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The record of glacier fluctuations in western Scandinavia, as
reconsiructed from continental data, has been correlated with
records of ice-rafted detritus (IRD) from well-dated sediment
cores from the Norwegian Sea covering the past 150,000 yr B.P.
The input of IRD into the ocean is used as a proxy for ice sheet
advances onto the shelf and, thus, Tor the calibration of a glacia-
tion carve. The marine results generally support land-based re-
constructions of glacier fluctuations and improve the time-control
on glacial advances. The Saalian ice sheet decayed very rapidly
approximately 123,000 yr B.P. 1n the Early Weichselian, a minor
but significant IRD maximum indicates the presence of icebergs in
isotope substage 5b {especially between 95,000 and 83,000 yr
B.P.). Reduced amounts of caleareous nannofossils indicate that
surface waters were influenced by meltwater discharges during
isotope substages 5d and 5b. An extensive build-up of inland ice
began again during isotope stage 4, but maximum glaciation was
reached only in early stage 3 (58,000-53,000 yr B.P.). Marine
sediments have minimum carbonate content, indicating strong di-
lution by lithogenic ice-rafted material. Generally, the IRD accu-
mulation rate was considerably higher in stages 4-2 than in stage
5. A marked peak in IRD accumulation rates from 47,000 to
43,000 yr B.P. correlates well with a second Middle Weichselian
ice sheet advance dated by the Laschamp/Olby paleomagnetic
event. Minimum ice extent during the Alesund interstade
{38,500-32,500 yr B.P.) and several glacial oscillations during the
Late Weichselian are also seen in the IRD record. Of several late
Weichselian glacial oscillations on the shelf, at least four corre-
spond to the North Atlantic Heinrich events. Ice sheet behavior
was either conpled or linked by external forcing during these
events, whereas internal ice sheet mechanisms may account for

the noncoherent fluctuations. @195 University of Washington.

INTRODUCTION

Fluctuations of the Scandinavian Ice Sheet during the
last interglacial/glacial (the Eemian/Weichselian) cycle
have been reconstructed from the few onshore locations
at which sediments older than the Laie Weichselian gla-
cial maximum have been discovered (Mangerud, 1991a).
Most of the older sediments were removed by the Late

Weichselian ice sheet, leaving an incomplete terrestrial
record for the earlier, and longest, part of the last glaci-
ation. The reconstruction of ice sheet fluctuations also
remains debatable because accurate dating methods are
not applicable for most continental sediments oilder than
50,000 yr B.P.

Contrary 1o the continental record, deep-sea sediment
cores from the neighboring Norwegian Sea contain con-
tinuous records of the last interglacial/glacial cycle. High-
resolution oxygen isotope stratigraphies have been estab-
lished for many sediment cores (e.g., Kellogg er al., 1978,
Scholten ef al., 1990; Vogelsang, 1990; Weinelt, 1993) and
confirmed by radiometric dating (*C, **Th). Climati-
cally induced paleoceanographic changes in the Norwe-
gian Sea have been detected in these cores by sedimen-
tological (Kellogg, 1976; Henrich er al., 1989; Kassens,
1990}, and micropaleontological investigations (Gard,
1988; Baumann, 1990; Bauch, 1993) as well. However,
there is only a little information available about the cor-
retation of marine and terrestrial data, although Larsen
and Sejrup (1990) have shown a correspondence between
the influx of Atlantic water into the Norwegian Sea and
interstades in western Norway.

In this paper, we correlate the continental record of
glacier fluctuations in western Scandinavia with marine
sediment records from the Vgring Plateau area in the
Norwegian Sea, which was adjacent to the western flank
of the Scandinavian [ce Sheet. We use the input of coarse
lithogenic ice-rafted detritus (IRD) into the ocean as a
monitor of glacier fluctuations, as most of this material
was eroded by the Scandinavian lce Sheet and released
to the ocean by iceberg calving and subsequent melting.
In turn, the good chronology of the cores can be applied
for a more precise dating of the glacial history. The main
result is that there is a close similarity between the gla-
ciation curve constructed from continentat records and
the IRD curve.

To define relatively warm time intervals in the ocean,
we use other parameters from the marine cores, such as
the calcium carbonate content and abundance of cocco-
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liths. These data reflect variations in biologic productiv-
ity, which is related to environmental parameters such as
water temperatures, nutrients, and ice coverage.

Today, the Norwegian-Greenland Sea is characterized
by strong meridienal gradients due to the warm Norwe-
gian— Westspitsbergen Current in the east and the cold
polar East Greenland Current in the west (Hopkins,
1988). The Vgring Plateau area is situated east of the
Norwegian—Greenland Sea (Fig. 1) and is characterized
by relatively warm (6-10°C) and saline (35.1-35.3%0) At-
lantic surface water. The warm current plays an impor-
tant role in the transport of moisture and heat toward the
north and for the climate in Scandinavia, In the past,
variations of this current certainly influenced glacier flue-
tuations.

CONTINENTAL RECORDS OF GLACIER FLUCTUATIONS

The glactation curve (Fig. 2} is only slightly modified
from Mangerud (1991a), and for most of the primary data
and discussions we refer to that publication. Here, we
will only describe some of the principles for the construc-
tion of the curve and discuss modifications from newer
results.

