
Seung-11 Nam 

Ber. Polarforsch. 241 (1997) 
ISSN 01 76 - 5027 



Seung-11 Nam 

Alfred-Wegener-Institut fÃ¼ Polar- und 
Meeresforschung 
Postfach 1201 61 
ColumbusstraÃŸ 
D-27568 Brernerhaven 

Die vorliegende Arbeit ist die inhaltlich unverÃ¤ndert Fassung einer 
Dissertation, die 1996 dem Fachbereich Geowissenschaften der 
UniversitÃ¤ Bremen vorgelegt wurde. 



Contents 

CONTENTS 

ABSTRACT .......................................................................................................... 1 

1 . INTRODUCTION AND OBJECTIVES ............................................................. 3 

1.1 Introduction ................................................................................................ 3 
1 . 2 Objectives ................................................................................................... 4 

............................................................................ 2 . PHYSIOLOGICAL SETTING 6 

2.1 Bathyrnetry ................................................................................................. 6 
2.2 Hydrographie structure and circulation in the GIN Sea ..................... 6 

2.2.1 Surface currents and water masses ................................................. 6 
2.2.2 Intermediate and deep water masses .............................................. 9 

2.3 Sea ice. pack ice. and icebergs ........................................................... 11 

3 . MATERIAL AND METHODS .......................................................................... 14 

3.1 Core material ........................................................................................... 14 
3.2 Methods .................................................................................................... 14 

3.2.1 Magnetic susceptibility ...................................................................... 14 
3.2.2 Core description and sampling ........................................................ 15 
3.2.3 X-radiograph and ice-rafted detritus ............................................... 15 
3.2.4 Physical sediment properties ........................................................... 15 
3.2.5 Determination of organic carbon, carbonate, nitrogen, 

and sulphur contents ......................................................................... 16 
3.2.6 Rock-Eval pyrolysis ............................................................................ 18 
3.2.7 Grain-size distribution ....................................................................... 18 
3.2.8 Component analysis .......................................................................... 20 
3.2.9 Stable oxygen and carbon isotope measurernents ..................... 20 
3.2.1 0 AMS ^C-age dating ......................................................................... 21 
3.2.1 1 Linear sedimentation rate and mass accurnulation rate ............. 21 

4. STRATIGRAPHY AND CHRONOLOGY ....................................................... 23 

4.1 Stratigraphy of the last glacial Stage 2 to the Holocene .................. 23 
4.2 Stratigraphy of the last 240 ka .............................................................. 25 

5 . LINEAR SEDIMENTATION RATE AND BULK ACCUMULATION 
RATE ................................................................................................................... 32 

5.1 Linear sedimentation rate (LSR) .......................................................... 32 
5.2 Mass accurnulation rate (MAR) ............................................................ 34 

6 . RESULTS .......................................................................................................... 36 

6.1 Box core surface sedirnents .................................................................. 36 
6.2 Gravity core sedirnents .......................................................................... 36 



Contents 

6.2.1 Magnetic susceptibility ....................................................................... 36 
......................................................................... 6.2.2 Sediment description 39 

6.2.3 Grain size distribution ........................................................................ 40 
6.2.4 Distribution of coarse terrigenous sediment .................................. 42 

.......................................... 6.2.5 Input of ice-rafied detritus (IRD >2 mm) 53 
6.2.6 Distribution of biogenic and terrigenous components ................. 54 
6.2.7 Stable oxygen and carbon isotope records .................................. 56 

6.2.7.1 Stable oxygen and carbon isotope records of planktonic 
foraminifer N . pachyderma sin ............................................... 56 

6.2.7.2 Stable oxygen and carbon isotope record of benthic 
foraminifers C . wuellerstorfi and 0 . umbonatus ................. 59 

6.2.8 Calcium carbonate distribution ........................................................ 59 
6.2.9 Distribution and composition of organic carbon ........................... 62 
6.2.1 0 Accumulation rates of biogenic and terrigenous matter ............. 66 

6.2.10.1 Carbonate accumulation rate ................................................. 66 
6.2.1 0.2 Organic carbon accumulation rate ........................................ 68 
6.2.1 0.3 Accumulation rate of terrigenous matter .............................. 69 

7 . LATE QUATERNARY GLACIAL-INTERGLACIAL SEDIMENT 
COMPOSITION ALONG THE EAST GREENLAND CONTINENTAL 
MARGIN AND PALEOCEANOGRAPHIC IMPLICATIONS ........................ 70 

7.1 Sediment composition and paleoceanographic implications 
.................................... during the last two glacial-interglacial cycles 70 

7.1 . 1 Biogenic carbonate records and their response to glacial- 
interglacial climate change along the East Greenland 
continental margin ............................................................................. 71 

7.2 Fluctuations in the input of terrigenous sediment and response 
to the advance and retreat of East Greenland glaciers ................... 76 

7.3 Advance and retreat of East Greenland glaciers during 
the Late Weichselian .............................................................................. 85 

7.4 Holocene glaciomarine sediments on the East Greenland 
continental margin .................................................................................. 91 

7.4.1 Holocene sedimentaiy processes and environments 
along the East Greenland continental margin .............................. 91 

7.4.2 Influence of iceberg discharge and meltwater On 
sedimentation. and sediment sources ............................................ 92 

7.4.3 Productivity and dilution of biogenic carbonate 
in Holocene sediments ...................................................................... 94 

8 . PALEOCEANOGRAPHIC RECONSTRUCTION ALONG THE 
WESTERN MARGIN OF THE GREENLAND SEA: SEA-ICE 
COVER AND MELTWATER DISCHARGE ................................................... 96 

8.1 Introduction .............................................................................................. 96 



Contents 

8.1 . 1 N . pachyderma sin . as a proxy for the paleoceanography 
in the GIN Sea ..................................................................................... 96 

8.1 . 2 Benthic foraminifer 0 . umbonatus in the GIN Sea ....................... 97 

8.2 Paleoclimate and paleoceanography of the Greenland 
Sea in response to glacial-interglacial cycles during 
the last 245 ka ......................................................................................... 99 

Interglacial Stage 7 (245 . 190 ka) .................................................. 99 
Glacial stage 6 (1 90 . 130 ka) ........................................................ 100 
Interglacial stage 5 (1 30 . 74 ka) ................................................... 104 

............................................................. Glacial Stage 4 (74 . 59 ka) 107 
Interglacial stage 3 (59 - 25 ka) ..................................................... 108 
Sea-ice Cover and meltwater discharge in the 
Greenland Sea during the last glacial stage 2 ........................... 111 
Meltwater events during the last deglaciation 

................................................................................... (Termination I) 112 
Surface oceanographic changes during the Holocene ............ 114 

9 . CORRELATION OF IRD EVENTS FROM THE GREENLAND SEA 
WITH CLIMATIC RECORDS FROM THE GRIP ICE CORE AND 
NORTH ATLANTIC HEINRICH EVENTS ................................................... 117 

9.1 Ice-rafted debris (IRD) as a climatic indicator in the 
............................................................................. high-latitude oceans 117 

9.2 Correlation of cyclic IRD-Events with the GRIP ice core 
.............................................................................. over the last 225 ka 119 

......................................................................... 9.2.1 Greenland ice cores 119 
9.2.2 Correlation of the GRIP ice core and IRD events 

from the Greenland Sea between 225 and 74 ka ...................... 120 
9.2.3 Correlation of "IRD Events" in the Greenland Sea with the 

Dansgaard-Oeschger Cycles" in the GRIP ice core ................. 123 

9.3 Correlation of Heinrich Events with Heinrich-type IRD-Events .... 126 

......................................................... 9.3.1 North Atlantic Heinrich Event 126 
9.3.2 Correlation between IRD-events and North Atlantic 

Heinrich events and the implications for paleoceanography 
.............................................................................. and paleoclimate 128 

............................................................................................. 10 . CONCLUSIONS 132 

11 . ACKNOWLEDGEMENTS ............................................................................. 136 

................................................................................................ 12 . REFERENCES 138 



APPENDICES 

The data of this publication are available through: 

Alfred Wegener Institute for Polar and Marine Research 

Department of Marine Geology 

Columbusstrasse 

27568 Bremerhaven, Germany 

Phone: +49 471 4831 220 

Fax: +49 471 4831 149 
E-mail: sepan @awi-bremerhaven.de 



ABSTRACT 

High-resolution stable oxygen and carbon isotope analyses and detailed 
sedimentological and geochemical investigations were performed in order to 
i) reconstruct the paleoclimate and paleoceanography of the Greenland Sea 
associated with late Quaternary glacial-interglacial cycles, and ii) to link the 
terrestrial and deep-sea climatic records. The reconstruction of the 
paleoenvironmental history of the East Greenland margin and the correlation 
between the terrestrial and deep sea records are major objectives of the ESF- 
PONAM-Programme (European Science Foundation - Polar North Atlantic 
Margins). For this study 16 gravity and 2 box cores were recovered along the 
East Greenland continental margin between 6gCN and 72'N on three W-E 
transects running from the shelf to the deep sea. 

The glaciomarine sediments recovered from the heavily ice-covered East 
Greenland continental margin reflect changes associated with the glacial- 
interglacial climatic cycles of the last 240 ka. The glaciomarine sediments are 
characterised by a dominance of terrestrially derived components and a lower 
content of biogenic components. Glaciomarine sedimentation processes, 
terrigenous sediment input, and biogenic productivity in the study area are 
strongly influenced by fluctuations in the extent of the Greenland Ice Sheet, 
extent of the sea-ice cover, rate of iceberg drifting, meltwater input, and 
changes in the East Greenland Current (EGC). 

The relatively low carbonate content (< I0  Ol0) and the dominant occurrence of 
N. pachyderma sin. (>95 %) throughout the sediment sequences indicate a 
low biological productivity in the surface water resulting from the extensive 
sea-ice cover and the strong influence of cold and low-saline polar waters of 
the EGC. An increase in the surface-water productivity, on the other hand, 
occurred during certain periods within interglacial and glacial stages. This 
indicates that the sea ice along the Western margin of the Greenland Sea was 
at least seasonally reduced during these time intetvals. 

Based on the accumulation rates of the coarse terrigenous matter (>63 um) 
and amounts of IRD, the advance and retreat of East Greenland glaciers over 
the past 200 ka can be correlated with those postulated from the terrestrial 
records. At least five repeated advances and retreats of glaciers beyond the 
coastline are proposed between the late Early to Middle Weichselian (65-61, 
59-51, 48-42, 35-31, and 28-25 ka). Maximum fluxes of IRD recorded along 
the continental margin between 21 and 16 ka, reflect the maximum extent of 
East Greenland glaciers probably reaching the shelf break at that time. 

The stable oxygen isotope records measured on the planktonic foraminifer N. 
pachyderma sin. reveal some excursions from the global climate record due to 
a local andlor regional overprint through meltwater supply andlor cold water 
masses of the EGC. Distinct meltwater events are documented during 
Terminations II and l and at the beginning of Stage 3 resulting from the 
collapse of the Greenland Ice Sheet. The early period of all glacial stages (i.e. 
716, 514, and 312) was subjected to an abrupt and rapid build-up of a sea-ice 
cover. Hence, a distinct decrease in the carbonate content, the low number of 
planktonic foraminifers, and light S13C values reflect the strong reduction in 



the C02 exchange between the atmosphere and ocean, and the surface-water 
productivity, resulting from a meltwater cap andlor an extensive sea-ice cover. 

The onset of Termination l is characterised by a distinct shift towards light 8180 
values, a dramatic decrease in the IRD-flux, and a marked increase in organic 
matter, indicating the rapid retreat of East Greenland glaciers and a reduced 
sea-ice cover. According to distinct shifts toward light 6180 and heavy 61% 
vaiues of N. pachyderma sin. and 0. umbonatus, the present-day circulation 
Patterns of surface- and deep-water masses were probably established 
between 7.4 and 6.1 ka. This is very similar to the timing estimated from 
studies On microfossil assemblages of the Greenland Sea. 

In particular, the distinct IRD peaks correlate with the fluctuations of the 
Greenland Ice Sheet during the last two glacial-interglacial cycles. Most of the 
major IRD peaks correspond to periods of cooling of air temperatures over 
Greenland. During the interval between 225 and 60 ka, the IRD peaks are in 
phase (at the 23-kyr orbital processional cycle) with maximum Summer 
Insolation at 70Â°N This suggests that the Greenland Ice Sheet may have 
experienced a predominantly 23-kyr cycle of growth and decay, and therefore, 
collapsed and discharged large volumes of icebergs to the Greenland Sea 
when Summer insolation reached its maxima. 

During the last glacial period, there is a strong correlation between major 
pulses in the supply of IRD, and the Bond Cycles and the Heinrich Events 
recorded in the GRIP ice core and North Atlantic deep-sea sediments. 
Furthermore, the higher frequency of IRD events on millennial scales matches 
the cooling phase of the abrupt Dansgaard-Oeschger Cycles recorded in the 
GRIP ice core. Consequently, the apparent evidence of millennial scale IRD 
events in the North Atlantic and the GIN Sea suggests coherent fluctuations of 
the large northern hemisphere ice sheets (i.e. the FennoscandianIBarents 
Sea and LaurentideIGreenland ice sheets) during the last glacial period. 
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1.  INTRODUCTION AND OBJECTIVES 

1.1 Introduction 

During the late Quaternary, the high-latitude oceans have been strongly 
influenced by repeated expansion and retreat of the great continental ice 
sheets caused by abrupt glacial-interglacial climatic oscillations (Hughes et al. 
1977; CLIMAP 1981). In the northern hemisphere, the Laurentide, 
Fennoscandian, Barents Sea, and Greenland ice sheets have exerted a major 
influence on changes in paleoclimate and paleoceanography during the late 
Quaternary. Global climatic changes are detected through 5-180 records from 
several of the Greenland ice cores (e.g. Dansgaard et al. 1982, 1993; 
Johnsen et al. 1992; Oeschger 1992; Grootes et al. 1993). Recent studies from 
both Greenland ice cores, GRIP (Greenland Ice-core Project; Dansgaard et al. 
1993) and GISP2 (Greenland Ice Sheet Project 2; Grootes et al. 1993), show 
abrupt climatic oscillations on millennial time scales that are 
contemporaneously reflected within marine (e.g. Bond et al. 1993; Fronval et 
al. 1995; Thunell & Mortyn 1995) and terrestrial sediments (e.g. Grimm et al. 
1993; Porter & Zhisheng 1995). In general, the Quaternary glacial-interglacial 
climatic oscillations are controlled by the astronomical cycles of precession, tilt 
of the earth's axis, and eccentricity of the orbit with periodicities of about 23, 
41 and 100 kyr, respectively (Broecker & van Donk 1970; Hays et al. 1976; 
Imbrie et al. 1984, 1992, 1993). The primary evidence that climate responds to 
orbital changes has been obtained from oxygen isotope records of 
foraminifers from deep-sea sediments (Hays et al. 1976; Imbrie et al. 1984). 

Throughout the late Quaternary, the Greenland-Iceland-Norwegian (GIN) Sea 
has played a key role in the global climate System through the permanent 
andlor seasonal sea-ice cover, migration of the oceanographic front system, 
transfer of latent heat to the atmosphere, deep-water formation, and global 
deep-water ventilation. In particular, the GIN Sea is a region of major deep- 
water renewal in the northern polar ocean (Gordon 1986). Dense water in this 
region is formed by air-sea-ice interactions which act to cool the water and 
increase its salinity through evaporation and salt rejection during sea-ice 
formation. Therefore, the GIN Sea, as one of the most imporiant regions of the 
world's ocean, is a critical contributor to the global thermohaline circulation 
controlling global heat and gas transfer, and world climate (e.g. Broecker & 
Denton 1989). 

In general, marine sediments within the GIN Sea reflect the properties of 
surface water masses, ocean circulation Patterns, variations in sea-ice cover, 
and the waxing and waning of the adjacent continental ice sheets. Extensive 
research has been carried out on marine sediments from the central and 
eastern GIN Sea (e.g. Kellogg 1976, 1977, 1980; Kellogg et al. 1978; Henrich 
et al. 1989, 1995; Bleil & Gard 1989; Gard & Backman 1990; Vogelsang 1990; 
Henrich 1992; Baumann et al. 1993, 1994, 1995; Goldschmidt 1994; KOG & 
Jansen 1994; Wagner & Henrich 1994) and has significantly contributed to 
our understanding of changes in the paleoclimate and paleoceanography 
associated with Quaternary glacial-interglacial cycles. 

The Greenland Sea has been consistently influenced by the cold and low- 
saline polar water of the East Greenland Current (EGC), the growth and decay 
of the Greenland Ice Sheet, permanent andlor seasonal sea-ice cover, calving 
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of icebergs, meltwater input, and discharge of terrigenous sediments from the 
adjacent large fjord Systems (e.g, Scoresby Sund) (Marienfeld 1991, 1992a-b; 
Mienert et al. 1992; Stein et al. 1993; Dowdeswell et al. 1994a-b.; Nam et al. 
1995a). The wide and irregular continental margin of East Greenland is a 
major conduit of cold polar surface water that outflows from the Arctic Ocean 
via the Fram Strait. Glacial records from the East Greenland continental 
margin are complicated by differing local factors, and by the vertical 
movements of sedirnents resulting from local ice-loading processes. Clear 
traces of glacial activity are highlighted within glaciomarine sediments in the 
form of ice-rafted debris (IRD) that originales mainly from the adjacent 
Greenland continent via icebergs calved from the glaciers draining the 
Greenland Ice Sheet (e.g. Nam et al. 1995a). Accordingly, the Western part of 
the Greenland Sea is an ideal region in which to study glaciomarine 
processes and paleoenvironments in relation to late Quaternary glacial- 
interglacial cycles. The glacial history of East Greenland has also been 
investigated on terrestrial sediments (e.g. Hjort 1981 ; Funder 1984, 1989: 
MÃ¶lle et al. 1991; Funder et al. 1994 & further references therein). In 
particular, periglacial lake sedirnents combined with the ice core records (e.g, 
Dansgaard et al. 1993) and marine records, provide new data on both the late 
Quaternary glacial-interglacial history of East Greenland, and a correlation 
between the land and ocean records (e.g. Hubberten et al. 1995). Several 
sedimentological and micropaleontological investigations have been carried 
out on glaciomarine sedirnents along the East Greenland continental margin, 
However, these studies are mainly confined to time scales not older than the 
last deglaciation (KOG Karpuz & Schrader 1990; Marienfeld 1991, 1992a-b; 
Baumann & Matthiessen 1992; Mienert et al. 1992; Dowdeswell et al. 1993, 
1994a-b; Stein et al, 1993; Williams 1993; Matthiessen 1995). Therefore, 
there is little information On the glacial history of the East Greenland 
continental margin and in the adjacent deep sea with regard to last glacial- 
interglacial cycles (cf. Nam et al. 1995a; Stein et al. 1996). 

