
The Late Weichselian glaciation of the Franz Victoria Trough,
northern Barents Sea: ice sheet extent and timing

H.P. Kleiber, J. Knies*, F. Niessen

Alfred Wegener Institute for Polar and Marine Research, Columbusstrasse, Postfach 120161, D-27515 Bremerhaven, Germany

Received 13 October 1999; accepted 2 May 2000

Abstract

High resolution seismic pro®les (PARASOUND, 4 kHz) and three sediment cores from the Franz Victoria Trough and the

adjacent continental slope were studied in order to constrain the timing and extent of the northern Svalbard/Barents Sea ice

sheet during the Late Weichselian glaciation. Stacked debris ¯ow lobes and layers of glacimarine diamicton on the lower

continental slope indicate that large quantities of glacially derived sediments were deposited by the northern Svalbard/Barents

Sea ice sheet directly onto the upper continental slope at approximately 23 14C ka. A grounding-line advance to the shelf break

is supported by the identi®cation of diamicton, interpreted as till, in the seismic pro®le near the shelf break. After several ice

sheet instabilities marked by signi®cant input of ice rafted detritus to the continental margin, the disintegration of the northern

Svalbard/Barents Sea ice sheet (Termination Ia) is indicated by a distinct pulse of ice rafted detritus at 15.4 14C ka and the

transition to an isotopically de®ned meltwater signal. The drastic change in sedimentary pattern on the upper continental slope,

dated to about 13.4 14C ka, is interpreted as grounding-line retreat from the shelf edge. A further stepwise retreat of the northern

Svalbard/Barents Sea ice sheet is indicated by pulses of ice rafted detritus which appear to be contemporaneous with the onset

of distinct ice rafting events in adjacent areas and pulses of glacimarine sedimentation in the southwestern Barents Sea. q 2000

Elsevier Science B.V. All rights reserved.
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1. Introduction

In earlier studies, reconstruction of Late Pleisto-

cene ice sheets along the Eurasian continental margin

were discussed controversially, even for the Last

Glacial Maximum (LGM) (e.g. Vogt et al., 1994).

Postulated scenarios ranged from isolated small ice

caps over the Eurasian archipelagos to a large ice

sheet covering the entire Siberian shelf and extending

far into continental Eurasia (e.g. Hughes et al., 1977;

Grosswald, 1980, 1990, 1998; Dunayev and Pavlidis,

1990; Astakhov, 1992, 1998; Elverhùi et al., 1993).

For the Barents Sea, the distribution of glacial diamic-

ton and morainal banks leaves little doubt that even

the deepest basins were covered by grounded ice

during the Late Weichselian (Elverhùi et al., 1990;

Solheim et al., 1990; Gataullin et al., 1993; Polyak

et al., 1995; Knies et al., 1999, 2000).

Due to severe sea ice conditions, the Franz Victoria

Trough (FVT) (Fig. 1) is one of the least accessible

and poorly understood areas with respect to the glacial

and deglacial history (e.g. Polyak and Solheim, 1994;

Forman et al., 1995; Lubinski et al., 1996; Solheim
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Fig. 1. Regional setting and bathymetry of the study area at the northern Barents Sea continental margin (50 m contours above 500 m). Light

gray shading represents water depth greater than 300 m; dark gray shading represents water depth greater than 500 m. The circulation of the

main warm surface water currents (Atlantic water: dark arrows), the cold surface currents (Arctic water: light arrows) (modi®ed after P®rman et

al., 1994 and references therein) and the location of the oceanic polar front (PF, striped line) (after Vinje, 1985; Loeng, 1991) are shown. The PF

divides colder and fresher Arctic water in the north from relatively warm and saline water of Atlantic origin in the south. N� Nordaustlandet,

KKL�Kong Karls Land, NSC� North Spitsbergen Current, ESC� East Spitsbergen Current, NBAW�Northern Barents Atlantic derived

Water, CBW� Cold Bottom Water. 45, JPC 5/6 and PS2138 are sites of sediment cores presented by Polyak and Solheim (1994), Lubinski et

al. (1996) and Knies and Stein (1998). The investigated ship tracks are shown as black, dotted lines. Open boxes show location of PARA-

SOUND pro®les (cf. Figs. 3±5).



and Forsberg, 1996; Landvik et al., 1998). Despite

lack of direct evidence, most reconstructions

including the recent summary paper by Svendsen et

al. (1999 and references therein) suggest that during

the Late Weichselian the grounding line of the north-

ern Svalbard/Barents Sea ice sheet (SBIS) reached the

outermost, northern margin of the FVT and an initial

retreat commenced at ,15 14C ka. This assumption is

based on inferences from the southwestern Barents

Sea, the regional uplift pattern, correlations with

regional meltwater events, bathymetric features and

models of ice sheet dynamics (e.g. Elverhùi et al.,

1990, 1993; Lambeck, 1995, 1996; Siegert and

Dowdeswell, 1995; Vorren and Laberg, 1997). Recent

studies of a 3.5 kHz seismic pro®le and sediment

cores in the southern and the central FVT reveal that

the three recorded seismic units represent a typical

deglaciation succession of glacial diamicton, inter-

preted as basal till, overlain by laminated glacimarine

and bioturbated postglacial sediments (Polyak and

Solheim, 1994; Lubinski et al., 1996). Radiocarbon

datings of the laminated glacimarine mud postulate

an ice retreat prior to 12.9 and 13.2 14C ka and suggest

that normal marine conditions were established close

to 10 14C ka (Polyak and Solheim, 1994; Lubinski et

al., 1996). The 3.5 kHz seismic pro®le shows that the

till bed extends continuously across the central FVT.