The original diagram {Mangerud, 1991a, slightly mod-
ified in 1991b) was presented as one glaciation curve for
the western, oceanward part of the ice sheet, and one
curve for the eastern, continental part, because the two
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segments certainly developed somewhat differently.
However, with our limited knowledge, we are not really
able to differentiate the two before 14,000 yr B.P., and we
therefore now present only one curve. Most of the infor-
mation on glacial maxima is from the west coast; thus,
the curve is basically a glaciation curve for the western
flank of the ice sheet. The best data, indicating periods
during which the central part of Scandinavia was ice-free,
come from the eastern side of the watershed in Sweden.
However, degiaciation of that area implies that most of
the western side also was ice-free, even if there was some
asymmetry in the extension of the glaciers,

Because different dating methods are used for different
time periods, we will split the following discussion into
three sections: (i) oxygen isotope stage 5 (130,000~
75,000 yr B.P.}, in which the chronology is mainly based
on palynological correlations with sequences south of the
glacial boundary; (2) stage 4 and the older part of stage 3
(75,000-40,000 yr B.P.), in which dating is problematic;
and (3) the period after 40,000 yr B.P., in which the chro-
nology 1s mainly based on radiocarbon dates. To adjust
14C.dated sample ages to the calendar year time scale of
the marine isotopic events, we have calibrated **C ages
using a linear approximation of Bard et al. (1993) for the
period 6000— 18,000 C yr and an extended second-order
fit (E. Bard, personal communication, 1994) for the pe-
riod 18,000-28,000 "*C yr. All ages are given in calendar
years (cal yr) B.P., except where indicated.
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FIG. 1.

Map showing bathymetry (in m), major surface water-mass circulation, sediment core locations in the Norwegian--Greenland Sea, and

main localities of Weichselian deposits. The maximum extent of the Weichselian ice sheet is indicated by a hatched line (after Mangerud, 1991a).
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FIG. 2. Glaciation curve of western Scandinavia for the last inter-
glacial/glacial cycle as reconstructed from continental data (modified
from Mangerud, 1991a,b). The curve shows schematically the position
of the ice front at different times. The time scale is in calendar yr.
Radiocarbon dates younger than 18,000 yr are calibrated to calendar
ages according to Bard (1993), whercas an extended second-order fit (E.
Bard, personal communication, 1994) was used for the period 18,000~
28,000 '*C yr. The ages of the Qerel-Denekamp interstades are accord-
ing ta Behre and van der Plicht (1992). Ages of the isotope stage bound-
aries are according to Martinsen ef al. (1987).

Oxygen Isotope Stage 5

For isotope stage 3, there is a distinct pollen stratigra-
phy in western Europe, for which the correlation with the
deep-sea isotope stratigraphy is generally accepted by
most scientists (arguments summarized in Mangerud,
1989). The Eemian interglaciation correlates with isotope
substage 5e (i.e., the time interval around event 5.5 in the
marine nomenclature), the Brgrup interstade with 5¢
(5.3), and the Odderade interstade with 5a (5.1) (Fig. 2).
The Brgrup includes the Amersfoort interstade in the first
part. Thus, the Brdgrup, in this sense, has a short, cold
interlude between an older mild period (Amerstoort) and
a younger warmer period.

The Brgrup and Odderade were the only interstades
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during the Weichselian that were warm enough to allow
the growth of forests in northern Germany (Behre, 1989).
In northern Sweden, Lagerbick and Robertsson (1988)
described several sites with two interstades (Peripohjola
and Tarend0) in superposition that both had birch trees. It
is unlikely that trees could grow in northern Sweden un-
less there was forest in northern Germany, and, there-
fore, the two interstades in Sweden are correlated with
Brgrup and Odderade, respectively. This means that
most of Scandinavia was ice-free during these two inter-
stades, even though mountain glaciers certainly were
larger than at present. The existence of the two inter-
stades was recently supported from another area in cen-
tral Sweden (Lundquist and Miller, 1992).

In northern Sweden, the Eemian, Peripohjola, and
Tarendd deposits are separated by tills, demonstrating
that there were glacier advances from the Scandinavian
mountains during substages 5d (5.4) and 5b (5.2). How far
the glacier advanced during these intervals needs to be
mapped in more peripheral parts of the ice sheet, but few
sites have as yet been found in those areas. At the
Figsanger site (Mangerud er al., 1981}, a glacialmarine
silt shows that the glacier reached within 1-3 km of the
site during substage 5d. Thus, in western Norway this
glaciation ¢an be compared with the Younger Dryas in
extent, and the ice front was situated in the fjords, rather
than beyond the coast.

Above the glacialmarine silt are deposits of the milder
Fana interstade and the thick Benes Till, which Man-
gerud (1991a) correlated with substages Sc (Brgrup) and
3b (Rederstall), respectively, By this interpretation, the
ice reached close to, or beyond, the outer coastline for
the first time during substage Sb. Larsen and Sejrup
{1990) reinterpreted this chronology so that the Fana In-
terstade should represent only the first part of the
Brgrup, and the Bpnes Till the cooler interval within the
Brgrup mentioned above. We disagree that the amino
acid ratios allow such a precise age estimate of the Fana
interstade; the main question, in fact, is whether it is of
Brgrup or older age. We also consider the assumption
that the first large ice advance should have taken place
during the cool inter-Brgrup phase, which lasted only
400-800 yr (Griiger, 1991), unfikely, and thus we retain
the interpretation of Mangerud (1991a,b).