1.2. Objectives 

During the last five years (1990-1994), the main objective of the ESF-PONAM 
Programme (European Science Foundation - Polar North Atlantic Margins) 
(Elverhei & Dowdeswell 1991) was to study the major climatic variations over 
the past 5 million years, driving mechanisms of climate change, and their 
influence on the environment around the Polar North Atlantic. During this 
period the cyclical waxing and waning of glaciers has dramatically changed 
the landscape and depositional environments along the Polar North Atlantic 
margins (PONAM Final report 1995). The basic approach was to investigate, 
1) the glacial history and climatic development between the East Greenland 
and Svalbard continental margins, and 2) the correlation between terrestrial 
signals and the adjacent marginal area and deep-sea marine records for the 
latest interglacial-glacial cycle (approximately 130 - 10 ka). For time scales 
younger than 30 ka an absolute chronology can established by means of 
AMS 1% datings which are used to correlate various short-events and the 
reconstruction of the paleoclimate and paleoceanography (Elverhei & 
Dowdeswell 1991). 
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The present study attempts, 1) to establish a stable oxygen isotope 
stratigraphy from the western part of the Greenland Sea for the last two 
glacial-interglacial cycles using the planktonic foraminifer N. pachyderma sin.; 
2) to reconstruct sedimentary processes and paleoenvironments, and 
paleoclimatic and paleoceanographic changes along the East Greenland 
continental margin throughout the glacial-interglacial cycles of the late 
Quaternary; 3) to correlate the terrestrial signals with those in the marine 
records along the East Greenland continental margin over the past 200 ka; 4) 
to correlate the millennial-scale climate events documented in Greenland 
deep-sea sediments with the Dansgaard-Oeschger cycles recorded in the 
GRIP ice core during the last glacial period. Furthermore, this study will focus 
on the correlation between the ice-rafted debris (IRD) events of the Greenland 
Sea and the North Atlantic Heinrich events in order to address the question of 
whether or not the Greenland Ice Sheet fluctuated coherently with the 
Laurentide Ice Sheet during the last glaciation. 
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2. PHYSIOLOGICAL SETTING 

2.1 Bathymetry 

The Greenland-Iceland-Norwegian (GIN) Sea is connected in the north to the 
Arctic Ocean via the Fram Strait, and linked in the south to the North Atlantic 
Ocean through the Denmark Strait and the Iceland-Fasroe Island-Shetland 
Channel. The complex bathymetry and sea floor of the GIN Sea is a result of 
the Cenozoic plate tectonic development in relation to the opening of the 
Greenland-Norwegian Sea (Talwani & Eldholm 1977). In the GIN Sea, the 
three major basins, (GreeniandIBoreas, Norwegian, and Lofoten basins) are 
separated by the mid-oceanic ridge system and several fracture zones (e.g. 
Vogt 1986). The Norwegian Sea comprises two abyssal plains associated 
with the Norwegian and Lofoten Basins, and the Vering Plateau. The 
Greenland Fracture Zone separates the Greenland Basin into the northern 
Boreas and southern Greenland basins. The Iceland Sea, subdivided into the 
western and eastern plateaus by the Kolbeinsey Ridge, is the region between 
Greenland, Iceland, and Jan Mayen. The study area Covers the western Part 
of the Greenland Sea and Iceland Sea (72-68ON; 22-17OW) (Figs. 1-2). The 
bathymetry of the GIN Sea is described in more detail elsewhere (Johnson & 
Eckhoff 1966; Perry et al. 1980; Johannessen 1986; Perry 1986; Hopkins 
1991). 

2.2 Hydrographie structure and circulation in the GIN Sea 

Figure 3 shows a schematic view of the surface water and deep water 
circulation, and processes within the Arctic Ocean and the GIN Sea. 

2.2.1 Surface currents and water masses 

In the GIN Sea, the circulation dynamics and the distribution of water masses 
are strongly influenced by the seafloor topography (Johannessen 1986; 
Hopkins 1991). The surface water circulation is mainly controlled by the two 
major current systems: the North Atlantic Current (NAC) and the East 
Greenland Current (EGC). 

The NAC transports relatively warm (>3OC) and high-saline (>34.9%o) water 
masses into the GIN Sea through the Fasroe-Shetland Channel (Bourke et al. 
1987). The NAC flows northward through the Fram Strait into the Arctic Ocean. 
A westward branch of the NAC diverges before entering the Arctic Ocean, 
returning via the East Greenland Current (EGC) System, and contributing 
substantially to the Return Atlantic Intermediate Water (RIMW). The eastward 
flowing branch of the NAC enters the Barents and Kara seas. In addition, a 
branch of warm Atlantic Water enters the GIN Sea through the eastern 
Denmark Strait contributing to the North Irminger Current (NIC). 

The EGC transports cold (<O0C) and low-saline (<34.4%o) polar water 
southward from the Arctic Ocean through the Fram Strait and finally through 
the Denmark Strait. The polar water occupies the upper layer of the EGC and 
in places extends down to depths of -200 m (Aagaard & Coachman 1968a; 
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Bourke et al. 1987). The depth to which the polar water extends significantly 
decreases eastward (e.g. Fig. 4). The temperatures of the upper layers of the 
polar water seasonally deviate from freezing point (Coachman & Aagaard 
1974). A branch of the EGC flows eastward north of Jan Mayen, and forms the 
Jan Mayen Polar Current (JMPC) (Aagaard 1968). Another branch of the EGC 

Fig. 1. Bathymetry and major surface current patterns of the Greenland-Iceland-Nowegian 
Sea (after Perry et al. 1980). Depth contours are in thousand rneters. The study area is 
hatched ( see  Fig. 2). The heavy black line marks typical limit of the ice edge in a mild 
summer while the heavy gray line rnarks typical limit of the ice edge in a severe winter 
(modified after Hurdle 1986). Polar and Arctic oceanic fronts are shown (modified after 
Quadfasel & Meincke 1987). The abbreviation of GRIP is the Greenland Ice-core Project 
(Dansgaard et al. 1993). 
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Fig. 2. Study area and core locations along three W-E transects perpendicular to the East 
Greenland continental rnargin between 68' and 72'N. Depth contours are in meters. 

flows southeast along the continental slope northeast of Iceland forimg the 
East Icelandic Current (EIC) (Swift & Aagaard 1981; Swift 1986). 

In general, there are two pronounced hydrographic regions in the GIN Sea 
resulting from the influence of Polar and Atlantic water masses (Swift & 
Aagaard 1981). The region influenced by the Polar water mass is termed the 
Polar Domain, and the region dominated by the Atlantic water mass is referred 
to as the Atlantic Domain. A transition Zone between the two domains is 
formed from a mixture of both water masses, and is defined as the Arctic 
Domain in which the water mass is warmer (0 to 4%) and more saline (34.4 to 
34.9%o) than Polar waters and colder and less saline than Atlantic waters. 
Furthermore, the different properties of the cold and warm surface water 
masses create two distinct oceanographic front Systems (Hansen & Meincke 
1979; Swift & Aagaard 1981 ; Hopkins 1991): The Polar Front is the boundary 
between the low saline Polar waters and the high saline Arctic waters; and the 
Arctic Front is the boundary between the cold Arctic waters and the warm 
Atlantic waters (Fig. 1). The modern oceanographic conditions of the Polar 
Front influence the present surface current System in the study area which lies 
between the eastern continental margin of Greenland and the Western 
Greenland Sea. 
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Fig. 3.  Schematic drawing of the circulation and water mass structure in the Arctic Ocean 
and the GIN Sea (after Aagaard et al. 1985). (A) The upper map shows the rnajor 
elements of the Arctic Ocean and the GIN Sea, (B) The lower panel describes the water 
budget of northern polar deep-sea basin intermediate and deep water movements. The 
selected isopycnals (00. 01 ,  02) separate surface, intermediate and deep waters. (From 
Myhre et al. 1995). 

2.2.2 Intermediate and deep water masses 

The Return Atlantic Intermediate Water (RAIW) mass underlies the Polar 
Water mass and flows at depths of 150-800 m (Aagaard 1968) along the 
eastern continental margin of Greenland. The temperature of the RAIW varies 
between 0 and ZÂ°C and the salinity between 34.9 and 35.0%0 (Aagaard 1968; 
Aagaard & Coachman 1968a; Hopkins 1991) (e.g. Fig. 4). The remaining 
intermediate waters found in the GIN Sea are described in detail in Aagaard 
and Coachman (1968b) and Hopkins (1991). The temperature of the deep 
water below the RAIW is less than OÂ° and the salinity ranges between 34.87 
and 34.95%o (Aagaard & Coachman 1968a; Hopkins 1991). In the GIN Sea, 
the deep waters of both the Greenland Sea Deep Water (GSDW) and the 
Norwegian Sea Deep Water (NSDW), are volumetrically the most dominant 
water masses (Swift 1986) and play a very important role in the world ocean 
system. The GSDW is colder (<-I .3OC) and fresher (34.89%o) than the NSDW 
(-1.05OC, -34.91%o) (Swift & Koltermann 1988; Hopkins 1991). The 
characteristics of both the GSDW and NSDW are well summarized in Swift 
and Aagaard (1981), Swift and Koltermann (1988), and Hopkins (1991). 
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Fig. 5. The mean and extreme sea-ice limits (>1/8-ice) in the norihern subpolar and polar 
oceans after CIA (1978) and Barry (1989). Adapted from Myhre et al. (1995). 

2.3 Sea ice, pack ice, and icebergs 

In the Greenland Sea, three characteristic types of ice are observed in the 
form of sea ice, icebergs, and pack ice. The ice cover on the Greenland Sea 
exhibits a seasonal, annual, and interannual variability (Vinje 1977). The 
properties of surface currents control the ice formation and ice cover: the 
advection of warm and saline water masses inhibits ice formation, while the 
advection of cold and low saline water masses accelerates the formation 
(Hopkins 1991). The mean ice edge corresponds approximately to the surface 
manifestation of the Polar Front (PF) (Paquette et al. 1985). Normally, the East 
Greenland continental margin is covered with sea ice from October to late 
June. In addition, the area of maximum ice extent within the Greenland Sea 
occurs during March, whereas the minimal extent of the ice cover occurs 
during September (e.g. Vinje 1977). In other words, the summer sea-ice 
margin lies to the West of the Polar Front, whereas the maximum winter sea- 
ice margin extends to the west of the Arctic Front (Figs. 1 & 5). 



2. Physiological setting 

A large volume of icebergs are derived from fast-flowing outlet glaciers of the 
Greenland Ice Sheet (Dowdeswell et al. 1993). Along the East Greenland 
continental margin, the supply and drift of icebergs into the EGC is controlled 
by the prevailing conditions of the adjacent large fjord systems (e.g. Scoresby 
Sund and Kong Oscar Fjord) and ice dynamics of Greenland Ice Sheet. The 
icebergs discharged along the East Greenland continental shelf are often 
grounded andlor trapped (Dowdeswell et al. 1991, 1993; Hopkins 1991; 
Mienert et al. 1992). In contrast, most East Greenland icebergs drift through 
the major fjord systems and reach the Greenland continental margin in 
significant numbers (Robe 1980; Reeh 1989; Dowdeswell et al. 1992). 

Fig. 6. Mean sea-ice drift within the Arctic Ocean and its transpori through the Fram Strait into 
the Greenland Sea via the EGC (East Greenland Current) (after Gordienko & Laktionov 1969). 

About 95 % of all the pack ice that originales from the Arctic Ocean is 
transported through the Fram Strait into the western Greenland Sea via the 
EGC (Kvambekk & Vinje 1993) (Fig. 6). Changes in the input of pack ice into 
the Greenland Sea is related primarily to the variability in current transport. 
The thickness of multi-year pack ice varies from 3 to 10 m (Hastings 1960; 
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the Greenland Sea is related primarily to the variability in current trawport. 
The thickness of multi-year pack ice varies from 3 to 10 m (Hastings 1960; 
Wadhams 1986; Weeks 1986), and from 0.2 to rarely more than 2 m for first- 
year ice (Weeks 1986). First-year ice usually melts entirely during ice break 
up. The amount of first-year pack ice changes seasonally (Weeks 1986). The 
boundary between the pack ice and Open waters is referred to as the marginal 
ice Zone (MIZ) which may be on the order of 100 km wide (Hopkins 1991). 
Furthermore, the leads or Open waters, termed polynyas (Wadhams 1986), 
are commonly found within the pack-ice covering the East Greenland 
continental margin, and are produced by various mechanisms that include 
surface water transpori divergente. In particular, the polynya adjacent to the 
Scoresby Sund System resulted from both powerful tidal currents and an 
outflow of fresh water from fjords (Wadhams 1986). 
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3. MATERIAL AND METHODS 

3.1 CORE MATERIAL 

During the expeditions, ARK V13 (1988) and ARK VIV3 (1990) of R.V. 
Polarstern, sediment cores were recovered by the giant box core (GKG) and 
gravity core (SL) methods along three west-east transects running from the 
East Greenland continental margin to the deep sea (Fig. 2 & Table 1). On 
board Polarstern, each gravity core was cut into 1 m sections and kept 
horizontal in cold storage (4'C) until the core was split. The selection of the 
geological sampling locations was based on high-resolution 3.5 kHz sediment 
ecosoundings during ARK Vl3, and Parasound and Hydrosweep profiling 
during ARK Vlll3. A total of 16 gravity cores and 2 box cores were investigated 
in this study. 

Table 1. Core nurnbers, coring rnethod, geographical positions, water depth of cores, and 
core length investigated. GKG is GroÃŸkarstengreifer SL is Schwerelot. 

Cruise Core Coring Latitude Longitude Water Core length 
no. method ( O N )  ('W) depth (m) (cm) 

ARK-V13 PS1 723-1 SL 70'07.1 ' 19'59.9' 283 85 

ARK-V13 PS1 726-2 GKG 70'06.6' 18'38.1' 1 182 4 1 
ARK-V13 PS1730-1 GKG 70'07.0' 17'41.7' 1622 37  

3.2 METHODS 

3.2.1 MAGNETIC SUSCEPTIBILITY 

The magnetic susceptibility is proportional to the concentration of magnetic 
minerals per unit sediment mass. The principle and measurement of magnetic 
susceptibility are described in detail elsewhere, e.g. Cordes (1990) and 
Norwaczyk (1991). The magnetic susceptibility (10-5 SI) was measured on 
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gravity cores prior to opening. Measurements were made using a Bartington 
M.S.2.C Magnetic Susceptibility Meter with a core scanning Sensor ~ 7 t h  an 
internal diameter of 135 mm. The measurement was performed continuously 
at 1-2 cm intervals on board Polarstern during ARK VIV3 (1990), and at the 
AWI for three cores (PS1725-2, PS1726-1, and PS1730-2) recovered during 
ARK V13 (1 988). 

3.2.2 CORE DESCRIPTION AND SAMPLING 

Each core section was longitudinally split with a double-edged vibration saw: 
One half of the split core was chosen as the working part and the other as the 
archive part. Both halves of the split cores were photographed. The archive 
half of each core section was visually described to include all sedimentary 
features such as colour, lithological change, laminations, bioturbation, 
dropstones, etc. The sediment colours were described according to the 
Munsell Soil Colour Charts (1954). 

The working half sediments of each core section were routinely sampled at 10 
cm intervals, or where there were changes in lithology andlor colour, 
additional samples were taken. At each sample interval a number of 
subsamples were taken for detailed sedimentological, organic-geochemical, 
and stable oxygen and carbon isotope analyses, and to determine AMS ^C- 
dates. In addition, samples from giant box cores (GKG) were taken at 3 to 5 
cm intervals. 

3.2.3 X-RADIOGRAPHS AND [CE-RAFTED DETRITUS (IRD) 

Prior to sampling, X-radiographs were made in order to investigate 
sedimentary structures and to determine the coarse-grained detritus (>2 mm) 
(IRD) content. The working half was divided into ca. 10 * 27.5 cm sections with 
1 cm thick plastic slabs and then sealed within non-colour vinyl plastics. All 
sediment slabs were X-rayed with 30-35 kV and 3 mA for 10-1 3 minutes using 
a 'Hewlett Packard' X-ray machine (Model 43855 A). The exposure time and 
kilovoltage (kV) were mainly dependent On the lithological nature of the 
sediments. 

Using the X-radiographs, the ice-rafted detritus (IRD) content was evaluated 
by counting the coarse-grained detritus (>2 mm) for every 1 cm intervals 
(Grobe 1987). The IRD values were smoothed by a 5-point moving average 
filter in order to eliminate high-frequency perturbations. 