This implies that the SBIS was grounded down to a

modern water depth of at least 470 m (Lubinski et al.,

1996). Seismic studies in the northern parts of the

trough as far north as 81.58N also suggest that the

sea ¯oor is covered by the same till unit (Landvik et

al., 1998; Siegert et al., 1999). However, direct

evidence for maximum ice sheet extension and

deglaciation patterns from the outer shelf edge

do not exist. Therefore, the main objective of

this study is to outline a more detailed history

of the SBIS in the FVT during the Late Weichse-

lian and provide a more comprehensive framework

for future ice sheet modeling along the northern

Eurasian continental margin (cf. Landvik et al.,

1998). For this reason, we have studied seismic

pro®les (PARASOUND, 4 kHz) and three sedi-

ment cores from the FVT and adjacent continental

slope to constrain waxing and waning of the SBIS

along the northern Barents Sea margin. The data

document spatial and temporal variations in sedi-

mentary environment during the Late Weichselian

and provide evidence for the extent of basal till in

the FVT.

2. Data acquisition and methods

High resolution sub-bottom pro®les were recorded

by the hull-mounted PARASOUND echosounder

(4 kHz) (cf. Grant and Schreiber, 1990, for technical

details). A seismic velocity of 1500 m/s was used to

estimate sediment thickness. The evaluated seismic

pro®les were recorded during RV Polarstern cruises

ARK-IX/4 (FuÈtterer, 1994) and ARK-XIII/2 (Niessen

and Kleiber, 1997) and are of variable quality.

Secondary noise from ice breaking, recording failures

due to ice and air bubbles under transmitter/receiver

units as well as geometric effects resulting from ice

ramming of the vessel caused some sections to be of

poor quality. However, successions of high quality

pro®les, mainly recorded during station time when

the vessel drifted with the ice, are suf®cient to esti-

mate the extent of the seismic signatures and thus the

distribution of the seismic units over the entire conti-

nental slope. The different seismic facies are classi®ed

after the schemes of Damuth (1975, 1980) and Pratson

and Laine (1989).

The investigated sediment cores (PS2445-4,

PS2446-4 and PS2447-5) were recovered during the

RV Polarstern cruises ARK IX/4 (FuÈtterer, 1994)

from the continental margin north of the FVT (Fig.

1), using a gravity (12 cm core diameter) and Kasten-

lot corer (rectangular cross section of 30 £ 30 cm2)

built at HydrowerkstaÈtten Kiel, Germany. The sedi-

ment cores were routinely sampled at 5±10 cm inter-

vals; additional samples were taken in intervals of

changing lithology and/or color. X-ray radiographs

were taken continuously downcore from sediment

slabs of ca. 1 cm thickness in order to determine

clast contents, sedimentological structures, and

bioturbation.

Total carbon (TC), total organic carbon (TOC) and

nitrogen were determined using a Heraeus CHN-O-

RAPID analyzer. Total organic carbon/total nitrogen

(C/N) weight ratios characterizing the composition of

the organic matter were calculated as total organic

carbon/total nitrogen ratios. In general, terrigenous

organic matter (TOM) shows C/N-ratios .15, marine

organic matter (MOM) C/N-ratios ,10 (Scheffer and
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Schachtschabel, 1984). Compositional variations of

organic matter (OM) were additionally inferred from

the hydrogen index HI [mgHydroCarbon/gTOC]

obtained from Rock-Eval pyrolysis (cf. EspitalieÂ et

al., 1984). In immature TOC-rich sediments, HI-

values of ,100 mgHC/gTOC are typical of TOM,

whereas HI-values of 200±400 mgHC/gTOC are

characteristic of organic matter with a signi®cant

amount of MOM (Tissot and Welte, 1984).

The carbonate content was calculated as CaCO3

(%)� (TC 2 TOC) £ 8.333 (for detailed method

description see Stein, 1991). The dolomite content

was measured by means of a Philips PW3020 diffract-

ometer and determined using the Qualit software

package, described in detail by Emmermann and

Lauterjung (1990) and Vogt (1997).

Stable oxygen and carbon isotope measurements on

the planktonic foraminifera Neogloboquadrina

pachyderma sin. from the .63 mm fraction were

performed by means of a Finnigan MAT 251 mass

spectrometer (AWI, Bremerhaven). The results are

expressed in the d -notation (permille versus Vienna

Pee Dee Belemnite (PDB)). The chosen samples for

accelerator mass spectrometer (AMS) radiocarbon

(14C) dating were measured at the Leibniz Laboratory

for Radiometric Dating and Stable Isotopic Research,

University of Kiel, Germany (Table 1). The 14C ages

are d 13C-normalized and corrected for oceanic-reser-

voir effects by subtracting off 440 years (Mangerud

and Gulliksen, 1975), however, we are aware that

this correction is not invariable with time (Bard et

al., 1994) and measured species (Forman and Polyak,

1997).

In order to estimate the amount of ice rafted debris

(IRD), which is used to represent rates of iceberg

calving (Elverhùi et al., 1995a) the coarse-grained

detritus (.2 mm) was counted on X-ray radiographs

in 1 cm intervals downcore expressed as No. .2 mm/

10 ccm (Grobe, 1987).

