
SHEET

Numerical modelling of ice sheets can provide
quantitative information regarding the evolution of
palaeo-ice masses. However, geological observations
are required in order to constrain model results. In this
section we will review the use of numerical models to
understand the evolution of the Barents Sea ice sheet,
its distribution and the palaeoenvironment required
for such an ice sheet to form. The glaciation of the
Barents Shelf can be modelled in two separate ways:
(1} time-dependent isostatic models where the ice
loads are determined by matching measurements of
raised shorelings to models of lithospheric deformation
(Elverhet er al, 1993; Lambeck. 1995, 1996); and (2)
glaciological {ice sheet} modelling (Siegert and Dow-
deswell, 1995a,b; Siegert and Fjeldskaar, 1996).

Isostatic models

The isobase map (Fig. 9} shows the crustal deforma-
tion and rebound that reflect the redistribution of
glacier ice and sea water on the Earth’s surface. Recent
developments in the geophysical understanding of such
isostatic deformation (see Lambeck, 1993) have made it
possible to reconstruct past ice sheet distributions from
post-glacial relative sea level change.

Barenis ice sheet models

Elverhgi er al. (1993) applied a non-spherical layered
viscoelastic fluid model (Fjeldskaar and Cathles,
1991a,b). coupled with hydro-isostatic calculations, to
the Fennoscandian ice sheet m order to determine if
the Barents ice sheet had any isostatic significance
along the northern coast of Fennoscandia. By using ice
margin data from Denton er al. (1981) and theoretical
ice profiles, this exercise suggested that significant
parts of the Barents ice sheet was deglaciated by 15 ka.
{(Lambeck, 1995, 1996) used a different approach to
directly model the Barents ice sheet. He used a glacio-
hydro-isostatic rebound model where the Earth’s
rheology is treated as a three-layer model using para-
meters from Fennoscandia (Lambeck, 1995). With the
input of different ice sheet extents, the model was run
to produce relative sea level curves which could be
compared to observed curves from the Barents Sea
region.

In an initial study (Lambeck, 1995), iwo different ice
sheet distribution scenarios were used as input to the
model: {a) a minimum-extent model (Fig. 14a), where
ice was restricted to the Barents Sea and the west and
northwest coasts of Svalbard, and the entire Kara Sea
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(A} and (B) reproduced from Quaternary Science Reviews, 14, 1-16 (1995), Lambeck, K. “Constraints on the Late Weichselian ice sheet over the
Barenis Sea from observations of raised shorelines.”.

remained ice free; and (b) a¥maximum-extent model
(Fig. 14c}, where ice extended Lo the shelf west of Spit-
sbergen and the Kara Sea was also glaciated.

The minimum-extent model satisfactorily repro-
duced the relative sea level curves from Franz Josef
Land, suggesting that the assumed ice extent to the
northern shell was appropriate (Lambeck, 1996), but
that ice retreat was faster than assumed (Lambeck,
1995). For the west coast of Svalbard, the relative sea
level predictions from the minimum model, with an ice
margin close to the present coast, lie significantly
below the observed values (Fig. 14b). As the modelled
ice extent is insufficient to reproduce the observed
values, the experiment clearly indicates that the ice
margin was at the shell edge west of Svalbard. In the
central and northern Barents Sea, however, the max-
imum-extent mode] gave an overall better agreement
with observed sea level change than did the minimum-
extent model.

Based on the results from these two model experi-
ments, Lambeck (1996) proposed a revised model with
ice extended to the shelf edge to the west and north, but
without substantial ice over the Kara Sea and west
Siberia (Fig. 14¢). The proposed ice thickness over the
Barents Sea was roughly 3400 m. If a substantial ice
sheet is kept over Spitsbergen until 13 ka, the model
gives a reasonable fit with sea level curves from most of
the region, and especially the west coast of Svalbard
{Fig. 14d).