Based on TL dating, the Godgy sandur was also con-
sidered to be evidence of 3d glaciation (Mangerud,
1991a). However, with correction for the recently discov-
ered shallow TL traps (Mejdahl et al., 1992), this sandur
should be of Late Saalian (isotope stage 6) age, if the TL
dating is reliable.

Oxygen Isotope Stage 4/First Part of Stage 3

Mangerud (1991a) placed the Karmgy Diamicton at the
Bg site in stage 4, based on age estimates of the under-
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lying Torvastad and averlying B¢ interstades (Andersen
et al., 1983; Miller ez al., 1983; Sejrup, 1987). In their
reexamination of Mangerud’s (1991a,b) curve, Larsen
and Sejrup (1990) argued that the amino acid epimeriza-
tion was more rapid in substages 5d-5a than in stages
4-2, This will influence the amino acid age estimates, and
they moved the mentioned interstades back to substages
Sc and 5a, respectively. We agree that epimerization took
place more rapidly (Miller and Mangerud, 1986) (Fig. 2),
but neither the D/L ratios nor the teraperature history are
known well enough to determine that these interstades
are as old as proposed by Larsen and Sejrup. Andersen er
al. (1991} concluded that there was a major isotope stage
4 glaciation across Jeren, but again the dating results are
ambiguous.

Several observations in Denmark indicate that the Old
Baltic Till, providing evidence of a major glaciation of the
Baltic Sea, was deposited during or soon after stage 4
(Petersen, 1985; Houmark-Nielsen, 1989; Petersen and
Kronborg, 1991). In Poland, most scientists (e.g.,
Drozdowski and Fedorowicz, 1987; Majski, 1992} agree
that there was a glaciation ca. 60,000 to 50,000 yr B.P.,
mainly based on TL data, supporting the age of the Old
Baltic Till in Denmark.

In the Skjonghelleren Cave, a third interstadial bed (K)
was dated by a single U-series speleothem date of 56,000
* 4000 yr (Larsen et af., 1987). This age has not been
reproduced by new dating and is, therefore, possibly in-
correct (E. Larsen, persenal communication, 1993). In-
terstade K was preceded by a glaciation of assumed stage
4 age, during which ice overran the cave and reached the
coast (Larsen et al., 1987; Mangerud, 19%1a).

Above the mentioned interstade K deposits in Skjong-
helleren i1s a key horizon for future correlation of the
giaciation curve with marine cores. Ice-dammed fake sed-
iments show that a glacier advance reached the open
coast strnultaneously with a paleomagnetic excursion,
which is most probably the Laschamp/Olby event
(Larsen et al., 1987, Loviie and Sandnes, [987) and
which is already identified in some marine cores (Nowac-
zvk et al., 1993). The best age estimates of the Laschamp/
Olby event, and thus of this glacier advance, probably are
19 K/Ar dates from Iceland and 30 from France, giving
mean values of 43,000 to 47,000 yr B.P. (Levi ef al.,
1990).

We conclude that the land data indicate a glaciation
during part of stage 4 and the early part of stage 3, fol-
fowed by deglaciation on the west coast and another gla-
cier advance at the time of the Laschamp/Olby event.

40,000 yr B.P. to Present

The west coast was subsequently ice-free during the
Alesund interstade (Mangerud ef al., 1981). The duration
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of that interstade was recently supported by more than 30
AMS dates of well-preserved bones from Skjonghelleren
Cave (Larsen et al., 1987) which all gave ages between
32,500 and 38,500 cal yr B.P. (§. Gulliksen, M. S.
Skovhus, T. W. Stafford, E. Larsen, and J. Mangerud,
unpublished data). The dates show unambiguously that
the outer coast was ice-free, but cannot pinpoint the pe-
riod at which the ice withdrew.

Bergersen et af. (1991) and Bergersen (1991) have ob-
tained four TL dates of windblown sand from Sorperoa,
Gudbrandsdalen in central Norway, which all yielded
ages between 37,000 and 40,000 cal yr B.P. If the dates
are correct, and windblown sediments are well suited for
TL. dating, they show that the glaciers had withdrawn far
inland at that time. The problem with the site is that the
dates are not supported by lithostratigraphy, as the wind-
blown sediments are not covered by tili. Lauritzen (1991)
reported three U-series speleothem dates of ca. 30,600 yr
B.P. which indicate a major deglaciation of Nordland.
Thus, two completely different deposits and dating meth-
ods (TL and U-series) indicate that the ice withdrew far
infand in Scandinavia during the Alesund Interstade and,
accordingly, that much of the large Late Weichsclian ice
sheet was formed during less than 10,000 yr. This con-
clusion is so unexpected that we will await further con-
firmation before we fully accept it.

Another paleomagnetic key horizon occurs in ice-
dammed lake sediments above the Alesund interstadial
deposits in Skjonghelleren Cave, showing that the glacier
again reached the open coast at the time of a paleomag-
netic excursion. This excursion is correfated with the
Lake Mungo event (Larsen et al., 1987; Lgvlie and
Sandnes, 1987). According to M. Barbetti (personal com-
munication, 1993) the best radiocarbon dates for the
Mungo type site give a mean age of 29,000 *C yr B.P.
{32,500 cal yr B.P.}, while TL dates give 33,500 yr B.P.
(Barbetti, 1980). The Lake Mungo {Australia} event is
probably equivalent with the Mono Lake (California)
event (Lgvlie, 1989); for the latter, the most recent age
estimate is 28,000 “*C yr B.P. (31,500 cal yr B.P.) for the
midpoint and the event had a duration of 2000 yr (Liddi-
coat, 19923,

Sejrup et al. (1994) showed that the last-mentioned ice
advance crossed the North Sea and met the glacier on the
British Isles. They also obtained two dates above the till
that demonstrate ice retreat ca. 25,500 cal yr B.P. The age
of the Late Weichselian glacial maximum should be in the
interval 32,500 to 25,500 cal vr B.P.,, and closer to the
younger age.