3. Physiographic settings

The FVT, located between Svalbard and Franz

Josef Land, forms the deepest and widest conduit

from the northern Barents Sea into the Arctic Ocean

(Fig. 1). In the PARASOUND pro®le, the trough

intersects the continental slope at 410 m water depth

and reaches a central depth of 512 m (81801.4 0N,

43843.0 0E). The continental slope north of the FVT

shows, in the PARASOUND pro®le, an uneven to

partly smooth relief and varies in slope gradient

between 1.3 and 3.68.
Today, the entire study area is located north of the

oceanic polar front (Fig. 1) and hence strongly in¯u-

enced by advecting water masses. The fresh surface

water layer (,4±58C, 31.0±34.2½ salinity) is 5±

30 m thick and caused by melting of the sea-ice

cover (Loeng and Vinje 1979; Loeng, 1991), which

varies substantially on seasonal and inter-annual time-

scales (cf. Vinje, 1976). A ,5±15 m thick, stable

transition layer separates the fresh surface water

layer from the underlying Arctic Water layer (Gerdes

and Schauer, 1997). The Arctic water originates from

convection during sea-ice formation in fall and winter

and is advected out of the Arctic Ocean into the
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Table 1

Results of accelerator mass spectrometry (AMS) 14C performed at the Leibniz Laboratory for Radiometric Dating and Stable Isotope Research,

University of Kiel, Germany

Core Sample number Depth Carbon source 14C-Age (uncorr.) Error 14C-Age (corr. 440 years)

(cmbsf)

PS2445-4 KIA4767 131 Mixed forams 14 880 ^ 130 14 440

PS2445-4 KIA366 191 N. pachy (sin.) 19 720 ^ 350 19 280

PS2446-4 KIA4760 6 N. pachy (sin.) 1100 ^ 60 660

PS2446-4 KIA1286 150 N. Pachy (sin.) 12 860 ^ 90 12 420

PS2446-4 KIA4761 180 Mixed forams 15 870 ^ 90 15 430

PS2446-4 KIA4762 357 Mixed forams 19 730 ^ 60 19 290

PS2446-4 KIA1285 420 Mixed forams 21 550 ^ 250 21 110

PS2446-4 KIA4763 520 Mixed forams 23 580 ^ 60 23 140

PS2447-4 KIA4768 174 Mixed forams 13 830 ^ 80 13 390



Barents Sea by the ill-de®ned East Spitsbergen

current (Fig. 1) (Mosby, 1938; Midttum and Loeng,

1987; P®rman et al., 1994). The Arctic Water layer is

typically found between 20 and 200 m and overlies

the temperature and salinity maximum (,2.98C,

,35.0½) of the northern Barents Atlantic-derived

water masses (Fig. 1) between 200 and 500 m

water (Mosby, 1938; Midttum and Loeng, 1987;

P®rman et al., 1994; Gerdes and Schauer, 1997).

Below this Atlantic layer, down to several hundred

meters water depth, lies a colder and less saline

bottom water mass (Deep Arctic Ocean water,

,08C, .34.8½) originating from the Norwegian-

Greenland Sea and dense brine rejection during sea

ice formation along the northern Barents Sea

(Midttum, 1985; Rudels, 1986; Polyak and Solheim,

1994; Lubinski et al., 1996; Schauer et al., 1997).

4. Results

4.1. Seismostratigraphy

In the PARASOUND pro®les (4 kHz) three seismic
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Fig. 2. Bathymetric map of the study area showing the minimum thickness of the Quaternary sediments, indicated by the maximum penetration

of the PARASOUND system along the ship tracks.



units were identi®ed based on their internal re¯ection

pattern, geometries and basal key seismic re¯ectors of

mainly medium to high amplitude. Because the

seismic signal is generally too weak to conclusively

locate the Mesozoic sedimentary bedrock surface

(Upper Regional Unconformity (URU) in the south-

ern and western Barents Sea; Solheim and Kristoffer-

sen, 1984), the mapped thicknesses of the Quaternary

sediments represent only estimates of the minimum

thickness (Fig. 2).

The uppermost seismic unit is acoustically trans-

parent and drapes the variable topography of the

underlying units (Figs. 3 and 4). The thickness of the

upper unit varies between 0.5 and 2 m (Figs. 3 and 4).

The second seismic unit is on the continental shelf

and west of core location PS2444 (Fig. 1) dominated

by a continuous, prolonged to semi-prolonged re¯ec-

tor, limiting the acoustic penetration to 5±20 m. North

of the FVT and in restricted PARASOUND pro®le

sections west of Franz Josef Land (south of

81831.1 0N/43810.7 0E) and close to the shelf edge the

acoustic penetration increases to 30 m (Fig. 2). In

these PARASOUND pro®les, the second seismic

unit is of draping to in®lling character, shows a

subparallel layering or is acoustically transparent

and varies in thickness between 1 and 5 m (Figs. 3

and 4). Northeast of Nordaustlandet, as far north as

80853.6 0N, 29848.3 0E (195 m water depth) (Fig. 2) the

second seismic unit forms numerous ridges (Fig. 5)

which are interpreted as moraines marking former ice

margins. They are identi®ed on the basis of their char-

acteristic asymmetric shape and reveal a distinct to

prolonged re¯ector. The morainal ridges reach up to

several kilometers in width and a maximum height of

50 m. They are either exposed on the sea ¯oor or

conformably draped by the uppermost acoustic unit.