3.2.4 PHYSICAL SEDIMENT PROPERTIES 

In order to investigate physical properties such as water content, porosity, and 
grain density the sediments were sampled with a 5 ml plastic syringe. The wet 
sediment samples were weighed and then freezed for 24 hours. These 
samples were further freeze-dried for another 24 hours using a freeze-dryer 
(Lyoval GT2, Leybold-Heraeus) and then weighed again. The water content 
was calculated using equation 3-1 : 
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The freeze-dried 5 cm3 samples were homogeneously powdered using a ball- 
bearing mill. Grain density (Gd) was measured on the powdered sediments 
using a Beckmann Air Comparison Pycnometer (Model 930). The wet density 
(Wd) and porosity (PO) were calculated using equations 3-2  and 3.3 
respectively (Gealy 1971 ; Hamilton 1971): 

wet density (g/cm3) = 100 / ((100 - HgO) / Gd - H20 * 3.5 / (96.5 2.1) + 
H20 * 100 / (96.5 * 1.024)) 13.21 

porosity ( X )  = 100 * (H20 * 100 / (96.5 * 1.024)) / ((100 - H2O) / Gd - 
H20 * 3.5 / (96.5 * 2.1) + H20 * 100 / (96.5 1.024)) W1 

where 
H20 = water content (%), Gd = grain density (g/cm3), 
1,024 = density (g/cm3) of sea water at 23'C, 
3.5 = salinity ('Io), 
and 2.1 = salt density (glcm3). 

3.2.5 DETERMINATION OF ORGANIC CARBON, CARBONATE, NITROGEN, 
AND SULPHUR CONTENTS 

Organic carbon and carbonate contents were determined on all samples 
collected from nine cores (see Appendix B) using a Heraeus CHN-Analyser. In 
order to control the accuracy of the measured values, acetanilid and a 
homogeneously powdered Lias-black shale (ST 001) were used as the 
standard reference material. Approximately 30 mg of the powdered bulk 
sediments were analysed to determine the total carbon content (TC X). Prior 
to determining the total organic carbon content (TOC X ) ,  the bulk sediments 
were first treated with 10 %-HCI for 24 hours to remove the carbonate. The 
residues were washed three to five times with deionized water and dried in an 
oven at 50Â°C The carbonate-free sediments were again homogenized using 
an agate mortar, and approximately 30 mg of the carbonate-free sediment 
(TOC' 'Io) were analyzed using the Heraeus CHN-Analyser. The total organic 
carbon content of the bulk sediment (TOC '10) was caiculated using equation 
3-4: 

[ I  00 - (8.333 * TC)] 
TOc (O/') = 

[(I00 1 TOC') - 8.3331 
i3-41 

The carbonate content (X) was calculated using equation 3-5: 

CaC03 (X) = (TC - TOC) * 8.333 
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assuming that the carbonate is predominantly composed of calcite. - 

In addition, the total carbon (TC) and total sulphur (TS) content of all six shelf 
cores (PS1 923-2, PS1 924-1, PS1 723-1, PS1724-2, PS1 946-2, and PS1 947- 
1) and three slope cores (PS1925-2, PS1948-2, and PS1949-1) were 
determined using a LECO CS-125 Analyser (Carbon-Sulphur Determinator) 
s e e  Appendix B). The total organic carbon (TOC) was determined with the 
LECO CS-125 analyser following the treatment of the powdered sediments 
with 35 %-HCI to remove the inorganic (carbonate) carbon. The inorganic 
carbon (IC %) was calculated using equation 3-6: 

IC (%) = TC (%) - TOC (X) 13-61 

and the carbonate content was calculated using equation 3-7: 

CaCO3 (%) = IC (76) * 8.333 P71  

0.2 0.3 0.4 0.5 0.6 

TOC (%)-CHN-Analyser 

0 0.1 0.2 0.3 0.4 0.5 0.6 

TOC (%)-CHN-Analyser 

0 1 2 3 4 5  

Carbonate (%)-CHN-Analyser 

0 1 2 3 4 

Carbonate (%)-CHN-Analyser 

Fig. 7. Correlation between TOC (%) and carbonate (%) measured on the sediments from the 
shelf (cores PS1723-1 and PS1724-2) using the CHN-Analyser and LECO CS-125. 
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In order to test the extent to which the organic carbon and carbonate data from 
the CHN and LECO CS-125 analysers can be correlated, measurements were 
additionally performed on all samples from two shelf cores (PS1723-1 and 
PS1724-2) using the Same laboratory techniques. Both data sets correlate 
well (Fig. 7). 

Total organic carbon to total nitrogen (CIN) ratios were calculated in order to 
characterise the organic matter composition of Quaternary marine sediments 
(cf. Stein 1991 & further references therein). In general, organic matter in 
marine sediments are either of a marine or terrestrial origin (Emerson & 
Hedges 1988). The mean CIN ratios of organic matter produced by marine 
plankton are approximately 6-7, whereas mean CIN ratios of more than 15 
correspond to terrigenous organic matter (Redfield et al, 1963; Bordowskiy 
1965; Emerson & Hedges 1988; Stein et al. 1989). However, C/N ratios must 
be cautiously interpreted in organic-carbon-poor sediments (cf. Stein et al. 
1989). In these sediments, the amount of inorganic nitrogen (fixed as 
ammonium ions in the interlayers of clay minerals such as illite) may form a 
major proportion of the total nitrogen causing a lowering in CIN ratios (e.g. 
MÃ¼lle 1977). 

In addition, the total organic carbon to total sulphur (CIS) ratios were 
calculated and are listed in Appendix D. 

3.2.6 ROCK-EVAL PYROLYSIS 

Rock-Eval pyrolysis was carried out on bulk sediment samples in order to 
determine the type of organic matter. The classification of the type of organic 
matter is based on the hydrogen and oxygen richness, and temperature of 
maximum pyrolysis yield (Tmax values). The procedure and operating 
technique of this method are described in detail in Espiltalie et al. (1977), 
Tissot & Welte (1984), and Dean et al. (1994). The powdered sample (ca. 100 
mg) was progressively heated to 550% under an inert atmosphere using a 
special temperature Programme, Pyrolysis took place in three Stages (SI, 82 
and 83 peaks) (Fig. 8). The S2 and S3 peaks, as calibrated and normalized to 
organic carbon (C-org X) ,  yield a hydrogen index and an oxygen index 
displayed as Hl (mgHC1gC) and 01 (mgCO2lgC), respectively. In immature 
sediments, the indices are mainly dependent on the elemental composition of 
the organic matter (Tissot & Welte 1984). Furthermore, the temperature (Tmax) 
corresponding to the maximum hydrocarbon generation during pyrolysis is 
used to evaluate the thermal maturity of the organic matter. 

3.2.7 GRAIN-SIZE DISTRIBUTION 

To analyse the grain-size distribution, 5 cm3 of sediment was oxidized with 3 
%-H202 for 24 hours. Concomitantly the mixture was agitated using a shaking 
table in order to disperse the sediments. The samples were wet-sieved 
through a 63 pm mesh to separate the coarse fraction (>63 pm). The coarse 
fraction was dried at 50Â°C and sieved into gravel and sand fractions. 

The clay and silt fractions was separated using the Atterberg method (settling 
time based on Stoke's Law). The sediment particles (<63 um) were dispersed 
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by the addition of deionized water mixed with ca. 0.001 O/O-ammonia solution 
(NH3) and compressed using an air pump. The sediments were allowed to 
settle for 20-24 hours under corresponding temperatures of 24-19OC. 
respectively. The suspended particles (<2 p) were removed and collected 
into 5 l plastic buckets. Approximately 20 ml of a 50 %-MgCl2 solution were 
added to the content of each plastic bucket in order to induce agglomeration 
and settling of the suspended particles. The entire process was repeated 9 to 
12 times until the amount of clay remaining in the samples was negligible. In 
order to remove the 50 0/o-MgC12 solution, the clay fraction was centrifuged 
twice for 10 and 20 minutes at 5500 R.P.M. and the clear supernatant water 
decanted. The clay fraction was dried at 50Â° and weighed. The silt fraction 
residue remaining in the cylinders was dried at 50Â° and weighed. Each 
fraction was calculated as weight-Ol0 of the total sediment. 

l 8 I I 

vo~ati~ization Pyrolysis ; cooling 1 Time + 
of existing of I 

HC keroqen I I 

ncreasing temperature Release of Time 
of pyrolysis trapped C 0 2  

i 

Analysis 
cycle 

, Example 
of record 

Fig. 8. Cycle of analysis and example of record obtained by the pyrolysis method of Espitalie et 
al. (1977). Adapted from Tissot & Weite (1984). 
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3.2.8 COMPONENT ANALYSIS 

Approximately 30 cm3 of sediment was sampled and wet-sieved through a 63 
pm sieve. The >63 pm fraction was dried at 50% and further sieved for 10 
minutes using a dry-screening sieve machine (AMT Sonic Sifter, Model L3P) 
with five different size-meshes. The coarse fraction was separated into six 
different size-subfractions of 63-1 25, 125-250, 250-500, 500-1 000, 1000-2000 
um. The gravel content within the fraction between 4 and 2 mm was counted 
and weighed. Each sand subfraction was weighed and expressed as a 
percentage relative to the total sand fraction. In cores PS1726-1 and PS1730- 
2, the 125-250 pm subfraction was used for the component analysis as it 
contains both siliciclastic and biogenic components. Approximately 500 grains 
were counted from the 125-250 pm subfraction using a binocular microscope. 
Components were classified into siliciclastic components (quartz+feldspar, 
rock fragments, mica, basalt) and biogenic components (calcareous 
planktonic foraminifers, calcareous benthic foraminifers, agglutinated benthic 
foraminifers, biogenic opal such as radiolarians, diatoms, and sponge 
spicules), and volcanic ash. The amount of each component was expressed in 
grain-O/o of the coarse fraction. 

3.2.9 STABLE OXYGEN AND CARBON ISOTOPE MEASUREMENTS 

Using a Finnigan MAT 251 mass spectrometer, stable oxygen and carbon 
isotope measurements were performed on 6-8 specimens per sample of the 
planktonic foraminifer Neogloboquadrina pachyderma (Ehrenberg) sin.. For 
this study, isotope analyses were carried out on 10-13 specimens of the 
benthic foraminiferal species Oridorsalis umbonatus (Reuss) from deep-sea 
core PS1730-2. Both species were picked from the 125-250 um subfraction. 

Stable isotope measurements were further performed On 2-3 specimens of the 
benthic foraminifer Cibicidoides wuellerstorfi (Schwager) as this species is 
indicative of interglacial Stages (e.g. 5, 3, and the Holocene) (e.g, Streeter et 
al. 1982; Vogelsang 1990). C. wuellerstorfi appeared exclusively within 
interglacial Stage 5 and the Holocene of the three deep-sea cores (PS1927-2, 
PS1730-2, and PS1951-1). This species was picked from the 250-500 um 
subfraction. 

The oxygen and carbon isotope ratios were calculated as relative deviations 
(per mil) from the mean ratios of a standard value (Shackleton & Opdyke 
1973) as shown in equations 3-8 and 3-9: 
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The isotope composition was measured against a laboratory standard-which 
is calibrated to the PDB (Pee Dee Belemnite) scale using the National Bureau 
of Standard (NBS-20). The standard deviation of the measurements are 
0.06%o for 8180 and 0.04xo for 81% (Hubberten & Meyer 1989). The 1801160 
and ^C/^C isotopic ratios are expressed as 5 1 8 0  and 5 ^C versus the PDB 
standard. 

The 8180 record of C, wuellerstorfi was adjusted to seawater equilibrium by 
adding of +0.64%0 versus the reference species Uvigerina peregrina 
(Cushman) (Duplessy et al. 1984) while values are unadjusted. In 
contrast, the S I 8 0  record of 0. umbonatus can be calibrated by comparing the 
8180 values of 0. umbonatus and C, wuellersforfi. Therefore, the 8I8O of 0. 
umbonatus was adjusted by the addition of +0,36%o to the measured values 
(Duplessy et al. 1988b; Vogelsang 1990). 

3.2.10 AMS ^C-AGE DATING 

In contrast to the conventional method of 14112C measurement, the accelerator 
mass spectrometry (AMS) ion counting technique allows the determination of 
radiocarbon ages from small-sized samples (e.g. about 40-50 mg of N. 
pachyderma sin.). The AMS ^C dating method provides the basis for 
establishing a high-resolution stratigraphy for the last 50 ka in deep-sea 
sediment cores (Bard 1988). AMS ^C-age dating was carried out on twenty- 
six samples from seven selected sediment cores. About 2,000 specimens of 
the planktonic foraminifer N. pachyderma sin. from the 125-250 pm size- 
fraction per sample were hand-picked for absolute age determination. The 
measurement was performed at the AMS ^C dating laboratory of the Institute 
of Physics and Astronomy, Aarhus University, Denmark. For a comparison of 
marine AMS ^C records with terrestrial climatic events, AMS ^C dated ages 
were subtracted by 550 years to account for the radiocarbon difference 
between the atmosphere and the surface waters of the ocean (Stuiver et al. 
1986). 

3.2.1 1 LINEAR SEDIMENTATION RATE AND MASS ACCUMULATION RATE 

The linear sedimentation rates (LSR; cmlkyr) were calculated using the 
oxygen isotope stratigraphy and AMS 1%-age datings. Mass accumulation 
rates (MAR; g cm-2 kyr-1) were calculated from LSR, wet bulk densitiy, and 
porosity following van Andel et al. (1975): 

MAR = LSR * {WBD - 1.026 * (PO11 OO)} [3,10] 

where 

LSR = linear sedimentation rate (cmlkyr), 
WBD = wet bulk density (g/cm3), and 
PO = porosity (5%). 



3. Material and Methode 

The accumulation rates of individual sediment components (organic carbon, 
carbonate, and terrigenous matter; MARcpx) were calculated from bulk 
sediment accumulation rates using equation 3-1 1 : 

MARcpx = (CPI100) * MAR [3.11] 

where 
CPx = sediment component ('L). 

The accuracy of the accumulation rate is strongly dependent on the 
stratigraphic resolution of the AMS ^C dated fix points used for calculation of 
the LSR (e.g. Bohrmann et al. 1990). 
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4. STRATIGRAPHY AND CHRONOLOGY 

Precise stratigraphic correlation and age control of sediment cores are 
necessary for the reconstruction of the paleoclimatic and paleoceanographic 
history in relation to late Quaternary glacial-interglacial cycles. The age control 
and stratigraphic correlation of all investigated sediment cores are based 
primarily on stable oxygen and carbon isotope records obtained from the 
planktonic foraminifer species N. pachyderma sin. (Figs. 9-10). In addition, the 
benthic foraminifer 0. umbonatus from the deep-sea core PS1730-2, is furiher 
used for stratigraphic correlation (Fig. 12). Reference ages were derived from 
the 8 1 8 0  record by detailed correlation with the SPECMAP stacked 8 1 8 0  

signal (Martinson et al. 1987). The determination of ages younger than 
approximately 30 ka are based on twenty six AMS ^C dates (Table 2 & Fig. 
11). AMS "^C ages measured from the planktonic foraminifer N. pachyderma 
sin. are corrected by 550 years for ocean reservoir effects. Furthermore, 
specific volcanic ash layers are used for detailed stratigraphic age control and 
correlation. In addition, other terrigenous and biogenic Parameters showing 
significant single peaks were used to define the stratigraphic framework of the 
sediment cores. The five long sediment cores PS1725-2, PS1726-1, PS1730- 
2, PS1927-2, and PS1951-1 were chosen to obtain a detailed stratigraphic 
framework because of their high-resolution stratigraphy. 

4.1 STRATIGRAPHY OF THE LAST GLACIAL STAGE 2 T 0  THE HOLOCENE 

The last glacial stage 2 is characterised by markedly heavy 8180 values of 4 to 
4.66%o. The coldest phase of isotope stage 2 lasted about 5 kyr (-20-15 ka). 
The boundary between oxygen isotope stages 3 and 2 within the five long 
cores investigated is dated at 24.9 ka (Table 3 & Figs. 9-1 1). A distinct shift in 
6180 values of 1.14 to 2.24%o is recorded in the three deep-sea cores 
(PS1730-2, PS1927-2, and PS1951-1) and is indicative of Termination la. 
Termination la represents the lower Part of the transition between isotope 
stages 2 and 1. The shift of 8180 values at Termination la is to some extent 
higher than compared to the global ice effect of about 1 .3%o (Duplessy et al. 
1984; Shackleton et al. 1984; Chappell & Shackleton 1986; Labeyrie et al. 
1 987). 

The onset of Termination la is dated in deep-sea core PS1730-2 at 
approximately 15.8 ka, which is about 1.8 ka earlier than that at the two slope 
cores PS1725-2 and PS1726-1 from the Same profile adjacent to Scoresby 
Sund (Fig. 11). Termination la began at approximately 15 ka in two cores 
PS1926-1 and PS1927-2 from the northern profile adjacent to Carlsberg Fjord 
(Fig. 11). A similar date for the transition from the LGM to the last deglaciation 
event is recorded within cores PS1950-2 and PS1951-1 from the 
northwestern Iceland Plateau (Fig. 11). During the Holocene, no isotope data 
are available from cores PS1725-2 and PS1726-1 as both slope cores are 
barren of calcareous foraminiferal tests. 