After the first withdrawal, the glacier readvanced to a
less-extensive position where it stood between 19,000
and 15,500 '*C yr B.P. (Vorren et al., 1988; Sejrup et al.,
1994). During rapid deglaciation, the main halts/
readvances occurred 12,400 to 12,100 C yr B.P. and
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during the Younger Dryas stade 11,000-10,200 "“C yr
B.P. Mangerud, 1980; Vorren e al., 1988).

MARINE RECORDS

Materials and Methods

Five sediment cores from the Vgring Plateau in the
Norwegian Sea were selected for this study (Fig. 1; Table
1). A detailed comparison of the sedimentological records
allows the exclusion of local features. Giant gravity cores
23063, 23065, 23071, and 23199 were collected during the
RV Meteor Cruises 2/2 and the ARK I cruise of RV Po-
larstern. Site 643 was drilled during Leg 104 of the Ocean
Drilling Project (ODP). All cores consist of Late Quater-
nary hemipelagic muds. Detailed core descriptions are
given in Henrich et al. (1989) and Eldholm er al. (1987).

A LECO CS-125 infrared analyzer was used for mea-
suring total carbon (TC) and total organic carbonr (TQC)
contents of bulk sediments. Calcium carbonate ¢ontent
was caiculated in weight percentages of the bulk sample
by CaC0;% = (TC% — TOC%) x 8.33.

The sediment samples were freeze—dried, weighed,
and washed through a 63-um mesh. A split (=500 grains)
of the 125500 pm fraction was microscopically analyzed
because its composition is considered most representa-
tive for changes between pelagic biogenic sedimentation
{foraminifers) and the input of coarse lithic fragments
{IRD). In addition, cores 23065, 23199, and 643A were
investigated for abundance of coccoliths using a scanning
electron microscope (SEM). The processing technique
has been described by Baumann (1990).

Time control for all cores is based on high-resolution
oxygen isotope stratigraphy and accelerator mass spec-
trometry (AMS) C dating. Oxygen isotope measure-
ments were carried out on the planktic foraminifera Neo-
globogquadrina pachyderma (sin) (i25-250 wm fraction)
(Fig. 3) Al measuremenis were performed on Finnigan
MAT 251 mass spectrometers (Kiel University and Uni-
versity of Bergen). Resolts are expressed in the usual
$-notation, and external reproducibility for 3'*0 is 0.08%.
{Kiel) and 0.1%. {Bergen), respectively.

189

Accumulation rates (AR) were calculated according to
Ebrmann and Thiede (1985):

i

ARcqco, (g/em® x 10° yr) = ARgyx X CaCO,
weight % x 1077
IRD grain-%

x weight-% > 63 um
X 1072

ARpyx X IRD
weight % x 1072

IRD weight %

il

ARy (glem?® x 107 yr)

it

where

ARpuLk = accumulation rate of bulk sediment
(gfem” x 10° yr) = LSR x DBD
ISR = linear sedimentation rate (cm/10° yr)
DBD = dry bulk density (g/cm?).

Oxygen Isotope Stratigraphy and Dating of
Marine Records

Age determinations (cal yr B.P) of the cores presented
in this paper are based on correlation with the orbitally
tuned isotope record (Martinson et al., 1987). Oxygen
isotope data sets for cores 23063, 23065, 23071, 23199,
and Site 643 were partly taken from Vogelsang (1990},
Ramm (1988), and Wolf {(1991). We performed more iso-
tope analyses and partly revised their age models. Ages
between identified isotope events were calculated from
sedimentation rates by linear interpolation. The identifi-
cation of critical events 4.2 and 3.31 was also based on
planktic $'°C data, which were interpreted by Vogelsang
(1990; adopted for this study) in accordance with results
of Labeyrie and Duplessy (1985) and Shackleton et al.
(1983).

In all cores, a brief event is seen early in stage 3 which
is characterized by extremely high amounts of terrige-
nous grains {98~ 100 grain %) and a lack of carbonate (Fig.
4). According to the initial stratigraphies, the calculated
minimum and maximum duoration of this event is 2000 yr
in core 23071 and 8600 yr in core 23199, respectively. The

TABLE 1
Locations, Water Depths, Core Recovery, and Estirnated Age of Investigated Cores from the Norwegian Sea
Water Length Estimated
Latitude Longitude depth of core age of core Source of
Core no. Cruise (N} (E) {(m) {m) base (yr) 3'80.Data
23199 ARK 173 68°22.6' 05°19.5° 1968 6.36 250,000 Ramm, 1989
23063 M2/2 68°45.0' 00°00.0 2299 8.81 450,000 Vogelsang, 1990
23068 M2z 67°50.0° 01°30.1° 2230 6.54 185,000 Vogelsang, 1990
23071 M2/2 67°05.1 02°54.5' 1308 7.00 135,000 Vogelsand, 1990
643A ODP Leg 04 67°42.9" oo 2753 13.92¢ 440,000 Wolf, 1991

4 Length/age of isotopically dated section.
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% of total dry weight, open boxes) of analyzed cores from the Norwegian Sea correlated with the simplified glaciation curve (cf. Fig. 2).