The third seismic unit was only identi®ed in PARA-

SOUND pro®les from the continental slope east of

core site PS2443 and from the FVT. On the continen-

tal slope north of the FVT, the third seismic unit is

acoustically characterized by stacked, transparent

lenses and layers (Figs. 3, 4 and 6). The seismically

penetrated thickness of the third seismic unit varies

generally around 20 m. Single layers and lenses reach

up to 10 m in thickness, several kilometers in width

and are separated by distinct to discontinuous re¯ec-

tors or occasionally by layered sequences up to

several meters thick. The lenses show irregular to
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Fig. 3. PARASOUND pro®le showing truncating, stacked transparent lenses (for location see Fig. 1). The pro®le section was recorded while the

ship remained on station during coring operation.



convex shapes, wedge out and truncate the underlying

sediments (Fig. 3). The layers are characterized by

rather undisturbed, continuous thicknesses and mainly

even to slightly wavy bases (Fig. 4). In places, the

uppermost meters of the third seismic unit show either

a intermitted layering, including core locations

PS2446 and PS2447, or a prolonged surface echo,

limiting the acoustic penetration ,10 m.

In the FVT, the third seismic unit is dominated by

the transparent facies. The basal re¯ector of the third

seismic unit was only detected in limited pro®le

sections south of 81835 0N. No internal re¯ectors

were recorded from below this basal re¯ector,

therefore the underlying seismic unit was described

by Lubinski et al. (1996) as acoustic basement of

unknown age. West of Franz Josef Land, as far north

as 80851.2 0N, 43811.0 0E (460 m water depth), ridges

interpreted as moraines were recorded. Because they

are conformably draped by the uppermost transparent

seismic unit and the subparallel layered second unit

these moraines are assigned to the third seismic unit,

unlike those northeast of Nordaustlandet.

4.2. Lithostratigraphy

The sedimentary record of the three studied
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Fig. 4. PARASOUND pro®le showing transparent layers intercalated by transparent lenses (for location see Fig. 1). The pro®le section was

recorded while the ship remained on station during coring operation.



sediment cores (PS2445-4, PS2446-4 and PS2447-5)

can be divided into ®ve lithostratigraphic units on the

basis of lithology, IRD content, sedimentary struc-

tures (Fig. 7). In addition, the subdivision is supported

by geochemical features (Fig. 8).

Lithostratigraphic unit 1 represents, in all cores, the

basal unit, consisting of a very dark olive gray,

massive diamicton. The diamicton is matrix

supported, poorly sorted and includes a high content

of gravel, centimeter-sized stones and scattered mud

clasts. The matrix is a sandy clayey silt. In core

PS2447-5 the uppermost meters of the diamicton

reveal a diffuse strati®cation. The TOC content ranges

from 1.0 to 1.8 weight percent (%). C/N ratios vary

between 20 and 30 and HI values are generally about

75 mgHC/gTOC. The upper massive diamicton in

core PS2446-4 is lithologically and geochemically

comparable to the basal diamictons, but shows an

imbricated clast fabric and slightly normal grading.

Lithostratigraphic unit 2 consists of dark to olive

gray, laminated silty clays, which are intercalated by

gravel lenses and show a very low IRD proportion.

Individual laminated silty clay layers show truncating,

graded sandy bases. The laminated silty clays show a

variable TOC content generally between 0.7 and

1.7 wt.%. C/N ratios range from 17 to 25 and the HI

values from 50 to 75 mgHC/gTOC. The CaCO3

content varies between 2 and 12 wt.%.

Lithostratigraphic unit 3 consists of dark to olive

gray or grayish brown, bioturbated silty clays. Only

sporadically a faintly lamination occurs. The biotur-

bated gray silty clays show TOC contents below

1 wt.% and C/N ratios between 12 and 17. The HI

values vary between 25 and 75 mgHC/gTOC. Only

the two basal HI values of the bioturbated gray silty

clays intercalating the lower massive diamicton range

between 125 and 150 mgHC/gTOC. The bioturbated

gray silty clays show the highest CaCO3 content of all

units ranging between 6 and 15 wt.%. The IRD layer

intercalating the bioturbated gray silty clays consists

of small mud clasts.

Lithostratigraphic unit 4 consists of brown

streaked, dark or olive gray, bioturbated, massive

pebbly silty clays. Overall high contents of IRD

with peak values consisting of mud clasts, scattered

centimeter-sized cobbles and occasionally coal frag-

ments (PS2446-4 and PS2447-4) characterize the

massive pebbly silty clays. TOC contents vary from

0.3 to 1.6 wt.%, whereas the C/N ratios range from 11

to .30. The HI values are between 35 and 150 mgHC/

gTOC. The CaCO3 content varies considerably

between 2 and 17 wt.%.

Lithostratigraphic unit 5 represents the uppermost

core section including the surface sediments. It

consists of a very dark brown to olive gray, biotur-

bated mud. The entire unit is rich in organic matter

and only sporadically faintly laminated. The upper-

most 20 cm of core PS2445-4 show a high abundance
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Fig. 5. PARASOUND pro®le recorded east of Nordaustlandet (for location see Fig. 1), showing a characteristic asymmetric cross section

interpreted as morainal ridge. The ridge reveals a prolonged to semi-prolonged re¯ector and is exposed on the sea ¯oor.



of Pyrgo sp. (FuÈtterer, 1994). The IRD proportion is

represented only by a few individual coarse sand

grains. The TOC contents vary in core PS2446-4

from 0.8 to 1.4 wt.%, The C/N ratios range from 6

to 11, whereas the HI values vary between 40 and

85 mgHC/gTOC. The CaCO3 content increases in

core PS2446-4 from 1.5 at the base of the unit to

8 wt.% at the top.