In deep-sea core PS1730-2, a shift to heavy 8180 values prior to a shift to light 
8180 values of Termination Ib represent the Younger Dryas Event (Broecker et 
al. 1988b; Fairbanks 1989; Duplessy et al. 1993). This event was further 
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identified by means of the Vedde ash (1 0.6 ka; Mangerud et al. 1984) in many 
deep-sea cores from the GIN Sea and the northern North Atlantic together with 
in the ice cores on Greenland. The occurrence of the Vedde ash layer is 
recorded within two slope cores PS1725-2 and PS1726-1 and the deep-sea 
core PS1730-2 at depths of 20 Cm, 40 Cm, and 35 cm, respectively. This ash 
layer is also recorded at a depth of 7 cm in core PS1951-1, from the deep sea 
of the NW Iceland Plateau. Following the Younger Dryas, a distinct 6 1 8 0  shift 
towards light values is inferred to represent Termination Ib (Duplessy et al. 
1981), and AMS dated at 7.9 ka within core PS1730-2, The two shelf cores 
adjacent to the Carlsberg Fjord may represent the entire Holocene, further 
supported by the AMS ^C date of 10.4 ka within core PS1923-2. The four 
other shelf cores On the other hand only represent the upper Part of the 
Holocene (cf. Stein et al. 1993). 

Table 2. AMS ^Gage  datings of seven sediment cores (rneasured on the planktonic 
foraminifer N. pachyderma sin.). Lab n o .  indicates the sarnple numbers of the AMS Laboratory 
at the Institute of Physics and Astronomy, Aarhus University, Denmark. The age of the Vedde 
ash t  is after Mangerud et al. (1 984). Depth of core PS1 730-2 is the corrected core depth. 

Core 1 Lab no.* Core depth &P Reservoir corr. 

AAR-1 304 52 13760k170 1321 02170 
AAR-1 305 7 2 1662021 60 160702160 
AAR- 1 704 100 189102210 18360k2 1 0 
AAR- 1 705 140 21 2402250 20690k250 

PS 1 923-2 
PS1 926-1 

1 AAR-1306 170 232302240 22680k240 
40 Vedde asht 10600 

(Cm) (yeÃ¤rs age (years) 
AAR-1 300 50 109802210 104302210 
AAR-1 301 1 54021 10 -102110 

AAR- 1 149 60 155905130 15040k130 
AAR-1 150 80 189002170 18350k170 
AAR-1 701 90 19950k270 194002270 

ARR-1153 
AAR-1'1 54 
AAR-1 155 
AAR-1 1 56 
AAR-1 157 
AAR- 1 158 
AAR-1 307 

ARR-1308 
AAR-1 309 
ARR-1702 
AAR- 1 703 

Vedde asht 
148702140 
168205150 
191 505190 
23550k360 
25450k310 
28500k650 
1471 Ok140 
Vedde asht 
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The Vedde ash layer is absent from both of the box cores PS17262 and 
PS1730-1 and therefore, they are interpreted to represent a time interval 
younger than the Younger Dryas. According to oxygen isotope values within 
box core PS1730-1 (obtained from the Same location as the gravity core 
PS1730-2), the uppermost 23 cm are lost. Therefore, all depths within the 
gravity core PS1730-2 are corrected by 23 Cm. A loss of surface sediments 
from all investigated cores can not be excluded, but the surface sediments of 
core PS1926-1 have been dated as recent. 

A prominent organic carbon peak dated at approximately 19.9 to 19.2 ka, is 
also used to correlate between cores. This discrete signal is associated with 
high CIN ratios, and correlates with an abrupt decrease in the carbonate 
content (Figs. 20e, 21c,e & 22f). These signals reflect an increased input of 
terrigenous matter, and relate to a contemporaneous event recorded 
throughout the GIN Sea as it is clearly identified in many other sediment cores, 
e.g. from the northern Iceland Plateau and Vering Plateau (Wagner 1993; 
Wagner & Henrich 1994), Fram Strait southwest of Spitsbergen (Hebbeln 
1991; Hebbeln et al. 1994), and the continental slope of NW Spitsbergen 
(Knies 1994). 

4.1.2 STRATIGRAPHY OF THE LAST 245 ka 

The two slope cores PS1725-2 and PS1726-1, and the deep sea core 
PS1 730-2, represent a geological history dating from oxygen isotope Stages 7 
to 1 (Fig. 9). The bottom of deep sea core PS1927-2 extends back to isotope 
substage 5.3 whereas deep sea core PS1951-1 is not older than isotope 
substage 6.5 (Fig. 10). 

In the three long cores located on the slope and in the deep sea adjacent to 
Scoresby Sund, interglacial stage 7 is characterised by relatively light 6180 
and 6^C values in comparison to other interglacial periods (mostly in the 
lower Part of the sediment sequence), reflecting major meltwater discharge 
within this interval (JÃ¼nge 1994). The occurrence of a specific ash layer at 
depths of 369 cm (core PS-1725-2), 460 cm (core PS1726-I), and 730 cm 
core PS1730-2) is also used to identify oxygen isotope stage 7 (Fig. 9). This 
ash zone, based on the distribution of major elements measured in the 
volcanic glass particles (cf. Lackschewitz 1991 ; Lackschewitz & Wallrabe- 
Adams 1991; Wallrabe-Adams pers. commun. 1993), can be correlated to 
other deep-sea cores within the GIN Sea (Sejrup et al. 1989; Birgisdorttir 
1991; Lackschewitz 1991 ; Baumann et al. 1993). 

During glacial substage 6.2, heavy 6 ' 8 0  values of 4.60 to 4.68%o 
corresponding to light S13C values (-0.01 to 0.03 %o) are clearly recorded in 
the two slope cores PS1725-2 and PS1726-1, and the two deep-sea cores 
PS1730-2 and PS1951-1 (Figs. 9 & 10). Distinctly lighter d^O and d13C 
values occur during substages 6.5 and 6.3, and correspond to regional 
meltwater events recorded within the GIN Sea (Vogelsang 1990; JÃ¼nge 
1994). These signals are especially recorded within the three long cores 
located adjacent to Scoresby Sund (Fig. 9). The timing and Pattern of 
substages 6.2 through to 6.6 are identified in the 5180 and S13C values of both 
N. pachyderma sin. and 0. umbonatus (cf. JÃ¼nge 1994) (Fig. 12). 



Si80 (%" PDB) S"0 (%o PDB) Si80 (%o PDB) Isotope s ̂ C (%o PDB) S13c (%o PDB) 513c  (%o PDB) Isotope 
Stage Stage 

5 4 3 2 5 4 3 2 5 4 3 2  -0.5 C 0.5 1 -0.5 0 0 5  1 -0.5 0 0.5 1 

Fig. 9. Isotope stratigraphy of the planktonic foraminifer N. pachyderma sin. of slope cores PS1725-2. PS1726-1, and deep-sea core PS1730-2 o!f Scoresby 
Sund. Numbers in oxygen isotope recoras are substages (Martinson et al. 1987). Open circles in the oxygen and carbon isotope records indicate AMS-dated 
samples (see Table 2 & Fig. 11). Open triangles in stages 5 and 1 of core PS1730-2 indicate ihe oxvgcti and carbon isotope records of the benthic ioramiriif~r 
C. wuellerstorfi. The benthic 6180 records have not been corrected (cf. Section 3.2.9). Asterisks within stagcs 7 and 1 mark volcanic ash layere 
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Fig. 10. Isotope stratigraphy of the planktonic foraminifer N. pachyderma sin. of cores PS1927-2 and PS!951-1 from the Greentand deep sea, and V28-14 
from the Denmark Strait (Kellogg et al. 1978). Numbers in oxygen isotope records are substages (Martinson ei ai. 1987). Open triangles in stage 5 0f core 
PS1951-1 indicate the oxygen and carbon isotope records of the benthic foraminifer C. wuellerstorfi. The benthic iil* 0 records have not been corrected 
(cf. Section 3.2.9). Open circles in the oxygen and carbon isotope records indicate AMS-dated samples (see Tablc 2 & Fig. 11). Astertsks within Stages 3 
and 1 rnark volcanic ash layers. Note the ash layer of core V28-14 occurs at a depth of 105 cm, which is da!ed a! 9.3 Ka (Ruddiman & Glover 1972). The 
abbrcviation P.b. of core PS1951 -1 indicates the appcarancc of lhc bcnthic foraminifer P. bullo~des within substagc 5.1. 



6 ̂ O (%o PDB)  6 1 8 0  (x0 PDB)  6 ̂O PDB) 
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Fig. 11. Oxygen isotope stratigraphy and AMS^ C-age dating rneasured on the planktonic foraminifer N. pachyderma sin. during the last 30 
ka (see Table 2). Core depth of PS1730-2 is corrected by addition of 23 cm frorn box core PS1730-1 (open circles). Asterisks mark the 
Vedde ash layer, which is dated at 10.6 ka (Mangerud et al. 1984). The abbreviation of TIa is Termination la which is hatched. 
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N. pachyderrna sin. 0. urnbonatus N. pachyderma sin. 0. umbÃ¶natu 

S^O c/oo PDB) 5j8 o y/oo PDB) isotope 5 j 3 c  (700 PDB) 
stage 

5 4 3 2 5 4 3 2  -0.5 0 0.5 1 

8'- C C / ~ O  PDB) 

-3.5 -2.5 -1.5 -0.5 

Fig. 12. Isotope stratigraphy based on the planktonic foraminifer N. pachyderma sin. and the 

benthic foraminifer 0. umbonatus of core PS1730-2 from the deep-sea. The benthic S^0 
records have not been corrected (cf. Section 3.2.9 & Fig. 34a). Substages are indicated by the 
italics in oxygen isotope records. Open circles in oxygen isotope records of N. pachyderma sin. 
indicate AMS dated samples (see Table 3 & Fig. 11). Asterisks mark volcanic ash layers. 

The identification of isotope stage 5 is based On the relatively light S^O 
values and the heavy 81% values of up to 0.77%o. In particular, stage 5 is also 
recognized by the occurrence of the benthic foraminifer species C .  
wuellerstorfi together with the marked shifts in the 8180 and 81% records of 
the planktonic foraminifer N. pachyderma sin., and benthic foraminifers C. 
wuellerstorfi and 0. umbonatus (Figs. 9, 10, 11 & 12) (e.g. Streeter et al. 1982; 
Belanger et al, 1981; Vogelsang 1990; JÃ¼nge 1994). The benthic foraminifer 

Pullenia bulloides (D'Orbigny) occurs at depths of 612 to 620 cm within deep- 
sea core PS1951-1 (Fig, 10). This species is indicative of substage 5.1 within 
the GIN Sea (e,g. Haake & Pflaumann 1989; Hebbeln 1992). 
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Glacial stage 4 is mainly identified by the relatively heavy S 1 * 0  values 
(substage 4.2) of both N. pachyderma sin. and 0. umbonatus. The 6 1 8 0  
values are slightly lighter than compared to those recorded from glacial stage 
6. A distinct shift towards light 51% values at the stage 514 boundary is 
indicated in deep-sea cores PS1 927-2, PS1 730-2, and PS1 951 -1 (Figs. 9- 
10). 

Table 3. Correlation of age versus depth in sediment cores PS1725-2, PS1726-1, PS1730-2. 
PS1927-2, and PS1951-1. Ages are based on the oxygen isotope events dated by Martinson 
et al. (1987) and AMS ^C age datings (*). Core depth in parenthesis of core PS1730-2 is the 
corrected core depth by addition of 23 cm from box core PS1730-1 (see above in Text). 

5 1 8 0 -  
Event 

21 1 

312 
3.1 
3.31 
413 
4.22 
514 
5.1 
5.3 
5.33 
5.5 

5.53 
615 
6.2 
6.3 
6.4 
6.5 
6.6 
716 
7.1 
7.2 
7.3 
7.4 
7.5 

Terminatior 

End T Ib 
Beginning 

T Ib 
End T la 

Beginning 
T la 

T 11 

PS 1725-2 
Depth (cm) 

PS1 726-1 
Depth (cm) 

58 
60 

112 

200 
21 0 
230 
244 
250 
300 
340 

360 
363 
370 
390 
400 
430 

450 
460 
480 
500 
550 
600 

PS1 730-2 
3epth (cm) 

17 (40) 
30 (53) 

60 (83) 
71 (94) 

80 (103) 
160 (183) 

400 (423) 
425 (448) 
440 (463) 
460 (483) 
470 (493) 

51 0 (533) 

550 (573) 
560 (583) 
590 (61 3) 
61 0 (633) 
620 (643) 
640 (663) 
670 (693) 
698 (721) 
720 (743) 
740 (763) 
760 (783) 
776 (793) 
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Table 3. Continued. 

Termination 

End TIa 

Beginning 
T la 

PS1 927-2 
Depth (cm) 

5 2 
6 1 
6 5 

160 

418 
432 
440 
463 
470 
49 1 

PS1 951-1 
Depth (cm) 

In general, isotope stage 3 shows relatively light 6180 records and heavy 61% 
values. In particular, the markedly light 8180 values of isotope substage 3.31 
are recorded in deep-sea cores PS1927-2, PS1730-2, and PS1951-1. The 
light 6180 values coincide with very light 61% values, and indicate strong 
meltwater discharge during this interval (cf. Vogelsang 1990; KÃ¶hle 1992). 
During early isotope stage 3, a prominent ash layer is recorded at a depth of 
465 cm in deep-sea core PS1951-1 from the northwestern Iceland Plateau 
(Fig. 10). This ash Zone seems to correlate with that recorded in core V28-14 
(Fig. 10; Kellogg et al. 1978) and core 0017-2 (Lackschewitz 1991), located in 
the deep sea south of the Denmark Strait and West of the Iceland Plateau, 
respectively. The age of the ash layer based on linear interpolation is 
suggested to be approximately 49 ka. In sediment cores from the North 
Atlantic, this ash layer is well known as Ash Layer II and is dated by linear 
extrapolation at approximately 65 ka (Ruddiman & Glober 1972; Kellogg 
1976). However, the age of the Ash Layer II was later corrected based on the 
oxygen isotope records of N. pachyderma sin., and thus corresponds to early 
interglacial stage 3 (cf. Kellogg et al. 1978). 
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5. LINEAR SEDIMENTATION RATE AND MASS ACCUMULATION 
RATE 

5.1 LINEAR SEDIMENTATION RATE (LSR) 

Linear sedirnentation rates are calculated for five cores based on the isotope 
stage boundaries of Martinson et al. (1987) and twenty-six AMS "^C age 
datings. Table 4 and Figure 13 illustrate the mean sedirnentation rates 
obtained from the five long sediment cores. 

Table 4. Linear Sedimentation rates calculated for five cores based on the oxygen isotope 
stratigraphy and AMS ^C age datings. The stage 312 and 211 boundaries are dated at 24.9 and 
14.5 ka, respectively (see Fig. 12). 

The mean sedirnentation rates of the six shelf cores and the relatively short 
five slope cores were also calculated and are listed in Tables 4 and 5. The 
mean sedimentation rates of the Holocene calculated from the six shelf cores 
range from 5.0 to 12.9 cmlkyr. In particular, the mean Holocene sedirnentation 
rates of the four shelf cores are calculated On the assumption that the basal 
age of the cores is approximately 10 ka (cf. Marienfeld 1991; Stein et al. 
1993). In the five short slope cores, the mean Holocene sedirnentation rates 
range between 3.3 and 8.0 cmlkyr. In order to calculate the sedimentation 
rates for the five slope cores, the basal ages are assumed to date back at 
maximum to glacial stage 2 (Table 6). During stage 2, mean sedirnentation 
rates range between >9.5 (core PS1925-2) and >33.0 cmlkyr (core PS1949- 
1 ). 

Isotope 
Stage 

1 

Table 5. Sedimentation rates calculated from six shelf cores. Holocene ages are the assumed 
basal age of each core. 

PS1 725-2 PS1 726-1 PS1 730-2 PS1 927-2 PS1 951 -1 
(cmlkyr) (cmlky r) (cmlkyr) (cmlky r) (cmlkyr) 

>2.3 >3,9 6.5 >4.3 >4.5 

According to five high-resolution sediment cores, sedimentation rates are 
distinctly higher in the deep sea than on the slope. Relatively high 
sedirnentation rates occur during Stages 3 and 2, whereas lower 

Holocene 
(ka) 
10 

14.5 

PS1 723-1 PS1 724-2 PS1 923-2 PS1924-1 PS1 946-2 PS1 947-1 
(cmlky r) (cmlkyr) (cmlky r) (crnlkyr) (cmlkyr) (cmlkyr) 

8.5 12.9 5.0 5.0 
6.8 7.2 
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sedirnentation rates occur during interglacial stage 5. In the two slope-cores 
PS1725-2 and PS1726-1, mean sedirnentation rates vary between 1.1 and 
2.3 cmlkyr during oxygen isotope stages 6 to 4, and increase to values 
between 2.4 to 5.2 cmlkyr during stages 3 and 2. During the Holocene, the 
sedirnentation rates of both slope cores vary between 2.4 and 3.9 cmlkyr. 

Table 6. Sedimentation rates calculated from five slope cores. The basal ages of each core are 
assurned to date back at rnaxirnum to 24.9 ka. 

Isotooe 1 Aue PS1 925-2 PS1 926-1 PS1 948-2 PS1 949-1 PS1 950-2 - ~ 

- 0  

satge 1 (ka) (cmlkyr) (cmlkyr) (cmlkyr) (cmlkyr) (cmlkyr) 
1 1 14.5 >8.0 3.7 >3.3 >4.7 >5.7 

Sedimenation rate Sedirnenation rate Sedirnenation rate Sedirnenation rate Sedimenation rate 
(cmlky r) (crnlkyr) (crnlky r) (cmlkyr) (crnlky r) 

0 5 10 0 5 1 0 0  5 10 1 5 0  10 2 0 0  10 20 

Fig. 13. Linear sedirnentation rates (LSR) of slope cores PS1725-2 and PS1726-1 and deep- 
sea cores PS1730-2, PS1927-2, and PS1951-1 during the last 240 ka. The LSR are calculated 
according to the oxygen isotope events of Mariinson et al. (1987) and AMS ^C age datings (cf, 
Table 3). The hatched mean sedirnentation rates are based on the isotope stage boundaries 
(cf. Table 4). 
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In the three deep-sea cores PS1927-2, PS1730-2, and PS1951-1, the mean 
sedimentation rates of isotope stages 6 to 4 are generally low with values of 
1.8 to 3.0 cmlkyr. In contrast, the mean sedimentation rates reach higher 
values of 7.1 to 12.6 cmlkyr during isotope stages 3 and 2. The Holocene 
mean sedimentation rates range from 4.3 to 6.5 cmlkyr. According to the more 
detailed AMS^C age datings, the sedimentation rates reach the highest 
values of up to 17.2 cmlkyr during the interval of 21 to 18 ka (e.g. PS1927-2 & 
Table 7). 