A mantle viscosity-dependent model

Based on analyses of the deglaciation of Fennoscan-
dia together with data on the tilt of palaeoshorelines
and the present rate of uplift, Fjeldskaar and Cathles
(1991a,b) and Fjeldskaar (1994) concluded that the
mantle in the area has a viscosity close to 10%! Pas,
and is overlain by a 75 km thick asthenosphere with
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a viscosity of 1.3x10'® Pas. Previous papers also
strongly suggested {on the basis of the observed shore-
line tilt) that the lithosphere rigidity in Fennoscandia is
less than 1014 Nm. It has also been shown (Fjeldskaar,
1994) that the predicted forebulge is in accordance with
the observations in offshore areas. Similar modelling is
shown here for Svalbard and Bjgrngya.

The isostatic model.

The Earth is modelled by a layered viscous model
with an elastic lithosphere of constant thickness. With
this flat Earth model, we are able to treat the isostatic
problem analytically by the Fourier transform tech-
nigue. The method used here is described in Cathles
{1975) and Fjeldskaar and Cathles (1991a). The elastic
lithosphere is treated as a low-pass filter. Loads of
small size are thus supported by the lithosphere itself,
not by buoyancy. A measure of the strength of the
lithosphere is a parameter called the flexural rigidity.
The models have been run with a lithosphere rigidity of
2 x 10 Nm.

When a load is applied on the Earth’s surface there is
an immediate elastic displacement. When stress is re-
leased the initial elastic displacement will be recovered.
The method for calculating the elastic response is given
in Cathles (1973). For a layered elastic Earth the solu-
tion is more complicated, and we use the propagator
technique described in Cathles (1975).

Matching the Svalbard relative sea-level curves.

In this study the model was run to reconstruct 12
different observed sea level curves from the Svalbard
archipelago (see Fig. 15). The modelling procedure is
carried out using two different mantle rheology mod-
els. The first model has the same rheology as that
which gave the best fit with the observations in Fen-
noscandia, a 75-km thick asthenosphere of viscosity
1.3x10'" Pas overlying a mantle of viscosity
10%' Pas. The second model uses a uniform mantle
viscosity of 10*' Pas. ¥

In contrast to Fennoscandia, the uniform model
gives the best fit to the relative sea-level data. The
general trend is that the asthenosphere model gives
a larger and faster post-glacial uplift. However, the
observations show that there has been a slow uplift in
the area, indicating a relatively high mantle viscosity,
e.g. Agardhbukta (Fig. 15). For locations as far north
as Nordaustlandet, the observed uplift also follows
a slow trend. The uniform model is most casily fitted to
such a trend, and the misfit with the observations can
probably be explained by a delayed deglaciation of the
northernmost parts of the archipelago.

For the westernmost location (e.g. Bellsund and Erd-
imannflya; Fig. 13), both models produce too little
uplift. One reason [or this apparent lack of uplift is that
the area was glaciated further to the west than in-
dicated in the models. Variations in lithosphere rigidity
cannot increase the fit of any models, because an in-

creased flexural rigidity would tend to increase the rate
of uplift,

Bjorngya.

There are no observed post-glacial shorelines on
Bigrneya (Salvigsen and Slettemark, 1995). The theor-
etical sea-level curve (Fig. 15} is in accordance with the
lack of observed shore lines, and the post-glacial rela-
tive sea level has never been above present sea level.
The model shows that the island experienced subsid-
ence since late-glacial times. A present subsidence rate
on the island of 3 mmy/year is predicted by the astheno-
sphere model, whereas 5 muin/year is predicted by the
uniform model.

Mantle viscosity.

On the basis of the modelling of post-glacial shore-
line displacement on Svalbard it is suggested that the
viscosity structure in the area is different from the one
in Fennoscandia. A model with uniform mantle viscos-
ity gives a better fit to the observed slow uplift in the
area than the model with Fennoscandian rheology
(low viscosity asthenosphere}.