4.3. Chronostratigraphy and sedimentation rates

The chronology of the sediment cores is based on

nine AMS 14C dates (Table 1). The dates show

increasing ages with sediment depth. Furthermore,

the stratigraphic framework of core PS2446-4 is

supported by the stable oxygen and carbon isotope

record of planktonic foraminifera Neogloboquadrina

pachyderma sin. (Fig. 7).

Although the global oxygen isotope signal may be

signi®cantly compromised by local meltwater events,

particularly in the lowermost part of core PS2446, the

heaviest oxygen isotope values (up to 4.5½) between

19.3 and 15.4 14C ka mark the marine isotope stage

(MIS) 2. The ®nal deposition of the lower massive

diamicton on the lower and middle continental slope

took place approximately 23 14C ka. This age was

deduced from a sample of the bioturbated gray silty

clay layer intercalating the massive diamicton in core
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Fig. 6. Bathymetric map of the study area showing the distribution of the debris ¯ow lobes identi®ed in the PARASOUND pro®le.
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PS2446-4 (Fig. 7). On the upper continental slope

(PS2447-5) the deposition of the diamictons prevailed

until about 13.4 14C ka. The deposition of the lower

massive pebbly silty clay in core PS2446-4 occurred

between 21.1 and 19.3 14C ka. The distinct decrease in

d 18O (1.3½) after 15.4 14C ka marks the beginning of

the transition from the last glacial period to the Holo-

cene interglacial period (Termination I). Termination

I is de®ned by two characteristic low-d 18O spikes

associated with distinct d 13C minima values

(20.7½), interpreted to re¯ect meltwater in¯ux (cf.

Stein et al., 1994), and a distinct IRD-input. The age

of 12.4 14C ka marks the onset of MIS 1, which is

characterized by relatively low d 18O values and low

d 13C values.

The sedimentation rates were assumed by linear

interpolation, whereby the thickness of the upper

diamicton in core PS2446-4, interpreted as slump

deposit (FuÈtterer, 1994), was subtracted for the sedi-

ment core. The linear sedimentation rates (LSRs) on

the middle continental slope in front of the FVT vary

between 9.1 and 49.3 cm/ky (Table 2). During the

glacial period of MIS 2 the LSRs are higher (20.2±

49.3 cm/ky) than during the Holocene interglacial

period (,10 cm/ky). In general, the interpolated

LSRs are comparable with the LSRs from the northern

Barents Sea continental margin (Knies and Stein,

1998), the St. Anna Trough (Hald et al., 1999) and

the Laptev Sea continental margin (Bauch et al., 1996;

Spielhagen et al., 1996; Weiel, 1997; Stein et al.,

1999).

5. Discussion

5.1. Last glacial maximum (LGM)

5.1.1. The glaciation of the Franz Victoria Trough

The PARASOUND pro®le (4 kHz) from the conti-

nental slope in front of the FVT reveals that the top of

the transparent lenses and layers of the third seismic

unit correspond with the lower diamictons in cores

PS2445, PS2446 and PS2447. Transparent lenses

were ®rst interpreted by Damuth (1978) in 3.5 kHz

records from the Bear Island and North Sea trough

mouth fans, as debris ¯ow deposits. In high latitudes,

submarine fans constructed of stacked debris ¯ow

deposits and glacimarine diamictons re¯ect a periodic

or continuous high sediment input from a fast-¯owing

glacier/ice sheet directly onto the upper continental

slope, as described by e.g. Damuth (1978), Vorren

et al. (1989), Vogt et al. (1993) and Laberg and

Vorren (1996) for the Bear Island Trough or by

Solheim et al. (1992) for the Isfjorden Fan on the

Svalbard continental margin. The transparent layers

represent according to FuÈtterer (1994) diamictons

deposited at high sedimentation rates during the last

or previous glaciations on the Barents Sea shelf.

Therefore, we suggest that the thick sequence of

debris ¯ow lobes and diamicton layers were deposited

when the grounding line of a SBIS reached the shelf

break of the FVT (Fig. 9). The AMS 14C age of

23.1 ka in the hemipelagic sequences intercalating

the lower glacial diamicton in PS2446-4 approximates

the advance of the grounding SBIS to the shelf break.

The sheet-like geometry, the absence of character-

istic sediment lenses, the very limited acoustic pene-

tration and the morainal ridges are strong evidences

for interpreting the acoustically transparent, third seis-

mic unit as basal till (cf. Lubinski et al., 1996). The

identi®cation of the key seismic re¯ector overlying

the transparent third seismic unit in the PARA-

SOUND pro®le of the FVT, supports the extent of

the basal till to the shelf edge and thus the grounding

of the northern SBIS in the entire FVT. The lack of

morainal ridges in the PARASOUND pro®le in the

northern FVT is a further indication that the ground-

ing line of the SBIS reached the shelf edge (cf. Laberg

and Vorren 1996). Continuously high TOC values (up

to 1.5 wt.%) in association with C/N ratios .20 and

low HI-values (,100 mgHC/gTOC) reveal the terri-

genous character of the debris ¯ow sediments and are

indicative for a Svalbard/Barents Sea source area

(Knies and Stein, 1998).