Table 7. Sedimentation rates during the last 28 ka based on AMS^C age datings. Age of 
Vedde ash is after Mangerud et al. (1984). Core depth in parenthesis of core PS1730-2 is the 
corrected depth by addition of 23 cm from box core PS1730-1 (see Section 4). 

Core Depth ^C Age (ka) Sedimentation rate 
cm) (resetvoir corr. 550 years) (cmlkyr) 
40 10.6 (Vedde ash) >3.8 

13.2 
16.1 
18.4 
20.7 
22.7 
7.9 

10.6 (Vedde ash) 
14.3 
16.3 
18.6 
23.0 
24.9 

5.2 MASS ACCUMULATION RATE (MAR) 

The mass accumulation rates are calculated from the five long cores (PS1725- 
2 and PS1726-1, PS1927-2, PS1730-2, and PS1951-I), and are illustrated in 
Figure 14. The accumulation rate Pattern is generally very similar to that in the 
mean sedimentation rates. The mass accumulation rates generally increase 
from the upper slope towards the deep sea. A marked increase in the 
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accumulation rates occurs at the stage 413 boundary. During stages 3 2nd 2, 
the three deep-sea cores display relatively higher accumulation rates (5 to 20 
g cm-2 kyr-1) than compared to those of the continental slope (2.5 to 12 g cm-2 
kyr-1). During the inteival from isotope stages 6 to 4, the accumulation rates 
reveal relatively lower values and range between 0.7 and 6.4 g ~ m - ~  kyr-1. 
During stage 3, the accumulation rates fluctuate with high-amplitude and 
range between 2.6 and 12.1 g cm-2 k y r l .  The highest accumulation rates are 
documented within glacial stage 2 and reach a maximum value of 19.8 g cm-2 
kyr-1 at 17.5 ka. A similar maximum in the flux is recorded within slope core 
PS1726-1 during the interval 19.4 to 18.4 ka. The bulk accumulation rates 
decrease during the Holocene. In particular, the bulk accumulation rates 
within the deep-sea core PS1951-1 markedly decrease to 5.1 g ~ r n - ~  kyr-1 at 
10.1 ka, and drop to a minimum value of <0.6 g cm-2 kyrl  after this time Span. 
However, it has to be noted that the extremely low accumulation rates during 
the interval after 10.1 ka may be incorrect due to a loss of the uppermost 
surface sediments. 

Mass acc. rate Mass acc. rate Mass acc. rate Mass acc. rate Mass acc. rate 
(g cm^kyrl) (g crri2kyr"1) (g cni2kyr-') (g cm^kyr"') (g cM2kyr"') 

0 5 10 1 5 0  4 8 1 2 0  5 10 1 5 0  10 2 0 0  10 20 

Fig. 14. Mass accumulation rates (MAR) of two slope cores (PS1725-2 and PS1726-1) and 
three deep-sea cores (PS1730-2, PS1927-2, and PS1951-1) during the last 240 ka. 

35 
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6. RESULTS 

6.1 BOX CORE SURFACE SEDIMENTS 

Two box cores, PS1726-2 and PS1730-1, are used in this study to 
compensate for surface sediments lost from the gravity cores. Box cores 
PS1726-2 and PS1730-1 are recovered from the lower slope and deep sea 
(adjacent to Scoresby Sund) in water depths of 1182 and 1622 m 
respectively. Both cores are located close to the respective gravity cores 
PS1726-1 and PS1730-2. The surface sediments in both cores are mostly 
composed of dark grayish brown mud with an absence of ice-rafted 
dropstones (IRD), and displaying strong Chondrite-type bioturbation. The 
Vedde ash layer (Mangerud et al. 1984) is not documented within the surface 
sediment sequences, and therefore, both cores are likely to represent time 
interval younger than the Younger Dryas cooling event (10.6 ka). 

The very low carbonate content (c2 %) within box core PS1726-2 are similar 
to those recorded within the Holocene sediment sequence of the gravitiy core 
PS1726-1 (Fig. 21d-e). Stahle isotope records were not measured due to the 
absence of calcareous foraminifers, that probably results from carbonate 
dissolution. The relative increase in the organic carbon content (0.4-0.7 %) is 
analogous to that recorded within the uppermost interval of gravity core 
PS1726-1. The CIN ratios (>5) are slightly higher than those from the Same 
period in gravity core PS1726-1. In contrast, the hydrogen index values of 70- 
125 mgHClgC are relatively lower. 

The box core PS1730-1 is characterised by relatively light SI8O ( ~ 3 % ~ )  and 
513C ( ~ 0 . 5 % ~ )  values measured from the planktonic foraminifer N. pachyderma 
sin. (Fig. 21f) The 6180 and S^C values of the benthic foraminifer 0. 
umbonatus display relatively higher-amplitude fluctuations than compared to 
those of N. pachyderma sin.. 

The box core PS1 730-1 is characterised by a relatively low carbonate content 
(<4 %), increased organic carbon contents (0.5-0.8 O/O), low CIN ratios (<10), 
and very low Hl values (c50 mgHC1gC) (Fig. 21f). According to the Trnax values 
between 350 and 390Â°C the surface sediments in both cores are very 
immature (cf. Peters 1986). 

6.2 GRAVITY CORE SEDIMENTS 

6.2.1 MAGNETIC SUSCEPTIBILITY 

Figure 15 shows the magnetic susceptibility (MS) values measured on 
sediment cores from three W-E transects along the East Greenland continental 
margin. In general, the MS values reveal a fluctuating Pattern through time, but 
do not reflect changes with respect to glacial-interglacial cycles. However, the 
MS values reveal a marked decrease near the stage 211 boundary. During 
interglacial stage 3, an increase in the MS values occurs in three deep-sea 
cores PS1927-2, PS1730-2, and PS1951-1. With the exception of two slope 
cores PS1725-2 and PS1726-1, another five cores recovered from the 
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continental slope norih and south of the margin adjacent to Scoresby-Sund, 
display relatively constant MS values, 

The MS values from the transect (Transect A) north of Scoresby Sund range 
from <50 to 200 10-5 SI except for a peak of approximately 500 10-5 SI in core 
PS1925-2 from the upper slope (Fig. 15a). Similarly, the MS values of the 
three cores from the continental margin adjacent to Scoresby Sund have 
values of <200 10-5 SI (Fig. 15b). However, higher MS values of up to 650 
10-5 SI are recorded within the two slope cores PS1725-2 and PS1726-1 
during interglacial stage 7. The slope core PS1726-1 reveals two peaks in the 
MS record during glacial stage 6. In contrast, all sediment cores from south of 
Scoresby Sund are characterised by distinctly higher MS values (Fig. 15c). In 
particular, the inner shelf core PS1946-2 reveals the highest MS values that 
reach up to 2300 1 0-5 SI. These values decrease markedly towards the deep- 
sea (core PS1951-I), 

6.2.2 SEDIMENT DESCRIPTION 

The lithology of all cores were classified based on visual descriptions and 
grain size determinations. In this section, the results of the sediment 
description will be briefly summarised. The more detailed descriptions of all 
the investigated sediment cores are found in Appendix A. 

The Holocene sediments of six cores (PSl923-2, PS1924-1, PS1723-1, 
PS1724-2, PS1946-2, and PS1947-1) taken from the inner and outer shelf 
region adjacent to East Greenland, are mainly composed of very dark gray to 
dark grayish brown sandy mud to sandy silt. In general, only the upper part of 
the sediments are bioturbated with the exception of two cores PS1946-2 and 
PS1947-1. The sediment sequences of all shelf cores contain moderate to 
high amount of dropstones with varying grain sizes. 

The Holocene sediments of cores PS1925-2 and PS1926-1 recovered from 
the upper to lower slope adjacent to Carlsberg Fjord, are characterised by 
olive brown, dark grayish brown mud to sandy mud. In contrast, the glacial 
sediments are mainly composed of dark gray sandy mud. The strongly 
bioturbated sequence is only observed in the uppermost part of the Holocene. 
The Holocene sequences recorded in cores PS1948-2, PS1949-1, and 
PS1950-2, recovered from the upper to lower slope adjacent to the Geikie 
Plateau, consist of dark grayish brown to brown bioturbated mud to sandy 
mud. In contrast, the glacial (isotope stage 2) sediments are characterised by 
very dark gray nonbioturbated sandy mud. In general, the Holocene 
sequences of five slope cores contain relatively lower amounts of dropstones 
than the glacial sediment sequence that is characterised by moderate to high 
amounts of coarse grained ice-rafted detritus (IRD). Slope cores PS1725-2 
and PS1726-1, recovered from the margin adjacent to Scoresby Sund, reveal 
an alternating sequence of rnud and sandy mud with high-amplitude variation 
in the dropstone content. In general, sediments show a brownish colour 
throughout the intervaf from stage 5 through to the Holocene, and a grayish to 
dark gray colour from the inteival from stage 7 to stage 6. 

In general, the sediments of the three deep-sea cores PS1927-2, PS1730-2, 
and PS1 951 -1 are represented by dark grayish brown to dark gray mud, that 



is independent of glacial-interglacial fluctuations. With the exception of glacial 
stages 6 and 4, the sedimentary sequences of the deep-sea cores are strongly 
bioturbated throughout. 

6.2.3 GRAIN SIZE DISTRIBUTION 

The grain size distribution analysed from 2 box cores (GKG) and 16 gravity 
cores (SL) is plotted in ternary diagrams using the sand plus gravel, silt, and 
clay fractions (Figs. 16-1 8). In general, the grain size distribution appears to be 
closely related to the water depth. The general change in grain size in relation 
to the water depth is well recorded within sediments from the shelf to the deep 
sea adjacent to Scoresby Sund (Fig. 17). In all the investigated cores along 
the continental margin, coarse ice-rafted sediments are dominant, and the 

Gravel & Sand Gravel & Sand 

Silt o PS1 923-2 Clay Silt PS1 925-2 Clay 
* PS1 924-1 

Gravel & Sand Gravel & Sand 

d) Deep sea ,//, 

Silt o PS1926-1 Clay Silt o PS1 927-2 Clay 

Fig. 16. The grain size distributions of five cores collected frorn the shelf to the deep sea 
adjacent to Carlsberg Fjord (at about 71 .30Â°N are plotted in the ternary diagrarn (rnodified after 
Shepard 1954). The gravel and sand fraction are represented together. 
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e )  Box core A 
Fig. 17. The grain size distributions of five cores 
collected from the shelf to the deep sea adjacent 
to Scoresby Sund (at about 703N) is plotted in the 
ternary diagram (modified after Shepard 1954). 
The gravel and sand fraction are represented 
together. Two box cores of PS1726-2 (slope) and 
PS1730-1 (deep sea) are also represented. 
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Fig. 18 The gram size d i ~ t r i b ~ ~ t i ~ i ~ ~  of six 
cores collected from the shelf to the deep 
sea adjacent to the Geikle Plateau (at about 
68.5W) are plotted in the ternary ciiagrsm 
(rnodified after Shepard 1954) The yravel and 
sand fraction are represented together. 
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dropstone content abruptly decreases towards the deep sea The gravel (wt.- 
%) content calculated from the grain-size analysis correlc-ies well with the IRD- 
records estimated from the X-radiographs (Figs. 20-22) 

The general sediment distribution is finer on the inner shelf than on the outer 
shelf (Figs. 16-18). Subsequently, the sediments frorn the inner shelf are 
rnostly coniposed of sandy mud, whereas the sediments from the outer shelf 
are mainly cornposed of sandy mud to silty sand, The serliment distr~bution On 
the slope shows a general increase in the fine fraction concentration towards 
the lower slope. Tlie grain size distribution On the slope is mostly doniinated 
by sandy rnud with varying amounts of coarse sand and gravely dropstones. In 
contrast, the Holocene sediments consist mostly of mud. Tlie sediments of the 
three deep-sea cores PS1 927-2, PS1 730-2, and  PS1 951 -1 consist 
predominantly of mud with a low IRD content. The silt content in the three 
deep-sea cores s!ighlly increases from the tiorth (PS1927-2) to the south 
(PSI951 - 1  j ,  

6.2.4 DISTRIBUTION OF COARSE TERRIGENOUS SEDIMENT 

The terrigenous derived coarse sand of 0.5-2 mm arid gravel of 2-4 rnm are 
calculated for two slope cores (PS1725-2 and PS1726-1) and three deep-sea 
cores (FS1927-2, PSl730-2, and PS1951 - I ) ,  and are illustrated in Figure 19. 
The coarse terrigenous sediment record (0.5-4 mm) includes a small amount 
of the benthic foraminiferal species Pyrgo rotalaria (Loeblich & Tappan). and 
varying amounts of agglutinated benthic foraminifers. P. rotdaria is neglected 
because of its sporadic and limited occurrence at specific core depths. In 
general, the coarse terrigenous sediment record determined from the grain- 
size distribution seem to correlate with the IRD record estimated from X- 
radiograplis (see Figs, 20e, 21c,e,g & 22f). 

There are a number of general trends observed in t l ie fluctuating coarse 
terrigenous sediment record (Fig. 19). In general, there seems to be a 
periodical increase in the content of terrigenous ice-rafted matter. The amount 
of terrigenous coarse ice-rafted sediment decreases from the upper slope to 
the deep sea. In the deep-sea cores, the IRD content increases from the north 
to the south. The prominent peaks representing an increase in the 1RD content 
are larger on the slope than in the deep sea, 

In general, tlie two slope cores PS1725-2 and PS1726-1 seem to be very 
similar in their terrigenous coarse IRD content. An increase in the IRD content 
occurs at the stage boundaries. Several major pulses of increased ter!iger.ous 
coarse-grained material occur within cold glacial stages as well as vi'ithirl 
warm interglacial stages. In particular, the terrigenous coarse sedirnent 
content of glacial stage 6 is relatively lower than that recorded during the last 
glacial stage 2. This is further substantiated by the IRD record estimated from 
X-radiographs (cf, Figs. 20e, 21c,e,g & 22f). A high amount of terrigenous 
coarse sediment are deposited throughout interglacial stage 7. The Holocene, 
on the other hand, is characterised by a predominantly reduced IRD content. 

In the three deep-sea cores PS1927-2, PS1730-2, and PS1951-1, the 
amplitude of the terrigenous coarse ice-rafted sediment content is distinctly 
smaller than compared to that observed within the slope cores. In particular, 



three major pulses of increased terrigenous IRD are recorded within the last 
glacial Stage 2. 



a) PS1 923-2  (Inner Shelf) 
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b) PS1 924-1 (Outer Shelf) 
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Fig. 20 a-e. Records of sediment cores frorn Transect A (see Fig. 2) (a) PS1923-2 and (b) PS1924-1 (shelf), (C) PS1925-2 and (d) PS1926-1 (slope), 
and (e) PS1927-2 (deep sea). For all cores, grain-size distributions, stable oxygen and carbon isotope values (rneasured on the planktonic foraminifer 
N. pachyderrna sin.), amount of ice-rafted debris (IRD, i.e. gravel fraction >2 rnrn, counted in X-radiographs, srnoothed by the 5-point rnoving average 
methods and expressed as numbers per 10 cm3), contents of carbonate and organic carbon, organic carboninitrogen (CiN) ratios, and hydrogen index 
(Hl) values (Hl expressed as mg hydrocarbons per gram organic carbon) are shown. Roman numbers indicate oxygen isotope Stages. Arrows in the 
oxygen isotope record of cores PS1923-2, PS1926-1 and PS1927-2 rnark A M S ~ ~  C-age dated sarnples (for detailed data See Fig. 11 and Table 2). 
Thick black bars in the carbon isotope record for core PS1927-2 mark sarnples in which the benthic forarninifer C. wuellerstorfi is present. 
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d) PS1726-2 GKG 
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e) PS1 726-1 (Lower Slope) 
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Fig. 21 a-g. Records of sedirnent cores frorn Transect B (see Fig. 2) (a) PS1723-1 and (b) PS1724-2 (shelf), (C) PS1725-2 and (e) PS1726-1 (slope), and 
(g) PS1730-2 (deep sea). Records of two box cores (d) PS1726-2 (slope) and (f) PS1730-1 (deep sea) are also shown. For all cores, grain-size 
distributions, stable oxygen and carbon isotope values (rneasured on the planktonic forarninifer N. pachyderma sin.), arnount of ice-rafted debris (IRD, i.e 
gravel.fraction >2 rnrn, counted in X-radiographs, srnoothed by the 5-point rnoving average methods and expressed as nurnbers per 10 cm') ,  contents of 
carbonate and organic carbon, organic carbonlnitrogen (CIN) ratios, and hydrogen Index (1-11) values (Hl expressed as rng hydrocarbons per gram 
organic carbon) are shown. Roman nurnbers indicate oxygen isotope Stages. Arrows in the oxygen isotope record of cores PS1726-1 and PS1730-2 
rnark A M S ^ C - ~ ~ ~  dated sarnples (for detailed data see Fig. 11 and Table 2). Thick black bars in the carbon isotope record for core PS1730-2 rnark 
sarnples in which the benthic forarninifer C. wuellerstorfi is present. Asterisks indicate ash layers. Stahle oxygen and carbon values frorn the bentic 
forarninifer 0. umbonatus are additionally present in box core PS1730-1. 





a) PS1946-2 (Inner Shelf) 
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Fig. 22 a-f. Records of Sediment cores frorn Transect C (see Fig. 2). (a) PS1946-2 (shelf) and (b) PS1947-1 (shelf), (C) PS1948-2 (slope), (d) PS1949-1 
(slope) and (e) PS1950-2 (slope), and ( f )  PS1951-1 (deep sea). For all cores, grain-size distributions, stable oxygen and carbon isotope values 
(rneasured on the planktonic forarninifer N. pachyderma sin.), arnount of ice-rafted debris (IRD, i.e. gravel fraction >2 rnrn, counted in X-radiographs, 
srnoothed by the 5-point rnoving average rnethods and expressed as nurnbers per 10 crn3), contents of carbonate and organic carbon, organic 
carbonlnitrogen (CIN) ratios, and hydrogen index (Hl) values (Hl expressed as rng hydrocarbons per gram organic carbon) are shown. Roman 
nurnbers indicate oxygen isotope Stages. Arrows in the oxygen isotope record and nurnbers of cores PS1950-2 and PS1951-1 rnark ~ M S l ~ C - a g e  
dated sarnples (for detailed data See Fig. 11 and Table 2). Thick black bars in the carbon isotope record of core PS1951-1 rnark sarnples in which the 
benthic forarninifer C. wuellerstorfi is present. Asterisks indicate ash layers. The abbreviation P.b. of core PS1951-1 indicates the appearance of the 
benthic forarninifer P. bulloides within substage 5.1. 
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6.2.5 INPUT OF ICE-RAFTED DETRITUS (IRD >2 mm) 

In high-latitude oceans, an imporiant component of glaciomarine sediments is 
terrigenous ice-rafted material transported by icebergs and sea-ice. The ice- 
rafted debris (IRD >2 mm) estimated from X-radiographs of all investigated 
sedirnent cores are presented in Figures 20, 21, and 22. 