MARINEACE SHEET CORRELATION

given stratigraphic resolution clearly means that the car-
bonate-free interval correlates with global oxygen iso-
tope event 3.31 (35,450 yr B.P.; Martinson et al., 1987)
which is expressed as 2 warming and meltwater event in
the entire Norwegian Sea (Vogelsang, 1990; Weinelt,
1993). Since we postulate that the carbonate-free interval
is time-equivalent in all cores, the midpoint (54,400 yr
B.P.) and duration (2000 yr) in the high-resolution care
23071, which is located nearest to the continental source
for IRD, were transferred to the other cores, resulting in
an intercalibration. In addition, absolute age control is
available from 'C-AMS dates of the younger parts of
sediment cores 23071, 23199, and 643 A (Table 2), which
were calibrated by the procedure described above for
terrestrial samples.

Unfortunately, some oxygen isotope records have gaps
due to the lack of planktic foraminifers and/or sampling
resolution. These gaps sometimes occur in core se-
quences that are critical for an accurate identification of
isotopic events. Age determinations for the calculation of
sedimentation rates and the timing of the paleociimatic
changes are therefore limited by the resolution between
the assigned isotopic events. The transition from glacial
stage 6 to interglacial stage 5 is defined by a sudden 530
decrease between isotope events 6.2 and 5.53 (Martinson
et al., 1987), However, we have not been able to identify
5.53, and the ages are interpolated between 6.2 and the
peak of 5.5. Therefore, the duration of short-term sedi-
mentation events, e.g., the drastic increase in IRD depo-
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sition at the end of stage 6, may have been calculated as
lasting too long; the reason is that during deglaciations,
meltwater produces local isotopic excuarsions (Jones and
Keigwin, 1988; Weinelt ef al., 1991; Sarnthein er al.,
1992). We interpret the drastic 3'%0 decrease after iso-
tope event 6.2 in our cores as a local meliwater signal and
have therefore defined only the peak of event 5,5 (123,820
yr) in the isotope records and used this for corretation
and age determination.

Calcium Carbonate Records

Downcore calcium carbonate records reveal character-
istic variations that can be correlated between the cores
(Fig. 4). Although peak values are different from core to
core, highest CaCQ; contents (up to 35%) were generally
measured in interglacial sediments from oxygen isotope
stages 1 and 5 (especially substage 5e). In glacial sedi-
ments from stages 6 and 4-2, CaC(), contents are lowest
in all cores. Most samples analyzed had contents of <13
wt%. In all cores, sections nearly free of carbonate were
observed during stage 6 (ca. 145,000 yr B.P.) and earligst
stage 3 (ca. 54,400 yr B.P.). Abrupt changes in CaCO,
content are recorded during glacialinterglacial transi-
tions 6/5 and 2/1.

Ice-rafted Detritus

In ali cores, lithogenic particles mainly consist of
monocrystalline grains (quartz, feldspar), polycrystalline

TABLE 2
Conventional Reservoir-Corrected *C Ages (yr B.P.) and Calibrated Ages of Marine Samples
“C age (yr B.P) Laboratory “C age Source
No Core Depth (cm) {(reservoir corr.) code {cal yr B.P.) of data point
1 23071 15 6680 = 120 T443 Vogelsang, 1990
2 75 12,550 = 220 14,722 Vogelsang, 1990
3 82 13,600 = 300 16,024 Vogelsang, 1990
4 93 14,790 = 190 17,500 Vogelsang, 1990
5 iz 16,550 = 200 19,682 Vogelsang, 1990
6 [16 16,690 + 230 19,856 Vogelsang, 1990
7 120 16,990 = 220 20,228 Vogelsang, 1990
B 140 18,520 = 240 21.929 Vogelsang, 1990
9 150 13,790 + 240 22,246 Vogelsang, 1990
10 170 21,430 = 300 25,2% Vogelsang, 1950
1 210 23,730 = 360 27,883 Vogelsang, 1990
12 273 18,020 = 560 32,548 Vogelsang, 1990
13 643 A 16 3390 = 120 AAR-1138 11,052 This study
14 44 18,240 = 220 AAR-1139 21,600 This study
15 67 21,200 = 25¢ AAR-1140 25,031 This study
i6 85 22,600 = 270 AAR-1141 26,619 This study
17 114 27,300 x 380 AAR-1142 31,780 This study
18 23199 37 8950 = 340 10,308 Ramm, 1988
9 65 15,420 = 215 18,281 Ramm, 1988
20 113 21,120 = 350 24,940 Ramm, 1988

Note. The **C ages were corrected for an ocean-reservoir age of 400 yr. Conventional radiocarbon years were converted to calendar years {cal
v1 B.P.) by using a linear approximation of Bard et al. (1993) for the period 6000- 18,000 “C yr and an extended second-order fit {E. Bard, personal