The restricted distribution of the gravity ¯ow lobes

in front of the FVT (Fig. 7) suggests that the trough

acted as conduit for the fast-¯owing ice stream as

proposed by Elverhùi et al. (1995b) for the Isfjorden.
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Fig. 7. Lithostratigraphic units, lithology, sedimentary structure and IRD content (numbers of detritus .2 mm in centimeter core intervals) of

sediment cores PS2445-4, PS2446-4 and PS2447-5. Oxygen and carbon isotopes of core PS2446-4 are also displayed. AMS 14C ages shown

have been reservoir corrected using an age of 440 years (see Table 1).
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Fig. 8. Compilation of the total organic carbon, carbonate and dolomite content (all wt.%), C/N ratios and hydrogen index (HI) data versus core

depth. Dolomite content in core PS2445-4 was published by Vogt (1997). Enrichment of carbonate rather than dolomite in core PS2445-4

indicates high amounts of planktic and benthic foraminifers. AMS 14C datings and marine isotope stages (MIS) are shown on the right. HP1 and

2, high productive zones, are de®ned according to Dokken and Hald (1996).



A canalization of the terminal ice zone in ¯ow-parallel

troughs descending 300±400 m below sea level is

proposed by Boulton (1990), based on a simple

numerical model. An increase in ice thickness by

more than 200 m, compared to the adjacent shelf,

will result in an enhanced ¯ow and the tendency for

an ice stream to develop (Boulton, 1990). An

enhanced ¯ow associated with an earlier glaciation,

as suggested for the eastern Svalbard Islands by Elver-

hùi et al. (1995a), may help to explain the early

advance of the northern SBIS to the shelf edge of

FVT compared to western Svalbard. There, the

SBIS reached the coast by ,22 14C ka (Andersen et

al., 1996) and the maximum extension probably

between 19.4 and 15 14C ka (cf. Elverhùi et al.,

1995a; Landvik et al., 1998). In addition, a rather

early extension of the northern SBIS into the FVT

can be assumed from the vicinity to the hypothesized

center of the ice sheet on Kong Karls Land, Svalbard

(Forman et al., 1995), from there the ice ¯owed unhin-

dered by bathymetric impediments to the FVT

(Polyak and Solheim, 1994).

Furthermore, the distribution of the debris ¯ow

deposits in the PARASOUND pro®les (Fig. 6) and

the general lack of glacial fans off the northern Sval-

bard margin (Solheim et al., 1996) indicate that the

continental margin west of the FVT is not directly

in¯uenced by a fast-¯owing ice stream reaching the

shelf edge. This is supported by OÈ sterholm (1990),

who argued based on marine limits on northern

Nordaustlandet (Fig. 1) at about 50 m a.s.l., that the

SBIS extended only to the coast line during the Late

Weichselian. However, a steep increase in bulk accu-

mulation rates (up to 50 g/cm2/ky) and highest rates of

kaolinite in core PS2138-1 (Fig. 1), likely derived

from glacially eroded bedrocks in the northern and

central Barents Sea and thus, indicate ice-proximal

conditions west of the FVT after 23 14C ka (cf.

Knies et al., 2000). According to Dowdeswell et al.

(1998), these ice-proximal conditions point to a more

stable ice sheet margin west of the FVT. Because

compared to a fast-¯owing ice stream, the sediment

delivery of a more stable ice sheet margin is greatly

reduced, which may explain the absence of debris

¯ow deposits.

5.1.2. Paleoceanographic conditions in front of the

FVT during the LGM

Hebbeln et al. (1994) and Dokken and Hald (1996)

suggested that relatively warm Atlantic Water from

the North Atlantic Ocean advected into the Green-

land±Iceland±Norwegian seas (GIN) in short term

events between 27±22.5 and 19.5±14.5 14C ka and

that the resulting seasonally ice-free waters acted as

important regional moisture sources for the build-up

of the SBIS. The bioturbated gray silty clay interca-

lating the lower massive diamicton in sediment core

PS2446-4 exhibit bioturbation and an increased

CaCO3 contents (up to 5 wt.%), referring to high

abundances of coccolithes as well as subpolar plank-

tonic and benthic foraminifera (Andersen et al., 1996;

Hebbeln and Wefer, 1997). In the study area, periods

associated with increased bioproductivity point to

seasonally overall ice-free water conditions caused

by Atlantic water surface/subsurface advection and/

or local polynyas caused by upwelling of relatively

warm Atlantic subsurface water (Kellogg, 1980;

Hebbeln and Wefer, 1991; Kohfeld et al., 1996).

Therefore, we suggest that the bioturbated gray silty

clay, approximated to 23.1 14C ka, indicates that the

Atlantic Ocean Water in¯ow, which caused the high

productive zone HP2 (29±22.5 14C ka; Dokken and
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Table 2

Sedimentation rates from core PS2446-4 in front of the Franz Victoria Trough based on AMS radiocarbon dates (Table 1)

Core no. Sample interval 14C years interval Sidimentation rates

(cm) (cm/1000 yr)

PS2445-4 131±191 14 400±19 280 ^ 350 12.3

PS2446-4 0±6 0±660 ^ 60 9.1

PS2446-4 0±150 0±12 420 ^ 90 12.1

PS2446-4 150±180 12 420±15 430 ^ 90 10.0

PS2446-4 180±357 15 430±19 290 ^ 90 20.2

PS2446-4 357±420 19 290±21 110 ^ 250 34.6

PS2446-4 420±520 21 110±23 140 ^ 250 49.3
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Fig. 9. Schematic models of the evolution of the northern Barents Sea continental margin during the Late Weichselian Glaciation showing the

main processes on the shelf edge and the continental slope in relation to the behavior of the ice sheet at the shelfbreak.