Moderate to high amounts of IRD are observed during the Holocene in the two 
shelf cores PS1923-2 and PS1924-2. A distinct decrease in the supply of ice- 
rafted terrigenous material during the Holocene is recorded in two slope cores 
PS1925-2 and PS1926-1. The last glacial stage 2, on the other hand, is 
characterised by an increased IRD content with high-amplitude variations. 
Deep-sea core PS1927-2 shows a reduced input of coarse ice-rafted detritus 
throughout (Fig. 20e). There are also indications of increased IRD content 
within glacial stage 2. Three major peaks representing an increase in the IRD 
content recorded during the last glacial stage 2 are also identified in the two 
other deep-sea cores (PSI 730-2 and PS1 951-1). The intervals characterised 
by a distinct increase in the IRD content is further substantiated by a major 
increase in the total terrigenous coarse fraction (0.5 to 4 mm) estimated from 
the grain-size analysis (cf. Fig. 19). 

The two cores PS1723-1 and PS1724-2, collected from the shelf adjacent to 
Scoresby Sund, contain low to moderate amounts of IRD within the Holocene 
sequence (Fig. 21a.b). The high amount of the coarse-sand fraction, and IRD 
in response to glacial-interglacial climatic cycles over the last 240 ka are very 
well documented in the two slope cores PS1725-2 and PS1726-1 (Fig. 21c,e). 
In both slope cores, an increase in the IRD content correlates to a similar trend 
recorded in the total terrigenous coarse fraction (Fig. 19). The variations in the 
amount of IRD in the upper slope core PS1725-2 are identical to those 
recorded in the lower slope core PS1726-1. In addition, a moderate to high 
amount of IRD occurs throughout interglacial stage 7, but decreases during 
glacial stage 6. The IRD content of stage 6 is relatively low compared to that 
recorded for the last glacial stage 2. However, there is a periodic increase in 
the supply of coarse terrigenous material during this interval. Moderate 
amounts of ERD-input are documented during interglacial stage 5, but 
decrease in glacial stage 4. A predominant increase in IRD content occurs at 
the stage 413 boundary, and continues from stages 3 through to the stage 211 
boundary, i.e. Termination la (Fig. 21c,e). The Same Pattern is also reflected in 
the total coarse terrigenous sediment fraction (Fig. 19). The Holocene 
sequence is mostly characterised by a decrease in the IRD content. However, 
one peak corresponding to an increase in the 1RD is observed within core 
PS1725-2. This peak appears to be related to the Younger Dryas cooling 
event. 

In deep-sea core PS1730-2, the IRD content is very similar to the trend 
recorded in other deep-sea cores. Core PS1730-2 exhibits a relatively 
decreased input of IRD with some high-amplitude variations. The cyclic input 
of distinctly increased coarse IRD (Fig. 21g) is observed throughout the entire 
sequence. A drastic increase in IRD-input is documented within interglacial 
stage 5. 

Cores PS1946-2 and PS1947-1, recovered from the shelf south of Scoresby 
Sund,  reveal a high amount of IRD during the Holocene (Fig. 22a-b), 
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Furthermore, cores PS1948-2, PS1949-1, and PS1950-2, recovered from the 
upper to the lower slope, display a drastica decrease in the IRD content during 
the Holocene. Large amounts of IRD are documented within the three slope 
cores throughout stage 2. In general, the distinct increase in the IRD content 
correlates with very light 8 1 8 0  and &^C values (Fig. 22c,e). The deep-sea 
core PS1951-1 reveals a decreased IRD content throughout the whole 
sequence.However, the interval between glacial stage 2 and Termination la 
displays an increased IRD content. Additionally, a periodic increase in the 
terrigenous coarse ice-rafted sediment fraction (Fig. 22f) is to some extent 
observed throughout the entire sediment sequence. 

Plank. forams Cal. benthic Quartz Rock fragment Volcanic ash 
(grain-%) forams (grain-%) (grain-%) (grain-%) (grain-%) 

0 20 40 60 8 0 0  3 6 9 120204060801000  5 10 15 2 0 0  2 4 6 8 10 

Fig. 23a-b. Variations in the major biogenic and siliciciastic sedirnent cornponents and volcanic 
ash from the 125-250 pm Sand fraction (represented as grain-%). For cores a) PS1726-1 and b) 
PS1730-2. Roman numbers indicate oxygen isotope Stages 7 to 1. 

6.2.6 DISTRIBUTION OF BIOGENIC AND TERRIGENOUS COMPONENTS 

The downcore variations in the biogenic and terrigenous sediment 
composition of cores PS1726-1 and PS1730-2 are illustrated in Figure 23a-b. 
According to the component analysis of the 125-250 pm sand fraction, 
biogenic components are dominated by the monospecific planktonic 
foraminifer N. pachyderma sin., and minor amounts of benthic foraminifers 
(mainly C. teretis, C. lobatulus and 0. umbonatus). In addition, the uppermost 
sedirnent sequences comprise high amounts of agglutinated benthic 
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foraminiferal assemblages that reach 38.3 grain-% in core PS1726-1 and 53.2 
g r a b %  in core PS1730-2 (Appendix F). In deep-sea core PS1730-2, a minor 
amount of ostracod shells (<0.6 grain-'10) are recorded throughout the 
sediment sequence. Sponge spicules are the most dominant component of 
the biogenic opal fraction with minor amounts of radiolarians and diatoms (see 
Appendix F). The terrigenous sediment components are mainly composed of 
quartz (+ feldspars), rock fragments (crystalline and sedimentary rocks), 
basalt, and mica. The amount of volcanic glass within ash layer of interglacial 
Stage 7 and the Holocene are around 9 grain-% in core PS1726-1 and 
between 20 and 75 grain-O/O in core PS1730-2. 

Plank. forams Cal. benthic Quartz Rock fragment Volcanic ash 
(grain-%) forams (grain-%) (grain-%) (grain-'10) (grain-%) 

Fig. 23 a-b. continued. 

There are no obvious variations in the distribution of biogenic and terrigenous 
sediment components in response to distinct glacial-interglacial climate 
cycles. Moreover, it should be noted that the results of the component analysis 
of the 125-250 pm sand fraction can not be representative of the bulk 
sediment compositions. Nevertheless, there is a general negative correlation 
between the biogenic and terrigenous compositions. A dramatic decrease in 
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the number of foraminiferal specimens, and a distinct increase in ttie 
terrigenous components occurs mostly at stage boundaries. The Pattern of 
planktonic foraminiferal occurrences is very similar to that of benthic 
foraminiferal assemblages. Three distinct benthic foraminiferal peaks, 
identified in both cores, correspond to the light 6180 and light 61% values (cf.  
Fig. 21 e,g). 

Slope core PS1726-1, is mostly characterised by a lower amount of biogenic 
components, and a higher content of siliciclastic components in comparison to 
those recorded in the deep-sea core PS1730-2. In general, fluctuations in 
biogenic and terrigenous components are relatively lower in core PS1726-1 
than in deep-sea core PS1730-2. The sediment sequences of stage 7 and the 
Holocene are characteristically barren of biogenic components. 

In deep-sea core PS1730-2, the planktonic and benthic foraminifers display 
high-amplitude fluctuations between 0 and 90.5 grain-O/O and 0 and 21.3 grain- 
Y ,  respectively. The distribution of terrigenous components also reveals high- 
amplitude fluctuations. During the interval between early stage 7.4 and early 
stage 3.3, the rock fragment content fluctuates with high-amplitude between 2 
and 35 grain-%. 

6.2.7 STABLE OXYGEN AND CARBON ISOTOPE RECORDS 

6.2.7.1 Stahle oxygen and carbon isotope records of the planktonic foraminifer 
N. pachyderma sin. 

Transect A (shelf to the deep sea adiacent to Carlsbera Fiord) (Fig. 2) 

The two shelf cores, PS1923-2 and PS1924-1, are characterised by light 6180 
values that range between 1.72 and 3.56%o. 6180 values within core PS1 923- 
2, located on the shelf adjacent to Carlsberg Fjord, are generally lighter than 
those on the outer shelf (core PS1924-1) (Fig. 20a-b). In contrast, 6I3C values 
are about 0.25%o lighter on the outer shelf than on the inner shelf, with the 
lightest value of reaching as low as -0.63%o. 

Relatively light 8180 values ranging between 4.12 and 1 .98%o are also 
recorded throughout the sequences of cores PS1925-2 and PS1926-1 from 
the slope (Fig. 20c-d). In contrast to light 6180 values, 6^C values ranging 
between -0.53 and 0.73%0, are heavier than those recorded from the other 
slope cores (e.g. PS1725-2, PS1 726-1, PS1 948-2, PS1 949-1, and PS1950- 
2) for the Same time interval. In addition, S^C values recorded in core 
PS1926-1 from the lower slope are heavier than those from the upper slope. 
Without AMS 1% dating, the light 6780 values of the two slope cores PS1925- 
2 and PS1 926-1 could be interpreted to represent the Holocene. However, the 
stage 211 boundary is dated at 14.9 ka at a depth of. 32 cm within the lower 
slope core PS1926-1. During glacial stage 2, 6^O values are much lighter 
than those of the adjacent deep-sea core PS1 927-2. 
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The 8180 and 81% records of core PS1927-2 from the deep sea exhibit the 
global isotope pattern as reflected within other studies from the GIN Sea (e.g. 
Vogelsang 1990; KÃ¶hle 1992; JÃ¼nge 1994). Generally, the light 6^O values 
correspond well to the heavy 61% values during interglacial stages. On the 
other hand, glacial stages 4 and 2 are characterised by heavy Sl80  and light 
S^C values. The lightest 6180 value of 2.32%0 from early stage 3.3, which is 
about lighter than that recorded in other regions of the GIN Sea (cf. 
Vogelsang 1990; JÃ¼nge 1994), corresponds to the lightest &^C value of 
-0.52%0. The heavier 6180 values recorded between 20 and 16 ka correlate 
well with light 61% values and an increase in the terrigenous IRD content. A 
silmilar trend is also recorded within the 8180 and 613C records of the other 
two deep-sea cores (Figs. 21g & 22f). A distinct shift in 8180 values of 1 
is recorded during Termination la, and is dated between 16.1 and 13.2 ka (Fig. 
11). 

Transect B (shelf to the deep sea adjacent to Scoresbv Sund) (Fia. 2) 

In core PS1723-1 recovered from the inner shelf, the light 8180 and 81% 
records throughout the sediment sequence range between 2.05 to 3.28%o and 
-0.12 to 0.6%o respectively (Fig. 21a). The 8180 and 61% values are distinctly 
lower than those recorded within core PS1724-2 on the outer shelf (Fig. 21 b). 

In cores PS1725-2 and PS1726-1 recovered from the slope adjacent to 
Scoresby Sund, the heaviest oxygen isotope values are recorded during 
glacial stage 6 (4.65-4.7%o) (Fig. 21c,e). In addition, light 6^O and 8^C 
values are also recorded within both slope cores during glacial stage 6 as well 
as interglacial stage 7. Interglacial stage 5 within core PS1725-2 from the 
upper slope is not clearly indicated in the 6180 record, but more so in the 
heavier 61% record. In general, heavy 6^C values are characteristic of 
interglacial stages. In particular, the heavy 613C values of up to 0.79%o are 
characteristic of interglacial stage 5. A shift in 5180 values of 0.53 to 0.64%o 
recorded during Termination la is much smaller than compared to the glacial- 
interglacial ice volume effect of 1 .3%o (e.g. Duplessy et al. 1984; Shackleton et 
al. 1984; Chappell & Shackleton 1986). These values are also much lower 
than those recorded within the deep-sea cores (e.g, core PS1 927-2). 

The S I 8 0  and S^C records of core PS1730-2 from the deep sea show a 
typical global isotope pattern similar to that recorded in other deep-sea cores 
(cf. Imbrie et al. 1984; Martinson et al. 1987). The records in core PS1730-2 
reflect general glacial-interglacial oscillations that extend back to oxygen 
isotope substage 7.4 (Fig. 21g). The interglacial stages are generally marked 
by light @ 8 0  and heavy 81% values, whereas the values at the transition from 
glacial to interglacial stages are characterised by light 81% values. As 
recorded within both slope cores, the heaviest 8180 values and lightest 613C 
values, are recorded during glacial stage 6. In general, heavy 8^C values are 
recorded within interglacial stages (with the exception of the early periods of 
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stage 3) and light SI3C values during glacial stages. Distinctly heavier Sl3C 
values are recorded within interglacial stage 5. The 6180 record during stage 
3 displays five cyclic light-heavy 6'80 values, which are interpreted as the 
Dansgaard-Oeschger events (e.g. Broecker & Denton 1989). Termination la 
within core PS1730-2 is characterised by a distinct shift in the oxygen isotope 
record by 1.14%0. The Younger Dryas cooling event is characterised by 
relatively heavy 6180 and light S13C values. 

Transect C (shelf to the deep sea south of Scoresbv Sund) (Fia. 2) 

The two cores PS1946-2 and PS1947-1 recovered from the shelf are 
characterised by light S^O values of 3.36 to 2.19%0 and the lightest Sl3C 
values of up to -1.2%o, that exhibit high-amplitude variations (Fig. 22a-b). 
Along this transect, the inner shelf exhibits relatively lighter 5180 and &^C 
values than compared to the outer shelf. 

Light 6180 and S13C values are recorded within the whole sequence from 
three cores PS1 948-2, PS1 949-1, and PS1 950-2 on the slope (Fig. 22c-e). 
The lightest 8180 values accompanied by extremely light S^C values, are 
recorded during glacial stage 2 and the Holocene within the three slope cores. 
A change towards slightly heavier 8180 values is recorded from the upper 
slope to the lower slope south of Scoresby Sund. The 613C values throughout 
the three cores are generally lighter than O%o, and display high-amplitude 
oscillations. In core PS1948-2 from the upper slope, the lightest SI8O value of 
0.92%o corresponds to a lightest 513C value of -0.91%o. This is interpreted as 
Termination la and is dated in core PS1950-2 at approximately 14.2 ka (Fig. 
22e). The light 8180 and S^C values recorded throughout glacial stage 2, are 
in good accordance with an increase in the IRD content, further indicated by 
an increase in the accumulation of sand and gravel during this interval (Fig. 
22c-e). 

The 5180 and S^C values of core PS1951-1 from the deep sea correlate well 
with the global isotope record and its typical glacial-interglacial oscillations, 
The 6180 and &^C records are very similar to that shown in the other two 
deep-sea cores. Distinct shifts in the 5 7 8 0  records occur at the boundaries 
between glacial and interglacial periods, i.e. 615, 413, and Termination la. This 
remarkable shift to lighter 8180 values is usually accompanied by a similar 
trend in the 81% record. A distinct shift in the oxygen isotope value of 2.24%0 
is recorded at Termination la and is dated at 15.3 to14.5 ka (Fig. 11). As 
shown in the other four long cores PS1725-2, PS1726-1, PS1 730-2, and 
PS1927-2, heavy 6^C values are representative of interglacial stages. 
Interglacial stage 5 is characterised by the heaviest 51% values of up to 
0.71%0. 
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6.2.7.2 Stahle oxygen and carbon isotope records of benthic foraminifers C. 
wuellerstorfi and 0. umbonatus 

The 5180 and 813C records of C. wuellerstorfi are characteristic of interglacial 
stage 5 and the Holocene within core PS1730-2, and stage 5 within core 
PS1951-1 from the deep sea (Figs. 9-10). The 5180 values of C. wuellersforfi 
during the Holocene are about heavier than those of stage 5, whereas the 
81% values show a similar range between 0 and 1.25%o in both stages. In 
contrast, the oxygen and carbon isotope records of 0. umbonatus extend back 
to the stage 716 boundary within core PS1730-2 (Fig. 9). There is no isotope 
data for stage 7 as 0. umbonatus. is absent during this interval. In general, the 
8180 and 51% records of 0. umbonatus show a similar correlation with record 
of N. pachyderma sin. (Fig. 12). The interglacial stages, with the exception of 
stage 3, exhibit light 5180 values. The 5180 values of stage 3 fluctuate in 
response to both interstadial and stadial periods within this interval. The 8180 
compositions of glacial stages exhibit relatively heavy values compared to the 
interglacial stages, and are in general close to the record of N. pachyderma 
sin.. Termination la according to 0. umbonatus occurs at approximately 12.2 
ka, but lags behind that of N. pachyderma sin. by approximately 3.6 ka 
probably as a result of bioturbation (A, Mackensen pers. commun. 1994). 
However, the timing of the onset of Termination la according to C. wuellerstorfi 
is close to that of N. pachyderma sin. (Fig. 12). 