“mpmunicaiion, 1994) for the period 18,000-28,000 '*C yr.
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fragments of igneous rocks, and fragments of sedimen-
tary rocks (shales, sandstones). The amount of detrital
carbonate rock fragments is generally negligible (Bischof,
1990). According to Bischof (1994}, most of the mono-
and polycrystalline particles in sediment cores from the
Norwegian Sea probably originate from Scandinavia.
Previous studies of marine sediments from high latitudes
have shown that coarse lithogenic particles (>63 um) can
be interpreted as ice-rafted detritus if other transport
mechanisms (e.g., gravity flows, boundary currents) can
be excluded (e.g., Henrich, 1988; Spiethagen, 1991; Bond
et al., 1992),

The IRD data are presented in twao ways: as the relative
abundance of IRD in the coarse fraction (grain %, Fig. 4)
and as IRD accumulation rates (gicm® x 10° yr; Fig. 5).
Grain %0 data document even slight changes in the depo-
sitional paleoenvironment by quantifying the relative im-
portance of ice-rafting vs biogenic sedimentation. During
imiial cooling and ice-sheet growth, the onset of in-
creased ice-rafting and reduced bioproduction will be vis-
ible first from an increase in relative IRD abundance,
IRD accumulation rates are considered an excellent mea-
sure of the iceberg output from continental ice sheets,
Because IRD accumulation rates are sensitive to the di-
lution of IRD sedimentation by fine-grained material, the
initiation of ice-rafting during the growth of an ice sheet
will not be indicated.

Large amounts of IRD (40 to 100 grain %) are found in
sediments from late oxygen isotope stage 6 and from
stages 2 and 3. Peak values above 75 grain % occur in all
cores during the time intervals 150,000-124,000 yr B.P.,
58,000-50,000 yvr B.P., and 28,000- 10,000 yr B.P. In sed-

Accumulation Rate of IRD
(glom2s 1 0Pys)
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FIG. 5. Accunmlation rates of IRD during the last interglacial/
glaciai cycle in sediment cores 643 A, 23199, and 23G71 from the Nor-
weglan Sea.
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iments from stages 5, 4, and the 1, values are usually
relatively low (0 to 15 grain %). However, small peaks of
up to 30 grain % can be identifted in all cores in sediments
from 95,000-80,000 yr B.P., which roughly corresponds
to oxygen isotape substage Sb (93,000-85,000 yr B.P.).

IRD accumulation rates varied between almost 0 and
3.7 giem? x 10% yr (core 23071); typically, high values
are between 0.5 and 2 g/em? % 10 yr in all cores (Fig.
5). Significant minima seem to correlate in cores and can
be recognized at ca. 135,000 yr B.B., from 124,000 to
58,000 yr B.P. and from 42,000 to 24,000 yr B.P. The same
is obvious for the pattern of maximum values that covers
nearly the remaining time intervals, with distinct maxima
of IRD fluxes around 145,000 and 130,000 yr B.P. in ox-
ygen isotope stage 6 and in stages 2 and 3. Short peak
events are best seen in high-resolution core 23071 at
54,400, 47,700, 26,200, 2{,900, 19,700, 18,400, and 13,000
yr B.E. (Fig. 5).

DISCUSSION

Carbonate Production and Surfuce Warer
Environments in the Norwegian Sea

The difference in carbonate content of the sediments
can be used to distinguish surface water masses in the
Norwegian—~Greenland Sea (Kellogg, 1976; Henrich e:
al., 1989; Baumann et af., 1993). High carbonate shell
production (i.e., planktic foraminifers and coccolitho-
phorids) is found in the Atlantic water masses of the Nor-
wegian Current, whereas low production and relatively
high dissolution of CaCO; characterize the ice-covered
polar surface water masses (Hebbeln and Wefer, 1991;
Carstens and Wefer, 1992; Samtleben and Schroder,
1992}. Thus, the low carbonate contents in sediments of
oxygen isotope stages 6, 4, 3, and 2 are interpreted to
reflect cold, often ice-covered surface water masses. Es-
pecially around 145,000 yr B.P. and from 58,000 to 53,000
yr B.P., production was extremely low. In contrast, high
calcium carbonate contents during stages 5 and 1 reflect
a stronger inflow of North Atlantic surface water
(Kellogg, 1976; Henrich er al., 1989) and a lack of sea ice
in the arca of the Vgring Plateau, at least during substage
5.5 and the Holocene (Baumana, 1990; Bauch, 1993; Vo-
gelsang, 1990).

Calcareous nannofossil abundances show strong vari-
ability and three distinct abundance peaks during oxygen
isotope stage 5 (Fig. 6). The production of planktic car-
bonate in the Norwegian Sea was enhanced during events
3.5, 5.3, and 5.1, whereas it was drastically restricted
during events 5.4 and 5.2. This pattern was observed in a
number of sediment cores from the northern Norwegian-
Greenland Sea and Fram Strait (e.g., Gard, 1988; Bau
mann, 1990). Coccolithophorids are predominantly autc
tropic plankton and largely restricted to the photic zei
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FIG. 6, Stacked curve of coccolith abundange (grain %, three-point
moving average smoothed) of cores 23071, 643 A, and 23199 (from
Baumann (1990) and unpubjished data) correlated to the normalized
oxygen isotope record of Martinson et al. (1987).

of the water column (0-30¢ m depth in the Norwegian—
Greenland Sea). Therefore, the absence or drastic de-
crease in the amount of calcareous nannofossils in sedi-
ments from events 5.4 and 5.2 is most probably due to
low temperature and salinity, During glacial stages 6, 3,
and 2, planktic productivity was generally suppressed,
most probably caused by an at least seasonal ice cover.
Low abundances of coccoliths during oxygen isotope
stages 3 and 2 {Gard, 1988; Hebbeln ef al., 1994; Fig. 6)
suggest that some sea ice melting occurred and open wa-
ters formed intermittently, also as far north as Fram
Strait.