Glaciological modelling
Previous models of the Svalbard-Barents Sea ice sheet

Previous ice sheet modelling of the Barents Ice Sheet
{Hughes, 1979) was performed using estimated ice flow
lings, with the ice-sheet terminus located at geologi-
cally-inferred margins, By running the models with
constant climate conditions until stability was reached,
steady-state ice-sheet profiles were obtained for each
flow line (Denton et al, 1979; Fastook et al, 1979;
Hughes, 1979, 1981; Denton and Hughes, 1981). The
Barents ice sheet was modelled as a component of
a larger Eurasian ice sheet, and a maximum ice thick-
ness of 2.1km was obtained over Novaya Zemlya.
A model where also the basal sliding and sediment was
taken into account was presented by Lindstrom (1990).
Isaksson (1992) used a similar modelling approach,
and obtained a 1.7 km high dome east of Edgesya by
treating the Svalbard and Barents Sea area separately
from the Eurasian ice sheet.

Denton and Hughes (1981) and Hughes {1987) pre-
dicted that the initiation of the Svalbard-Barents Sea
ice sheet could be achieved only after permanent sea ice
had thickened to form an ice shelf and subsequently
grounded over the sea floor. However, the likelihood of
the emplacement of an ice shelf over the deeper parts of
the Barents Sea has been questioned, since the underly-
ing water convection (and hence the basal melting of
the ice shelf) was not accounted for (e.g. Elverhei er al,,
1993).

Peltier {1988) predicted the Earth’s residual rota-
tional signature that was caused by the decay of the
last ice sheets, and found that a large ice sheet over the
Barenis Sea during the Late Weichselian is required.
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A global isostatic model of the Earth’s response to the
surface unloading during deglaciation was designed to
examine the possible distribution of ice masses at the
LGM, and to discover how they decayed during de-
glaciation Tushingham and Peltier, 1991; Tushingham
and Peltier, 1993). The LGM ice sheet distribution that
was produced by this method comprised a grounded,
2.2-km thick ice sheet over the Barents Sea at the
LGM, with ice margins similar to those predicted by
Denton et al. (1981).

Modelling strategy

Our modelling strategy represents an inverse ap-
proach, where model results are forced to match with
geological information. The ice sheet model was run
initially with what were considered the most likely
environmental boundary conditions for the Late
Weichselian. Results from this exercise were then com-
pared with geological information on ice sheet size and
extent, and the timing/rate of ice sheet decay. Two
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strategies were developed in order to explain any ap-
parent mismatch between field and model data, First,
an ice sheet sensitivity experiment was performed by
varying the model inputs until the calculated ice sheet
was compatible with the geclogical data. Secondly, the
ice sheet model was coupled with results obtained from
isostatic models as discussed above (Siegert and Fjeld-
skaar, 1996).

The ice-sheet model

The ice sheet model is based on the continuity equa-
tion for ice (Mahaffy, 1976), and is discussed in more
detail by Siegert and Dowdeswell (1995a4). The time-
dependent change in ice thickness is associated with
the specific net mass budget of an ice cell, and ice
temperature is caleulated from the steady-state method
of Robin (1955). However, this solution does not ac-
count for horizontal heat advection and is only applic-
able close to the ice divide. Far from the modelled ice
divide, the mean ice temperature of a cell is not allowed
to exceed — 5°C, a temperature often used in isother-
mal models (o determine the flow law parameter
(Payne et al., 1989). Grounded ice velocity is calculated
as the sum of depth-averaged ice deformation (Pater-
son, 1994) and basal sliding (Budd et al,, 1984). The
basal sliding velocity is related to the effective pressure.
Bedrock elevation change, caused by variations in 1ce
thickness, is determined by an asthenospheric diffusion
equation {(Qerlemans and van der Veen, 1984).

Time-dependent modeiling was performed in calen-
dar years (cal year), and radiocarbon ages (indicated by
ka) derived from the geological record are converted to
calendar years using the calibration curve of Stuiver
and Reimer (1993).

Model boundary conditions

Based on erosion-rate estimates from Svalbard
(Svendsen er al., 1989; Elverhgi et al., 1993b), 1t 1s
assumed that at 30,000 years ago, the bedrock clev-
ation of the Svalbard-Barents Sea region on a large
scale was similar to that of today. The bedrock elev-
ation array 1s composed of 2800 (70 north by 40 east)
cells, with a width of 20 km per cell, and was calculated
from topographic maps and radio-echo sounding data
on modem ice thickness (Dowdeswell er al., 1980)
(Fig. 16).