Hald, 1996) along the western Svalbard continental

margin, prevailed as far east as the FVT and acted

as an important regional moisture source for the

build-up of the SBIS onto the shelf edge (cf. Hebbeln

et al., 1994; Knies et al., 1999).

The terrigenous character of the laminated sedi-

ments, directly overlying the lower debris ¯ows

deposits in core PS2446-4, is indicated by high TOC

contents (up to 1.7 wt.%), C/N ratios .15 and low HI

values (,75 mgHC/gTOC). The lack of bioturbation

points to high sedimentation rates likely in relation

with dense, turbid meltwater plumes draining the ice

sheet located at the shelf edge directly on the conti-

nental margin (Fig. 9).

Severe bioturbation of the gray silty clay overlying

the laminated sequence in association with CaCO3

contents up to 9 wt.% indicates that seasonally ice-

free water conditions prevailed until approximately

21 14C ka. These seasonally ice-free water conditions

also con®rmed by an enhanced supply of MOM indi-

cated by low TOC contents (0.75 wt%), a drop in C/N

ratios (,17) and slightly increasing HI values (up to

75 mgHC/gTOC), are likely related to a coastal poly-

nya triggered by katabatic winds from the growing

SBIS and an in¯ow of subsurface Atlantic water

masses (cf. Knies et al., 1999).

The lower massive pebbly silty clay is character-

ized by a high IRD input indicating an increased

calving rates of the SBIS between ,21 and 19.3
14C ka. The predominantly terrigenous origin of the

sedimentary organic matter is documented by high C/

N ratios (up to 20), variable TOC contents (0.5±

1.5 wt%) and generally low HI values (,80 mgHC/

gTOC). Because no further stacked gravity ¯ow

deposits occur on the lower continental slope north

of the FVT, indicating a major grounding line displa-

cement, we suggest that the low d 18O values (3.5½)

and d 13C minima values (20.5½), interpreted as

meltwater signal, in association with signi®cant IRD

pulses refer to a temporary instability of the northern

SBIS. This temporary instability coincides with the

enormous discharge of icebergs to the North Atlantic

(Heinrich Event H2: 21.6±19.4 14C ka) (Andrews and

Tedesco, 1992; Bond et al., 1992; Broecker, 1994;

Andrews et al., 1994).

The upper bioturbated gray silty clay in cores

PS2445-4 and PS2446-4 is characterized by a high

CaCO3 (up to 7.5 wt.%) and a low TOC content (up

to 0.8 wt%). Based on low dolomite contents in core

PS2445-4, the increased CaCO3 content is interpreted

as biogenic calcite, although C/N-ratios around 15 and

HI-values ,100 mgHC/gTOC point to a predomi-

nantly terrigenous origin. The deposition of the

upper bioturbated gray silty clay is approximated

between 19.3 and 15.4 14C ka in core PS2446-4 and

between 19.3 and 14.4 14C ka in core PS2445-4,

respectively. Thus, the deposition coincides with the

high productive zone HP1 (Dokken and Hald, 1996)

and is therefore likely related to at least seasonally

open water conditions caused by Atlantic water

surface/subsurface advection to the Arctic Ocean

(Hebbeln et al., 1994).

5.1.3. Deglaciation and Holocene

The initial disintegration of the northern SBIS

(Termination I) marked in the cores from the middle

and lower continental slope (PS2445-4 and PS2446-4)

by a signi®cant increase in IRD and the transition

from heaviest d 18O values (4.5½) to a pronounced

meltwater signal, displayed by d 18O minina (3.2½)

and reduced d 13C values (20.57½) (Fig. 7). The

predominantly terrigenous origin of the sediments is

supported by increasing TOC values (up to .1 wt%),

high C/N ratios (up to 25) and very low carbonate

contents (,5 wt%). This initial disintegration is

approximated in core PS2446-4 to 15.4 14C ka. The

®rst phase of disintegration until 12.4 14C ka is char-

acterized by two distinct IRD peaks (Fig. 7). A

decrease in IRD input during the ®rst phase of degla-

ciation may be related to a stabilization of the ice

sheet after the initial, huge input of icebergs. The

subsequent cooling of the surface water after the

®rst iceberg input promotes sea ice preservation and

increases thereby the albedo. This in turn leads to a

halt/readvance of the ice sheet and a reduced input of

IRD. A cooling and temporary absence of open water

conditions is supported by the contemporary deposi-

tion of laminated sediments. Their lack of bioturba-

tion may indicate a poor ventilation of the water

column (Phillips and Grantz, 1997). The occurrence

of only one IRD event in the laminated sediments of

core PS2445-4 on the lower continental slope signi®es

most likely that icebergs were blocked by permanent

sea-ice and thus supports the transition from cold to

warm conditions (Nam, 1997) (Fig. 9). If the single

IRD peak in core PS2445-4 at 1.5 m represents a
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short-time instability of the ice sheet or even