Transport of IRD to the Norwegian Sea

The amounts of coarse lithogenic material in our cores
indicate that deposition from ice rafting was the dominant
sedimentation process in the Norwegian Sea during var-
ious intervals in the Late Quaternary. Because sea ice
sediments are mostly fine-grained and contain little or no
terrigenous grains (>63 wm; Pfirman et al., 1989; Niirn-
berg et al., 1994), icebergs from glaciers are proposed as
the transport agent for the bulk of the sand-sized terrig-
enous material. Icebergs may contain sediments of all
grain sizes, from clay to boulders; we therefore conclude
that large amounts of the fine-grained terrigenous matter
(<<63 pm) were also ice-rafted.
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There are several processes involved in the glacial ero-
sion of a particle, its release from a floating iceberg, and
its deposition on the sea floor. The processes are influ-
enced by such variables as subglacial temperatures, gla-
cier velocities, bedrock properties, position of the ice
front relative to the coastline, calving rates, iceberg sizes,
sea and air temperatures (determining melting rates), and
ocean current directions determining the distribution of
the icebergs. Thus, there is no simple relationship be-
tween fluctuations of the Scandinavian Ice Sheet and the
flux of IRD in the area of our cores. We will not discuss
the processes in detail, but will mention some of the fac-
tors.

The first icebergs from the Scandinavian Ice Sheet
broke off when the glaciers advanced to the head of the
Norwegian fjords, but most of them probably melted in
the fjords. Iceberg release and IRD production to the
open ocean, and thus to our core sites, must have in-
creased continuously as the glaciers proceeded to the
fjord mouths. A step increase occurred when the ice front
reached the outer coastline. Maximum production prob-
ably occurred when a broad ice front reached the conti-
nental shelf edge (Powell, 1984). Peak values, indicating
maximum output, were reached during maximum exten-
sion of an ice sheet (cf. Bond er al., 1992) and during
deglaciation, when large veolumes of ice, accumulated
earlier, were released.

We postulate that high IRD values in our cores indicate
that many icebergs from the Scandinavian Ice Sheet were
drifting in the Norwegian Sea because the ice sheet was
large and/or breaking up. Thus, the IRD fluctuations are
proposed to reflect oscillations of the ice sheet, From our
resulis the highest numbers of icebergs in the Norwegian
Sea can be inferred for the time intervails 150,000-
124,000, 38,000-50,000, and 28,000-10,000 yr B.P, as
indicated by maximum values of amounts and accumula-
tion rates of coarse terrigenous particles at all sites (Fig.
7). In the Lower Weichselian, a minor but significant
maximum (up to 30 grain %) indicates the presence of
icebergs in the Norwegian Sea in the time interval from
95,000 to 80,000 yr B.P.

A gradual change of the palcoenvironment is docu-
mented for the early/middle Weichselian boundary where
the IRD (grain %) increases (Fig. 4), whereas a drastic
change in the iceberg production resulting in strong input
of coarse IRD is documented for the earliest middle
Weichselian when the IRD accumulation rate (g/em?® X
10? yr) suddenly increased (Fig. 5).

The Weichselian IRD input to the Norwegian Sea dif-
fers from the formation of the North Atlantic Heinrich
layers. While the Heinrich layers are distinct IRD-rich
layers in a sequence of otherwise pelagic sediments rich
in biogenic carbonate (Bond et al., 1992; Andrews et al.,
1994; Grousset et al., 1993), Norwegian Sea sediments
from 58,000 to 10,000 yr B.P. are generally characterized
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FIG. 7. Glaciation curve of western Scandinavia {rightj as reconstructed from terrestrial data and time-calibrated by marine stacked records
of CaCQy; content, amount of IRD (all analyzed cores), and accumulation rates of IRD (cores 23071, 643 A, and 23199). A three-point moving
average smoothing filter was applied to the marine data sets, N§ 1-NS 10 mark sharp IRD deposition events in the Norwegian Sea during the

Weichselian (Table 3).

by a high IRD content, indicative of a continuous iceberg
supply. However, the distinct peaks in IRD accumulation
rates in our cores (NS [-NS 10; cf. Fig. 7) suggest short
events of extreme iceberg discharge. Assuming an age
uncertainty of £2000 yr derived from the dating tech-
nigues, it is possible to correlate clearly two IRD-AR
peaks (NS 4 and NS 6) with the North Atlantic Heinrich
layers H 2 and H 3, respectively, while the correlations of
NS 8 with H 4 and NS 10 with H 5 is more ambiguous
(Table 3). Six further IRD-AR peaks seem to have no
correlatives in the North Atlantic, and correlatives in
Heinrich layers H 4 and H 6 are obviously not repre-
sented in the Norwegian Sea.