Local sca level was severely aflected by the gravi-
tational aitraction of large nearby ice masses {e.g.
Clark et al., 1978; Fjeldskaar and Kanestrgm, 1980). To
account empirically for this glaci-gravitational effect,
sea level within the Barents Sea is lowered at 75% of
the eustatic level during glaciation {Chappell and
Shackleton, 1986). In ice-sheet sensitivity experiments
(discussed below), relatively large changes in sea-level
depression { + 25%) did not adversely alter the model
results presented here (Siegert and Dowdeswell,
19935b).
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Iceberg calving was calculated by a depth-related
calving function deduced [rom a statistical analysis of
calving glaciers from several polar locations, including
Svalbard (Pelto and Warren, 1991).

Environmental forcing

The model requires climatic inputs in the form of air
temperature and precipitation and their behaviour
with respect to altitude. There are several lines of
evidence indicating that precipitation conditions sim-
ilar to the present Polar Mix (PX) (Pelto et al., 1990)
existed over the Barents Sea during three episodes
within the Late Weichselian. Hebbeln er al. (1994)
interpreted sea-ice free conditions in the eastern
Norwegian—Greenland Sea both between 27-18, and
17-15 ka were interpreted from sedimentological and
foraminiferal assemblage data. Additionally, after
14 ka, diatom records from sca-floor sediment cores
indicate that ice-free conditions remained on the cast-
ern side of the Norwegian—Greenland Sea into the
Holocene (Kog ef al, 1993}, In the remaining periods,
due to the likely absence of a local moisture source,
a Polar Continental {PC) accumulation function (Pelto
et al., 1990) is used. We assume that accumulation on
the ice sheet decreased towards the cast due to the
increasing distance from the primary moisture source
(Siegert and Dowdeswell, 1995a).

The model relates the equilibrium line altitude
(ELA) to temperature through an adiabatic lapse rate
of 5.1°C/km {Fortuin and Oerlemans, 1990), and the
air temperature depression over the Barents Sea at the
glacial maximum is put at 10°C (Manabe and Bryan,
1985). An assumption is made that, since glaciers on
Svalbard were not significantly larger at 30 ka than
today (Mangerud er al., 1992, 1998), the environmental
and mass balance conditions at 30 and 10 ka were
similar to those of today. Air temperature through time
has been calculated using a carbon dioxide forcing
function bused on high latitude ice-core records
{Siegert and Dowdeswell, 1995a).

z
Minimum model of glaciation

An ice sheet evolution model for a minimum recon-
struction was presented by Siegert and Dowdeswell
(1995a)(Fig. 17). After initiation about 28,000 cal years
ago, the ice sheet had grown to its maximum size at
20,000 cal years ago, and at this time occupied only the
northwestern Barents Sea (Fig. 17b). They also showed
that the sorface elevation of this ice-sheet model was
controlled by the underlving bedrock elevation as
shown in Fig, 16b.

Sensitivity experiments (Siegert and Dowdeswell,
1995b) suggested that the modelled ice sheet is relative-
ly stable with regard to changes in inputs controlling
the mass balance. Even relatively large ( + 25%) chan-
ges In the inputs of accumulation, iceberg calving and
sea level did not adversely affect the main conclusions
and results of the model. Significant changes ( + 10%)

in the dynamics of the ice sheet produced small ice
volume variations.

Comparison with the geological observations
The last glacial maximum

No grounded ice was predicted to have existed with-
in Bjerngyrenna at 20,000cal years ago (Fig. 17).
Therefore, the model results are in disagreement with
geological evidence from the Bjgrngya fan (Laberg and
Vorren, 1996; Vorren and Laberg, 1996).