In general, 0. umbonatus shows distinctly lighter 51% values than compared 
to those of N. pachyderma sin.. The difference in the amplitude of the glacial- 
interglacial 513C record between N. pachyderma sin. and 0. umbonatus is 
generally >1 .O%o. A similar pattern is recorded within sediments from the 
Greenland Sea (JÃ¼nge 1994) and the continental margin of the Weddell Sea 
(cf. Mackensen et al. 1994). In particular, the lightest 513C values of <-3%o are 
present during glacial substages 6.5 and 6.3, suggesting a change in bottom 
water masses. However, the general pattern of the 613C record of 0. 
umbonatus is very similar to that observed in N. pachyderma sin., and reflects 
the characteristic glacial-interglacial cycles with low values during 
glacials (cf. Mackensen et al. 1994). 

6.2.8 CALCIUM CARBONATE DISTRIBUTION 

Transect A (shelf to the deep sea adjacent to Carlsbera Fiord) (Fia. 2) 

The cores, PS1923-2 and PS1924-1, are characterised by relatively low 
carbonate content that reach a maximum value of 8 O/O (Fig. 20a-b). In general, 
a distinct change occurs within surface sediments where the carbonate 
content decreases to less than 3 %. Some benthic foraminifers were present 
within the interval between 56 and 65 cm within core PS1923-1 on the inner 
shelf. 

The carbonate distribution within cores PS1925-2 and PS1926-1 from the 
slope is similar to that observed within the shelf cores (Fig. 20c-d). Glacial 
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stage 2 displays a higher carbonate content than that within the Holocene. 
The carbonate content ranges between 5.7 and 10.5 % with the exception of 
one point at a depth of 190 cm within core PS1925-2 from the upper slope 
where a minimum value of 2.2 % is recorded. This interval corresponds to 
higher organic carbon values, and high CIN ratios (see below). The markedly 
lower carbonate values are also identified within core PS1927-2 recoverd 
from the deep sea along the Same transect. An abrupt decrease in the 
carbonate content occurs at the stage 211 boundary (Termination la). The 
Holocene sedimentary sequence is characterised by lower carbonate values 
that range between 1.5 and 4.5 %. 

In core PS1927-2, the carbonate composition differs from that recorded from 
the cores on the continental margin. The carbonate in the deep sea mainly 
originales from the planktonic foraminifer N. pachyderma sin., and from minor 
amounts of benthic foraminifers. Nevertheless, carbonate values are relatively 
low and range between 0 and 8 % throughout the sedimentary sequence (Fig. 
20e). In addition, the fluctuation in the carbonate content does not seem to 
reflect glacial-interglacial changes. This is clearly different from the Pattern 
recorded within the central and eastern GIN deep sea, where the carbonate 
values generally reflect glacial-interglacial cycles (e.g. Kellogg 1976, 1977; 
Kellogg et al. 1978). From early stage 3 to Termination la, the carbonate 
content reveals an increase in values relative to other intervals. A distinct 
reduction in carbonate values of down to 0 % is recorded at the stage 514 
boundary, within early stage 3, and during the interval between 20 and 19 ka 
and between 13 and 6 ka. Within early stage 3 ,  the lower carbonate values 
correspond to a distinct increase in organic carbon values, higher CIN ratios, 
and the lightest 6180  and 8l3C values. 

Transect B (shelf to the deep sea adjacent to Scoresby Sund) (Fig, 2) 

The cores PS1723-1 and PS1724-2 are characterised by a relatively low 
carbonate content <5 '10 (Fig. 21a-b). In the upper part of the Holocene 
sequence, the carbonate content decreases to a minimum of <2 %. 

The carbonate content of two cores PS1725-2 and PS1726-1 from the slope is 
mainly <10 O/O, with the exception of two discrete peaks with values ranging up 
to 15 7% (PS1725-2; Fig. 21c,e). These correlate to a maximum within the 
calcareous foraminiferal content (Fig. 23a). In contrast, the carbonate within 
stage 7 seems to be of a terrigenous origin as there is an absence of biogenic 
components within the sediments (see Fig. 23a). Distinct carbonate peaks 
occur within both slope cores during glacial stage 6. The period between 
stage 7 and middle stage 6 is marked by a relatively lower carbonate content 
that varies at low-amplitude, This is followed by increased values that fluctuate 
at high-amplitude upto the stage 211 boundary, i.e. Termination la. Following 
this interval, lower carbonate values of <2 % (which show a negative 
correlation with the organic carbon values) are observed within the Holocene. 
It is obvious that the minimum carbonate values are mostly recorded at the 
stage boundaries, e.g. 716, 615, 514, and Termination la (Fig. 21c,e). A marked 
decrease in the carbonate content is recorded during the interval between 
19.4 and 19.2 ka within the LGM. 
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The carbonate content of core PS1730-2 from the deep sea is characterised 
by relatively low values typically <7.5 O/O with the exception of one distinfi peak 
within interglacial stage 5. In general, the carbonate fluctuations within this 
core do not correlate to glacial-interglacial oscillations (cf. Kellogg 1976, 
1977). As recorded in the other long cores (PS1725-2, PS1726-1, PS1927-2, 
and PS1951-l), a decrease in the carbonate content occurs at the stage 
boundaries (Fig. 21g). In general, a distinct decrease in the carbonate content 
correlates with a distinct maxima in the organic carbon content, high CIN ratios 
e.g. stages 6, 3 and 2), and relatively light S^O and S^C values (e.g. stages 
6, 3, and the Holocene). During the LGM, the carbonate content is relatively 
higher than that of the Holocene. However, an abrupt decrease in the 
carbonate content occurs during the interval between 20 and 19 ka. 

Transect C (shelf to the deep sea south of Scoresbv Sund) (Fig. 2) 

The carbonate content of cores PS1946-2 and PS1947-1 are characterised by 
extremely low values of <1 % (Fig. 22a-b). A decrease in the carbonate 
content from 8 O/O to 1.5 '10 occurs along the shelf regions from Carlsberg Fjord 
via Scoresby Sund to Steward 0. The minimum carbonate values seem to 
coincide with light S^C values and an increased IRD content. 

In cores PS1948-2, PS1949-1, and PS1950-2 from the slope, the carbonate 
values are also lower (<3.6 O/O) than those recorded in the other slope regions 
(Fig. 22c-e). The general trend towards lower carbonate values is observed 
along the transect from the upper slope towards the lower slope. The minimum 
carbonate values occur within the uppermost section of the Holocene 
sequence. During Termination la, there is a slight increase in the carbonate 
content. During the last glacial stage 2, the carbonate content fluctuates with 
low-amplitude. An abrupt increase in the supply of gravel-sized ice-rafted 
detritus at this time seems to be responsible for the dilution of the carbonate 
content within sediments. 

In core PS1951-1 from the deep sea, the carbonate content exhibits values of 
<6.5 % (Fig. 22f). As recorded in the other four long cores (PS1725-2, 
PS1726-1, PS1730-2, and PS1927-2), the change towards lower carbonate 
values is mostly recorded at the stage boundaries, e.g. 615, 514, and 
Termination la. These intervals are characterised by the lowest carbonate 
content, and conspicuously light 8 1 8 0  and 513C vaiues. The carbonate 
distribution of stage 3 reveals consistently low values that vary at low- 
amplitude. A distinct increase in the carbonate content is recorded during 
Termination la. Following this period, considerably lower carbonate values are 
recorded during the Holocene. Two distinct events, displayed by an abrupt 
decrease in the carbonate content, occur during the last glacial stage 2 at 
approximately 19.6 and 18.3 ka, respectively. 
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6.2.9 DISTRIBUTION AND COMPOSITION OF ORGANIC CARBON 

Transect A (shelf to the deep sea adiacent to Carlsbera Fiord) (Fig. 2) 

Four sediment cores along the continental margin adjacent to Carlsberg Fjord 
are characterised by a very low organic carbon content of <0.3 %. An 
exception to this are the near-surface sediments that are characterised by a 
distinct increase in the organic carbon content of up to 1.1 % (Fig. 20a-d). In 
addition, the lower organic carbon content coinciding with the CIN ratios of 
> I 0  for the LGM and the early Holocene. However, an the exception to this is 
the single peak within core PS1925-2 from the upper slope. In core PS1 927-2 
from the deep-sea, the organic carbon content reveals a relative increase from 
0.3 to 1 % (Fig. 20e). During stages 3 and 2, several peaks representing an 
increase in the organic carbon content correlate well with peaks of increased 
CIN ratios. 

The CIN ratios of the four cores along the continental margin range between 6 
and 15 (Fig. 20a-d). The CIN ratios of the deep-sea core PS1927-2 vary 
around 13, with the highest values of up to 25 (Fig. 20e). In general, low 
hydrogen index (Hl) values of c100 mgHCIgC are recorded within all the five 
cores adjacent to Carlsberg Fjord, reflecting the dominance of terrigenous 
organic carbon throughout the sequence. Hl values (100 mgHC1gC) are only 
exhibited within the uppermost surface sediments. 

Based on a van Krevelen-type diagram, most of the organic matter in these 
five sediment cores falls consistently into the type 1 1 1  field (i.e. low hydrogen 
and high oxygen index values) (Fig. 24a-C), indicating a predominance of 
immature terrigenous organic matter. Trnax values of <435OC are characteristic 
of all the sediment cores adjacent to Carlsberg Fjord, and Support the 
immature nature of the organic matter. Only a few higher Trnax values of 
>435'C are recorded from the Holocene sequence (Appendix D). 

Transect B (shelf to the deep sea adjacent to Scoresbv Sund) (Fig. 2) 

The five sediment cores along a transect from the shelf to the deep sea 
perpendicular to Scoresby Sund are characterised by relatively low organic 
carbon values that range between 0.1 and 0.8 % (Fig. 21a-g), except for one 
single peak of 1.5 % at a depth of 660 cm within core PS1730-2. During the 
transition from the LGM to the Holocene, drastic changes in the organic 
carbon content are not observed throughout the entire sediment sequences. 
Distinct peaks of high organic carbon values during stages 6, 3, and 2 
correlate well with high CIN ratios and low Hl values, indicating events of 
increased input of terrigenous organic matter. In addition, the high organic 
carbon content mostly correspond to dark greyish lithological facies (see core 
description in Appendix A). The brownish Holocene sediment sequence is 
also enriched in organic carbon with contents ranging between 0.3 and 0.7 % 
in accordance with relatively low CIN ratios, and markedly increased Hl values 
between 100 and 300 mgHC1gC. 

Generally, higher CIN ratios between 10 and 30 are recorded within sediment 
cores from the inner shelf to the upper slope. In contrast, the two cores from 
the lower slope and the deep sea display lower CIN ratios of approximately 5, 
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with a maximum value of 18 at a depth of 660 cm within core PS1730-2.. With 
the exception of stage 7, core PS1726-1 from the lower slope shows relatively 
lower CIN ratios of <5 throughout the sediment sequence. However, the 
interval from stage 7 to early stage 2 is characterised by lower Hl values (Fig. 
21e). 
With some exceptions, all five cores show low Hl values between 50 and 100 
mgHCIgC, reflecting higher amounts of terrigenous material. This sequence is 
generally accompanied with higher CIN ratios and an increased input of sand- 
sized rock fragments. During the interval from the Last Glacial Maximum to the 
Holocene, both cores PS1726-1 and PS1730-2 display relatively high Hl 
values of >I00 to 300 mgHC1gC and low CIN ratios < I  0 (Fig. 21 e,g). 

In a van Krevelen-type diagram, most of the organic matter of all five cores 
have low Hl and high 01 values indicating a terrigenous source (kerogen type 
I )  (Fig. 24d-f). There is some evidence of a slightly increased amount of 
material of a marine origin within stages 7, 5, 2, and during the Holocene. 
According to Trnax values of <435OC, the organic matter within cores PS1723- 
1 and PS1724-2 from the shelf appears to be very immature (cf. Stein 1991). 
In general, Tmax values of >435OC are recorded within the three long cores 
(PS1 725-2, PS1 726-1, and PS1 730-2) during interglacial stages (Appendix 
D). 

Transect C (shelf to the deeu sea south of Scoresbv Sund) (Fiu. 2) 

The organic carbon contents within the two sediment cores from the shelf 
adjacent to Steward 0 show very low values of c0.3 %, that coincide with high 
CIN ratios of >10 and low Hl values of <I00 mgHC1gC (Fig. 22a-b). Tmax 
values are generally lower than 435OC (Appendix D). 

In the three cores from the upper to the lower slope, the organic carbon 
content varies between 0.3 and 0.7 % (Fig. 22c-e). An increase in the organic 
carbon content within core PS1948-2 occurs during the interval from late 
stage 2 to the stage 211 boundary, and correlates well with an increased IRD 
content, a decreased carbonate content, and higher CIN ratios (Fig. 22c). CIN 
ratios from the three slope cores are consistently higher (15-40) than 
compared to those from the other slope cores (e.g. PS1725-2 and PS1726-1). 
Although CIN ratios are still somewhat high in value, an apparent decrease in 
the CIN ratios occurs within cores PS1949-1 and PS1950-2 at the stage 211 
boundary. Tmax values are homogenous within the three slope cores at 
around 435'C during stage 2 and >435OC during the Holocene. (Appendix D). 

In core PS1951-1 from the deep-sea, the organic carbon values fluctuate with 
high-amplitude and range between 0.17 and 0.85 Oh (Fig. 22f). The minimum 
organic carbon values are characteristic of interglacial stages 5 and 3. Five 
distinct, single peaks of high organic carbon values are documented at the 
stage 615 boundary and within stages 3, 2, and 1. The peaks correlate well 
with increased CIN ratios. One single peak of organic carbon recorded at 
approximately 18.7 ka corresponds to a finely laminated layer in which IRD is 
absent, whereas the other four discrete peaks correlate well with an increased 
IRD content. The interval below a depth of 255 cm, with the exception of two 
discrete peaks, exhibits low CIN ratios. In contrast, the interval from early stage 





3 to the Holocene, is characterised by C/N ratios that vary with a_ high- 
amplitude from 6 to 25. This interval also corresponds to an increased organic 
carbon content. The whole sediment sequence, except for the Holocene, is 
characterised by low Hl values of <50 mgHC/gC. Trnax values fluctuate with 
high-amplitude between 300 and 533OC (Appendix D). 

The low Hl and 01 values of the two shelf cores fall close to the origin within a 
van Krevelen-type diagram and, therefore seem to reflect higher amounts of 
reworked and probably more mature organic matter (Stein et al. 1993) (Fig. 
24g). In contrast, the Holocene sequence within the three slope cores, as 
indicated by the low Hl and high 01 values, may be composed of highly 
oxidized organic matter (cf. Stein et al. 1989). In particular, it is interesting to 
note that within the LGM diamicton sequence of these three cores, the 
composition of the organic matter as indicated by the low Hl and 01 values, is 
ver -  similar to those shown within the Holocene of both shelf cores (Fig. 23a- 
b). Most of the organic matter in the sediments of core PS1951-1 from from the 
deep-sea is of type III, i.e. of terrigenous origin (Fig. 24i). Therefore, only the 
Holocene organic matter is likely to be a mixture of terrestrial and marine 
origin. 
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6.2.10 ACCUMULATION RATES OF BIOGENIC AND TERRIGENOUS 
MATTER 

6.2.1 0.1 Carbonate accumulation rate 

In general, the carbonate fluxes calculated from the five long cores do not 
reflect glacial-interglacial cycles. The carbonate accumulation rates from the 
slope exhibit distinctly lower values and range between 0 and 0.5 g cm-2 kyr-1 
(Fig. 25). The carbonate flux rates from the deep-sea cores vary with a 
relatively high-amplitude, and range between <0.1 and 1.1 g cm-2 kyr-1 (Fig. 
25). In general, a distinct increase in the carbonate flux rate occurs at the 
Stage 4/3 boundary. 

Carbonate acc. rate Carbonate acc. rate Carbonate acc. rate Carbonate acc. rate Carbonate acc. rate 
(g cm-2 kyr-1) (g cm-2kyr-1) (g cm-2kyr-1) (g cm-2 kyrl) (g cm-2 kyi-1) 

0 0.2 0.4 0.60 0.2 0.4 0.6 0 0.2 0.4 0.6 0.8 0 0.4 0.8 1.2 0 0.3 0.6 0.9 

Fig. 25. Carbonate accurnulation rates of two cores PS1725-2 and PS1726-1 frorn the slope, 
and three cores PS1730-2, PS1927-2, and PS1951-1 from the deep sea during the last 240 
ka. 