Oscillations of the Laurentide Ice Sheet are assumed to
account for the Heinrich events (Broecker er al., 1992;
Bond et af., 1992). The correlation of at least four Hein-
rich events with maximum iceberg calving from the Scan-
dinavian Ice Sheet strongly suggests a link between the
behavior of both ice sheets. Although the coincidence
seems to point at a common, external forcing (e.g.,
eustatic sea level rise, sub-Milankovitch oscillations of
the conveyor belt) for the calving events, T. Fronval et al.
{unpublished data) suggest a coupling mechanism for ice
sheet oscillations, where instability in one of the ice

sheets can cause other ice sheets to behave in a coherent,
phase-locked mannper, In addition, the noncoherent rapid
ice sheet advances may be explained by internal forcing
of the individual ice sheets, e.g., the subglacial morphol-
ogy and internal ice sheet mechanics,

Comparison of the Marine and Continental
Glaciation Record

When comparing the reconstructed glaciation record of
western Scandinavia with the IRD record of the sediment
cores (Fig. 4), the general coincidence of glacial maxima
and maximum IRD input js striking. This strongly implies
that the events can be correlated. Minor glacier advances
(e.g., 5d and 5b) are reflected mainly by reduced carbon-
ate content, but not by strong IRD input. This may indi-
cate a cooling event with reduced bioproduction in the
Norwegian Sea. However, there is a significant differ-
ence in IRD accumulation rates between oxygen isotope
substage 5d, when the glacier front did not reach the
coastline, and 5b, when it passed the coastline. Here we
will discuss only some major inconsistencies in the cor-
relation of the records.

Terrestrial reconstruction indicates a rapid retreat of
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TABLE 3
Comparison of IRD Events on the Vering Plateau in the Nor-
weglan Sea (NS 1-NS 10; This Study) with North Atlantic Hein-
rich Events (H1-Hé6)Y*

Norwegian Sea (N5) North Atlantic North Atlantic

IRD events Heinrich events Heinrich events
(cal yr B.P) (cal yr B.P) (C age)
66,000 (H 4)
54,300 (NS 10) 50,000 (H 5)
47,500 (NS 9)
43,750 (NS 8) 40,200 (H 4 35,500 (H 4)
36,380 (NS 7)
31,800 (NS 6) 31,500 (H 3) 27,000 (H 3)
28,450 (NS 5)
26,800 (NS 4) 24,800 (H 2) 2{,000(HD)
21,600 (NS 3)
19,700 (NS 2)
16,900 (H 1) 14,300 (H 1)
13,000 (NS 1)

“ Ages of Heinrich events from Bond et al. (1993). For conversion of
¢ ages of H1-H4 (o cal yr ages see text and Table 2.

glacier ice at the oxygen isotope stage 3/6 boundary
(128,000 yr B.P.), while the IRD input to the Norwegian
Sea clearly lasted until 125,000 yr B.P. In this case, the
age discrepancy between both events is an artifact. De-
glaciation on land was not dated directly, but was only
correlated with the stage boundary. Taking into account
the development during the last deglaciation, when the
final deglaciation of Scandinavia occurred a few thousand
years after the global oxygen isotopic transition, the de-
lay of IRD compared to the isotope signal is not surpris-
ing.

The main discrepancy occurs in the interval from
70,000 to 50,000 yr B.P. In the terrestrial record, where
this is the period with poorest age control, it is postutated
that glaciers grew and reached the continental shelf dur-
ing oxygen isotope stage 4 and retreated soon after. In the
marine record, IRD input is relatively low from 69,000 to
63,000 yr B.P. and increased strongly to maximum values
at 58,000 to 52,000 yr B.P. The peak coincides with a
large {(oxygen isotope) meltwater event (3.31). Thus,
maximum IRD input corresponds to deglaciation in carly
stage 3, following short-term glaciation during stage 4.
Taking the IRD record as a proxy for ice sheet advances
onto the shelf and accepting that the marine chronology is
more precise than the terrestrial, we have calibrated the
glaciation curve for the western part of the Scandinavian
Ice Sheet (Fig. 7).

CONCLUSIONS

1. Scandinavian Ice Sheet reached a position on the
shelf, probably at the shelf edge, during the Saalian Gla-
ciation. At 125,000 yr B.P., it decayed rapidly within 2000
yr or less, at the transition to the Eemian.

195

2. Two glacier advances occurred during the Early
Weichselian (oxygen isotope substages 5d—5a). The first
(substage 3d) did not reach the coastline, whereas the
second (substage 5b) extended to the outer coastline in
some areas and led to the release of icebergs. Generally,
deposition of IRD was low, and therefore glaciation
phases were brief or short-lived during entire stage 5.

3. During the Middle Weichselian, ice build-up may
have started early in oxygen isotope stage 4, but accord-
ing to the IRD signal, the maximum extent of the ice cap
was not reached before 63,000 yr B.P., when the shelf
must have been covered by glacier ice. This state of gla-
ciation continued for a few thousand years and was ter-
minated by a strong deglaciation event ca. 54,000 yr B.P.

4. A marked glaciation phase in the continental record
correlated with the paleomagnetic Laschamp/Olby event
dated at 43,000-47,000 yr B.P. and is identified as an IRD
accumuiation rate peak in the marine cores.

S. A partial deglaciation on land during the Alesund
interstade is well dated at 32,500-38,500 yr B.P. and
identified as a low [RD accumulation rate period in the
marine cores.

6. During the Late Weichselian, there were several gla-
cial oscillations on the shelf, of which at least four cor-
respond to the North Atlantic Heinrich events, suggest-
ing a link between the behavior of both ice sheets.
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