The last deglaciation

Time-dependent model output of ice volume, surface
area and rates of ice accumulation and iceberg calving
for the minimum-extent reconstruction (Fig. 16gh)
indicate the evolution of the ice sheet through the
period of deglaciation. Although the model’s timing of
the onset of deglaciation (Fig. 17g) correlates well
with the age of the light oxygen isotope peak at 14.8 ka
{i.e. at about 16,500 cal year), the predicted volume of
ice that is lost at 16,500 cal yr ago is relatively small
and cannot alone account for the major melt-water
spike.

It was found that if the rate of iceberg calving was
left unchanged throughout the model run, then only
a relatively small calving peak was produced at
16,500 cal vears ago, and too much ice remained at
10,000 cal years ago to account for the observed uplift
pattern. When the modelled ELA is below sea level, net
surface accumulation would occur on all regions of the
ice sheet. At such times, the possible decay of the
Svalbard-Barents Sea ice sheet would be determined
only by the rate of iceberg calving. The onset of ice
sheet disintegration can be pinned at the age of the
Fram Strait light oxygen isotope spike a1 14.8 ka (i.e. ai
approximately 16,500 cal years ago). Therefore, the
rate of iceberg calving was adjusted by a factor of 2 in
a number of model runs to observe how the ice sheet
may have responded to rapidly increased rates of calv-
ing. The timing of this calving increase was put at
16,500 cal years ago. The ice sheet responded by pro-
ducing beth a melt-water peak compatible with the
Fram Strait oxygen isotope record, and a pattern of
isostatic uplift similar both spatially and temporally to
that reconstructed by Forman (1990) and in this paper
(Fig. 9). Although it is difficuit to generate the sudden
increase in iceberg calving internally within the model,
its forced inclusion is necessary to enable the ice sheet
to disintegrate in accordance with the local isostatic
record (Siegert and Dowdeswell, 1995b),

Modelled properties of the geologically documented
glaciation

In this study, the ice sheet from the reconsiruction of
Stegert and Dowdeswell (19954) was subjected to
further sensitivity experiments to determine which
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conditions led to the formation of grounded ice within
Bijgrngyrenna.

Siegert and Fjeldskaar (1996) proposed modifica-
tions of the glaciological model by introducing the
effect of crustal forebulge deformation beneath the
shallow Barents Sea. By limiting the ice distribution to
Svalbard and the surrounding shallow sea, Novaya
Zemlya and Fennoscandia, they calculated a forebulge
with an amplitude of > 50 m in the central Barents
Sea. The forebulge was incorporated into the ice-sheet
model’s topographic input. Grounded ice was cal-
culated beyond the margin of the ice sheet iHustrated
in Fig, 17b, when isostatic uplift of 60m over
Sentralbanken occurred. If isostatic uplift in excess
of 60 m was modelied, over 500m of grounded
ice formed on Sentralbanken after 5000 year of model
time.

If the forebulge exceeds 65 m, Sentralbanken be-
comes sub-aerially exposed. Grounded ice will form
directly over Sentralbanken and connect to ice in the
northwestern Barents Sea, resulting in ice volumes up
to 40% larger than when 60 m of uplift were modelled.
If this ice also was connected to ice masses over Fen-
noscandia and the Kara Sea, Bjerngyrenna may have
become surrounded by grounded ice. The surface
gradient of the ice sheet would, presumably, be control-
led by the underlying topography of the region and
slope towards Bjgrngyrenna,

The model was able to calculate total grounded ice
coverage of the Barents Sea when the rate of iceberg
calving was reduced to at least 90% of what was
predicted in the standard model based on the depth-
related calving lunction by Pelto et al. (1990).

Moreover, the formation of a type of ice sheet shown
in Fig. 12 was also possible when greater than
15,000 cal years of model time was available, under
constant  full-glacial  environmental conditions
(Fig. 18a,b). However, this situation is in conflict with
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FIG. 18. Results from glaciological modelling experiments of the
maximum ice sheet reconsiruction. {a) Ice thickness. (b} Surface
elevation.

geological evidence showing influx of Atlantic waters
also during {his time interval (Hebbeln er al., 1994),

DISCUSSION AND SYNTHESIS

The ice-sheet reconstruction we present in this paper
(Fig. 12) can be regarded as an end member of a con-
tinuous series of successively more extensive glaciation
models. It has developed from an original assumption
of a more or less non-glaciated Barents Sea and repres-
ents a conservative approach, wherein the ice margin
has been moved outwards as a result of an increasing
amount of field observations.