correlates with the initial disintegration cannot be

veri®ed based on our datings and core data. An initial

meltwater event at 15.4 14C ka is in good agreement

with the ®rst light-oxygen-isotope event in the eastern

Arctic Ocean (Stein et al., 1994; Nùrgaard-Pedersen

et al., 1998), the Fram Strait (Jones and Keigwin,

1988), the western Svalbard margin (Jones and Keig-

win, 1988; Hebbeln et al., 1994; Elverhùi et al.,

1995a) and the northeastern Atlantic Ocean (Duplessy

et al., 1981); it coincides with the cooling cycle

predating the Heinrich event H1 (14.6±15.0 to

13.2±13.6 14C ka; McCabe and Clark, 1998). There-

fore, we suggest that initial disintegration of the north-

ern SBIS more likely re¯ects a climatic in¯uence

through a reduction in precipitation (McCabe and

Clark, 1998) and/or a response to increased summer

insolation rather than a response to the collapse of the

Laurentide or other ice sheets in the northern hemi-

sphere (cf. Dowdeswell et al., 1999). Furthermore, we

suggest that the marine based nature of the SBIS, in

addition with the morphology of the FVT, made it

very susceptible to decoupling of the glacier bed

caused by changes in relative sea-level at the speci®c

tidewater margin (Jones and Keigwin, 1988; Ander-

sen et al., 1996; Andrews, 1998). If the isostatical

depression of the SBIS continued after the LGM it

may have reached a critical level initiating the

destruction of the ice sheet by marine downdraw

through the FVT without external forcing, as

described by Jones and Keigwin (1988) for the Bear

Island and Storfjord troughs. The lack of the morainal

ridges in the northern FVT supports a decoupling of

the glacier bed during deglaciation. The change from

massive to strati®ed diamicton on the middle and

upper continental slope is interpreted as increased

meltwater discharge of the grounded SBIS at the

shelf edge of the FVT (e.g. Elverhùi et al., 1990,

1995b). Thus, the transition of the strati®ed diamicton

to the massive pebbly silty clay approximated to

,13.4 14C ka (PS2447-5) may re¯ect the retreat of

the northern SBIS from the shelf edge of the FVT

(Fig. 9). This age is constrained in the northern FVT

by the initial deposition of the ice proximal laminated

clay at 13 14C ka overlying the diamicton, which is

interpreted as a till (Polyak and Solheim, 1994;

Lubinski et al., 1996). The prominent IRD pulses

recorded in the upper massive pebbly silty clay

indicate a discontinuous retreat of the SBIS. The

onset of major IRD input in the upper massive pebbly

silty clay is approximated in core PS2446 to ,12.4
14C ka. In core PS2445 the two major IRD events are

dated based on linear interpolation to 12.3 and 10.7
14C ka, respectively. Therefore the two IRD pulses are

in rather good correlation with distinct iceberg rafting

events in the central FVT (Lubinski et al., 1996), on

the Yermak Plateau (Vogt, 1997), the Saint Anna

Trough (Polyak et al., 1997) and pulses of glacimarine

sedimentation in the southeastern Barents Sea (Polyak

et al., 1995). These ice rafting events are coeval with a

period of increasing surface-water and air tempera-

tures in the northern Atlantic region and accelerated

eustatic sea-level rise, suggesting that the remaining

retreat of the SBIS was paced by these factors (Polyak

et al., 1995).

The bioturbated brown to olive-gray mud resem-

bles in color, increased organic content, and very

low IRD content sediments in the northern and central

Barents Sea whose deposited began at ,10 14C ka

(Elverhùi and Solheim, 1983; Elverhùi et al., 1989;

Polyak and Solheim, 1994; Lubinski et al., 1996;

Polyak et al., 1997). Apparently, the brown to olive-

gray mud marks the end of the marine phase of

deglaciation and points to the retreat of the SBIS to

the present shoreline. Terrestrial evidences from

Franz Josef Land and eastern Svalbard support this

interpretation (Forman et al., 1995 and references

therein). On basis of its thickness we suggest that

the bioturbated brown to olive-gray mud, which in

all cores represents the uppermost lithostratigraphic

unit, corresponds to the uppermost, transparent

seismic unit of draping character in the entire study

area.

6. Summary and conclusions

Stacked, acoustic transparent lenses and layers in

front of the FVT, interpreted as debris ¯ow deposits

and layers of glacimarine diamicton, indicate that

large quantities of sediments were directly deposited

by the northern SBIS onto the upper continental slope

at approximately 23 14C ka. A grounding of the SBIS

in the entire FVT is supported by the identi®cation of

the basal key seismic re¯ector overlying the acousti-

cally transparent unit, interpreted as basal till near
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the shelf break. The distribution of the gravity ¯ow

deposits on the continental slope suggests that the

FVT acted as conduit and led to an enhanced ¯ow

of the northern SBIS. An enhanced ¯ow in association

with an earlier glaciation may help explaining the

early advance of the northern SBIS to the shelf

edge, compared to west Svalbard. The initial disinte-

gration of the northern SBIS (Termination I) is indi-

cated by an intensive increase of IRD to the

continental slope at around 15.4 14C ka and a subse-

quent isotopically de®ned meltwater signal. This

initial disintegration may re¯ect a climatic in¯uence

through a reduction of precipitation in association

with the cooling cycle predating the Heinrich event

H1, the decoupling of the glacier bed due to changes

in relative sea level at the tidewater margin and/or a

response to increased summer insolation. The

grounding line retreat of the northern SBIS from

the shelf edge of the FVT, indicated by a drastic

change in sedimentary pattern on the upper conti-

nental slope is approximated to 13.4 14C ka. The

stepwise deglaciation of the northern SBIS is

documented by distinct IRD-pulses which appear

to be contemporaneous with the onset of distinct

pulses of IRD and glacimarine sedimentation in

the adjacent areas between 13 and 9.4 14C ka.

Bioturbation indicated that seasonally open water

conditions prevailed along the northern Barents Sea at

least as far east as the FVT during the last glacial/

interglacial cycle.
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