Some uncertainty still exists with regard to the ice
extent in three areas (Fig. 12). {1) Was the northern
part of the Barents shelf facing the Arctic Ocean glac-
iated during the Late Weichselian? Ice has certainly
covered the land areas of Svalbard and Franz Josefl
Land, but it has still not been shown to have extended
to the shelf break to the north. However, investigations
are underway on this rather inaccessible shelf and
preliminary results suggest large similarities with the
stratigraphic and morphologic structure of the western
Barents margin. (2) In the western border zone of the
Fennoscandian and the Barents Sea ice sheets,
radiocarbon dating has not proven that the ice ex-
tended beyond the moraines mapped by Vorren and
Kristoffersen (1986). However, large-scale glaciotec-
tonic features and a limited sediment cover strongly
suggest that ice extended to the shelf break in this area
during the Late Weichselian. {3) In northern Russia, it
has still not been sclved whether the ice sheet advanced
to the Markhida moraines during the Late Weichselian
or if this ice extent is of an oider age.

The ice extent to the continental shelfl break as
suggested by the geological observations has also been
supported by isostatic modelling, showing the distribu-
tion of ice loading as predicted from the available
relative sea-level curves around the Barents Sea (Lam-
beck, 1995, 1996). In order to produce the observed
relative sea level curves, the model required that the ice
sheet fill the entire Barents Sea out to the shelf break to
the west and to the north {Lambeck, 1996).

The glaciologic modelling suggests that the centre of
the ice sheet was situated southeast of Kongsgya. This
is compatible with the centre of maximum isostatic
uplift (Fig. 9), and the modet of Lambeck (1995, 1996)
modelling of the maximum ice thickness based on the
available relative sea-level curves from the surrounding
islands. The pattern of ice movement indicators such as
glacial striae, glaciotectonic structures and sub-glacial
flutes that can be mapped over eastern Svalbard and
the adjacent Barents Sea (Salvigsen et al, 1995) also
suggests ice movement from a centre in that region.

The question regarding the thickness of the ice sheet
has not been completely resolved. As there are no
islands in the area of ice-sheet culmination, the recon-
struction of ice-sheet thickness has to be based on
calculations from indirect evidence. To fit the relative
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sea-level curves from Svalbard, Franz Josef Land and
Novaja Zemlya, Lambeck (1995) found that the re-
quired glacial maximum ice sheet must have been
> 800 m thick over western Svalbard and at least
3000 m thick (Lambeck, 1996) over the central Barents
Sea. He also proposed that the ice-sheet surface sloped
towards Novaja Zemiya and that a smaller ice sheet
existed over the Kara Sea. The suggested maximum ice
thickness is in excess of the 2000 m proposed from our
glaciological modelling. An important prerequisite for
the glaciologically modelled ice sheet to attain such
a thickness is a very low calving rate. However, consid-
ering the alternative of a restricted ice sheet over the
central Barents Sea, both models are in agreement
regarding the reconstruction of a > 2km thick ice
sheet during the maximum glaciation,

CONCLUSIONS

1. The Late Weichselian ice sheet covered the entire
Barents Sea and Svalbard with 1ts adjacent margins.

2. The peak glaciation was relatively short, and the
deep ftroughs on the western Barents shell were
glaciated for only a few thousand years.

3, Numerical modelling of the ice sheet suggests that
the build-up was possible due to a very low calving
rate, and that a maximum thickness of > 2000 m
was attained southeast ol Kongspya.

4. The Barents Sea and Svalbard shelves were largely
deglaciated by 12 ka, whereas glaciers remained on
the islands of the Svalbard and Franz Josel Land
archipelagos until 10 ka.
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