In cores PS1725-2 and PS1726-1 from the slope adjacent to Scoresby Sund, 
low carbonate accumulation rates of <0.1 g cm-2 kyr-1 are recorded for the 
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interval between stages 6 and 4. A slight increase in the carb-onate 
accumulation rate of 20.1 g cma2 k y r l  is recorded during stages 7 and 6, and 
at the stage 716 boundary. A distinct increase in the carbonate flux occurs 
during stages 3 to 2. A maximum value of 0.5 g ~ m - ~  kyr1 is recorded during 
the interval between 20 and 15 ka. Within the Holocene, the carbonate flux 
decreases to a minimum value of 0.01 g ~ m - ~  kyr-I. The Pattern of carbonate 
accumulation rate within the deep-sea cores is also very similar to that 
recorded in the slope cores. The lower values of <0.2 g cm-2 kyrl occur during 
stage 7 to stage 4. In general, increased values of >0.2 g cm-2 kyr-1 occur 
during stages 3 and 2. Within stage 3, cores PS1730-2 and PS1951-1 
frequently reveal lower values of <0.2 g ~ m - ~  kyr-1. The high-amplitude 
variations in the carbonate flux are displayed within the three deep-sea cores 
during stages 3 and 2. In particular, distinct higher values of 2 0.4 g cm-2 kyr-1 
are recorded in cores PS1730-2 and PS1927-1 during the interval between 
28.0 and 21.2 ka, and 23.8 to 19.5 ka, respectively. The higher carbonate 
accumulation rates are also recorded in core PS1951-1 during the interval 
between 21.5 and 15.3 ka. The carbonate flux rates decrease drastically at 
Termination la, and reach a minimum value of S0.01 g cm-2 kyrl  during the 
Holocene. 

Corg accu. rate Corg accu. rate Corg accu. rate Corg accu. rate Corg accu. rate 
(g cm-2kyr-1) (g cm-Zkyr-1) (g cm-2kyr-1) (g cm-2kyr-1) (g cm-2kyr-1) 

Fig. 26. Organic carbon accumulation 
rates of two slope cores PS1725-2 
and PS1726-1, and three deep-sea 
cores PS1730-2, PS1 927-2, and 
PS1951-1 during the last 240 ka. 



6.2.1 0.2 Organic carbon accumulation rate 

In general, the accumulation rate of total organic carbon is characterised by 
much lower values on the slope than in the deep sea. The entire sequence of 
the slope cores PS1725-2 and PS1726-1, with the exception of the distinct 
peaks within Stages 7 and 2 and at the stage 716 boundary, reveals lower 
values of ~ 0 . 0 2  g ~ r n - ~  kyr-I (Fig. 26). In general, the interval from stage 6 to 
stage 3 displays the lowest values of 50.01 g cm-2 kyr-1. In the deep-sea cores 
PS1 730-2, PS1 927-2, and PS1 951 -1, a trend towards lower organic carbon 
flux occurs between stage 7 and stage 4. Compared to the two slope cores, 
the organic carbon flux of the three deep-sea cores increases to ~ 0 . 0 2  g cm-2 
kyr-1 at the stage 413 boundary. In the three deep-sea cores, the highest 
organic carbon accumulation rate ranges between 0.08 and 0.15 g cm-2 kyt-1, 
and occurs during the interval between 20.1 and 17.8 ka (Fig. 26). During the 
Holocene, the organic carbon flux of the two slope cores increases from <0.01 
g cm-2 kyr-1 on the upper slope to about 0.02 g ~ r n - ~  kyr-1 on the lower slope. 
In the three deep-sea cores, the organic carbon flux decreases towards values 
typical of the late Holocene. 

Terrig. matter acc. Terrig. matter acc. Terrig. matter acc. Terrig. matter acc. Terrig. matter acc. 
rate (g cm-2 kyr-1) rate (g cm-2 kyrl) rate (g cm-2 kyrl) rate (g cm-2kyr1) rate (g cm-2 kyr l )  

0 5 1 0 1 5 0  4 8 1 2 0  4 8 1 2 0  10 2 0 0  10 20 

Fig. 27. Terrigenous matter accumulation rates of two slope cores PS1725-2 and PS1726-1 
and three deep-sea cores PS1730-2, PS1927-2, and PS1951-1 during the last 240 ka. 
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6.2.1 0.3 Accumulation rate of terrigenous matter 

The accumulation rate of terrigenous matter (Fig. 27) calculated from the five 
long cores shows very similar trends to that within the bulk mass accumulation 
rate (Fig. 14) as the sediments are mostly composed of terrigenous material. 
The accumulation rate within cores PS1725-2 and PS1726-1 from the slope, 
with the exception of stages 7 and 2, are represented by low values of <4 g 
cm-2 kyr-1. At'the stage 716 and 413 boundaries, a trend towards increased 
accumulation rates is characteristic of the two slope cores. Compared to the 
slope cores, a general trend of increasing terrigenous flux is recorded in the 
three deep-sea cores. However, a more distinct increase in the terrigenous 
flux occurs at the stage 413 boundary. The rates increase distinctly in the five 
long cores during stage 2, and rise to maximum values of 18.9 g cm-* kyr-1 
during the interval between 21.2 and 17.5 ka. During the Holocene, the 
terrigenous matter accumulation rates decrease to a low value of 20.99 g cm-2 
kyr-' . 
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7. LATE QUATERNARY GLACIAL-INTERGLACIAL SEDIMENT 
COMPOSIT ION A L O N G  T H E  E A S T  G R E E N L A N D  
CONTINENTAL MARGIN AND PALEOCEANOGRAPHIC 
IMPLICATIONS 

7.1. Sediment composition and paleoceanographic implications during the 
last two glacial-interglacial cycles 

Marine sediments within the GIN Sea reflect variations in the surface water 
properties, oceanic circulation Patterns, sea-ice cover, and the waxing and 
waning of the surrounding continental ice sheets during late Quaternary 
climatic cycles (Kellogg 1976, 1977, 1980; Kellogg et al. 1978; Ramm 1988; 
Henrich et al. 1989, 1995; Jansen et al. 1990; Baumann et al. 1993, 1995; 
Hebbeln et al. 1994; Johannessen et al. 1994; Wagner & Henrich 1994; Nam 
et al. 1995a; Stein et al. 1996). The EGC transports very cold and low-saline 
polar water masses, and a high volume of icebergs southward along the 
western Part of the GIN Sea from the Arctic Ocean. In contrast, the northward 
inflow of relatively warm and high-saline North Atlantic water contributes to the 
transport of heat and moisture towards the high-latitude continents and is 
sensitive to late Quaternary climatic changes. The strong gradients that exist 
between the ice covered Polar waters and the relatively warm Atlantic waters 
enable the GIN Sea to be a key region for understanding the changes in 
paleoclimate and paleoceanography during late Quaternary glacial- 
interglacial cycles. 

In the high-latitude northern oceans, variations in the sediment composition 
are closely related to surface-water productivity, supply of terrigenous ice- 
rafted debris, and resuspended material transported by icebergs, sea-ice, and 
currents. Due to a relatively low sea-level stand, an increase in the sea-ice 
cover and discharge of icebergs, and extended continental ice sheets during 
glacial periods, the sediment supplied to the deep-sea floor is dominated by 
non-biogenic material (e.g. Ruddiman & Mcintyre 1976; Ruddiman 1977). In 
contrast, during interglacial periods, open-water conditions coupled with a 
high sea-level stand have contributed not only to the reduced supply of 
terrigenous sediment, but also to an increase in surface-water productivity 
resulting in enhanced flux-rates of biogenic material to the sea floor (Kellogg 
1976, 1980; Gard & Backman 1990). 

In general, a number of extensive investigations within the GIN Sea have 
gained an insight into the properties of sediment composition and their 
response to changes in the paleoclimate and paleoceanography (e.g. Ramm 
1988; Henrich et al. 1989; Baumann et al. 1993). The most common features 
of deep-sea sediments are the colour changes (varying between dark and 
light layers) reflecting glacial-interglacial climatic cycles (e.g. Henrich et al. 
1989, 1995; Hebbeln 1991; Bond et al. 1992a). The results from the GIN Sea 
indicate characteristic variations in the sediment composition that reflect 
differential development and prevailing conditions of surface water, and the 
subsequent sedimentary processes and environments through glacial- 
interglacial periods (Kellogg 1976, 1977, 1980; Kellogg et al. 1978; Damuth 
1978; Jansen & Erlenkeuser 1985; Ramm 1988; Henrich et al. 1989, 1995; 
Baumann et al. 1993, 1994, 1995; Nam et al. 1995a). 
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Until now, little information concerning sedimentary processes and 
environments, and the paleoclimatic and paleoceanographic history is 
ascertained from the heavily ice-covered western margin of the Greenland 
Sea (Stein et al. 1993, 1996; JÃ¼nge 1994; Antonow 1995; Nam et al. 1995a). 
In fact, most of the sedimentological, micropaleontological, organic- 
geochemical, and stable isotopic data for the region are based On studies from 
the central and eastern part of the GIN Sea, and are used in the interpretation 
of paleoclimatological and paleoceanographical changes during late 
Quaternary glacial-interglacial cycles (e.g. Kellogg 1976, 1977; Henrich et al. 
1989, 1995; Vogelsang 1990; Sarnthein et al, 1992, 1995; Baumann et al. 
1993, 1994; Wagner & Henrich 1994; Goldschmidt 1995). Therefore, the 
investigated glaciomarine sediments along the East Greenland continental 
margin provide an important new data set for the reconstruction of the 
paleoclimate and paleoceanography of the GIN Sea associated with late 
Quaternary climatic change. 

7.1 .I Biogenic carbonate records and their response to glacial-interglacial 
climate change along the East Greenland continental margin 

The biogenic carbonate content (e.g. coccoliths and calcareous foraminifers) 
of marine sediments are generally related to water-mass properties and 
biological productivity (Kellogg 1976; Gard 1988; Samtleben & SchrÃ¶de 
1992; Samtleben et al, 1995). Other factors such as water depth, 
sedimentation, preservation, and dissolution are also of major importance 
e .g .  Anderson 1975; Biscaye et al. 1976; Kellogg 1980; Broecker & Peng 
1982; Henrich 1986; Gard 1987; Carstens 1988; de Vernal et al. 1992; 
Steinsund & Hald 1994). Within the GIN Sea, the distribution of biogenic 
carbonate reveals a significant decrease towards the west due to a distinct 
gradient within surface-water masses (Kellogg 1976, 1977, 1980; Gard 1988; 
Henrich et al. 1989; Paetsch et al. 1992; Samtleben & SchrÃ¶de 1992; 
Baumann et al. 1993, 1994). The carbonate content reveals a marked 
decrease landward due to dilution by an increased input of terrestrial derived 
non-carbonate sediment (e.g. Baumann et al. 1994; Nam et al. 1995a). 
Changes in surface-water masses are well reflected in the distribution of 
planktonic floral and faunal assemblages (e.g. Kellogg 1976; Gard 1988; Eide 
1990; Gard & Backman 1990; Schrader & KOG Karpuz 1990; Johannessen et 
al. 1994; Matthiessen 1995; Samtleben et al. 1995). Currently, the biogenic 
carbonate records are used as an indicator for understanding the dynamics of 
climatic and paleoceanographic change during late Quaternary glacial- 
interglacial cycles. In the central and eastern GIN Sea, the carbonate content 
is generally higher during interglacials than during glacial periods resulting 
from the inflow of warm Atlantic water and reduced sea-ice cover (Kellogg 
1976, 1980; Gard 1988; Paetsch et al. 1992; Baumann et al. 1993, 1994). 

Compared to the central and eastern region, the western margin of the GIN 
Sea displays a different carbonate distribution pattern that results from the 
strong influence from cold and low-saline Polar water and the severe sea-ice 
cover (Fig. 28a-e; e.g. Kellogg 1976). The carbonate fluctuations do not seem 
to reflect the general glacial-interglacial climatic changes (cf. Kellogg 1976, 
1977, 1980; Baumann et al. 1994). Carbonate contents are typically <I0  % 
except for a peak of approximately 15 % in substage 6.4 for core PS1725-2 
from the upper slope. These values are distinctly lower than compared to 
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those from the central and eastern GIN Sea. This suggests that there has been 
little incursion of North Atlantic water along the western margin of the GIN Sea 
throughout the last 245 ka. A relative increase in the carbonate content is not 
consistently recorded during interglacial stages, i.e. stages 5 and 1, as is 
observed in the central and eastern regions of the GIN Sea (cf. Kellogg 1976, 
1980). In contrast, there is evidence of relatively enhanced carbonate flux 
during glacial stages 6, 4, and 2. The most conspicuous event involving higher 
foraminiferal abundances is documented between 153 and 135 ka (substages 
6.4, 6.3, and 6.2) in the slope and deep-sea cores corresponding to the 
Saalian glaciation (Fig. 28a-C, e). A significantly increased carbonate content 
is also displayed during this interval. During substages 6.4 and 6.2, the coarse 
terrigenous IRD content reveals a distinct decrease probably resulting from an 
extensive sea-ice Cover (Nam et al. 1995a; see Section 7.2). In contrast, 
during substage 6.3, the higher abundance of foraminifers coincides with an 
increased IRD content reflecting an increase in iceberg calving and melting 
(e.g. core PS1726-I), which may in turn contribute to the high nutrient supply 
necessary to sustain the productivity blooms along the continental slope (e.g, 
Lloyd et al. 1996b). The increased carbonate content during interglacials and 
glacials correlates well to a high abundance in planktonic foraminifers 
indicating a major proportion of the carbonate originating from biogenic 
material (Fig. 28b-C). 

An increased abundance of foraminifers indicates that there was a strong, 
seasonally reduced sea-ice coverage, and/or open-ocean conditions during 
interglacial and glacial stages (Kellogg 1980). According to the investigation 
into the phytoplankton biomass and productivity of the Fram Strait (Smith et al. 
1987; Hebbeln & Wefer 1991), higher biogenic productivity took place at the 
ice-margin during summer months. Similarly, a high concentration of 
zooplankton (mostly planktonic foraminifers) is recorded in the water masses 
near the ice margin from the southern part of the Greeniand Sea (Thiede & 
Hempel 1991). The productivity and abundance rapidly decrease under the 
ice but are less rapid towards the Open water environment (Hebbeln & Wefer 
1991; Carstens & Wefer 1992). The high biological productivity probably 
relates to an increased nutrient supply that results from ice-edge upwelling, 
which commonly occurs at the sea-ice margins (Jacobs et al. 1979; Smith et 
al. 1987). During substages 6.4 and 6.2, heavier 6180 values than those of the 
last glacial Stage 2 suggest very low SST at the extensive sea-ice margin. 
During severe glacial conditions such as substages 6.4 and 6.2, the ice- 
margin is considered to have extended to the continental shelf break along the 
eastern margin of Greenland (see Section 7.2). However, some ice-free 
conditions along the fluctuating ice margin may have been induced by 
Summer melting during peak glacial periods. Nutrients are often concentrated 
in sea ice by the aeolian transport of terrestrial particles (Smith et al. 1987), 
whereas calving icebergs commonly have a higher nutrient concentration than 
that of the ambient sea water (Jacobs et al. 1979). Due to an increased influx 
of nutrients from the melting marginal ice Zone, there was higher foraminiferal 
productivity during peak glacial periods. Heavy &^C values in the upper slope 
core PS1725-2 may support some ice-free conditions along the fluctuating ice 
margin during this interval. 

Along the western margin of the GIN Sea, cold and low saline polar waters of 
the EGC, sea-ice coverage, and increased calving and melting of icebergs 
coupled with the corresponding high supply of IRD have crucially controlled 
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the surface productivity and the preservation of biogenic carbonate during the 
last two glacial-interglacial intervals. The very high abundance (>95 %Tof N. 
pachyderma sin. along the East Greenland continental margin (see Appendix 
F) reflects very low SST and a permanent winter sea-ice Cover (Kellogg 1976, 
1980; Johannessen et al. 1994). The predominance of terrigenous IRD within 
glaciomarine sediments indicates an increase in the discharge of icebergs 
and meltwater ( see  Section 7.2). The northern Greenland Sea, and the 

Carbonate (%) C-org (%) - - 
0  2 4  6 8 10 0 0.3 0.6 0  

Carbonate (%) - 
9 0 2 4 6 8 1 0  

Carbonate acc. rate C-org acc. rate Carbonate acc. rate C-org acc. rate 
(g kyr-l) (g cm^ kyr-l) (g cm"* kyr-l) (g ~ m - ~  kyr-l) 

Fig. 28 a-e. Carbonate and organic carbon contents, and accumulation rates of carbonate and 
organic carbon of five cores a) PS1725-2, (b) PS1726-1, (C) PS1730-2, (d) PS1927-2, and (e) 
PS1951-1 are plotted against age (ka). The relative abundance of planktonic foraminifer from 
the sand fraction (125-250 um) is represented as grain-% (cores PS1726-1 and PS1730-2). 
Interglacial stages are shaded. 
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Iceland Plateau are similarly characterised by a significantly reduced irrflux of 
carbonate during the past 200 ka (Baumann et al. 1994; Grobe et al. unpub. 
data). This region is also characterised by an increased coarse IRD content 
(Baumann et al. 1994; Stein et al. 1996). The Jan Mayen Polar Current 
(JMPC) and the East Icelandic Current (EIC) may not have only been 
responsible for a restriction in the planktonic productivity, but also the 
transportation of large amounts of icebergs along the western margin of the 
GIN Sea from eastern Greenland and the Arctic Ocean. A high input of coarse 
IRD may have caused an increased dilution, and therefore, dissolution of the 
biogenic carbonate. Along the slope adjacent to Scoresby Sund (cores 
PS1725-2 and PS1726-I), the increased coarse IRD content within 
interglacial Stage 5 has most likely induced the dilution of biogenic carbonate, 
further reflected in the absence of the planktonic foraminifers in core PS1726- 
1. On the other hand, low carbonate values On the slope area may have 
resulted from low carbonate productivity due to a persistently strong influence 
of cold and low saline polar waters and an enhanced sea-ice coverage. 

With the onset of glacial periods (i.e. 716, 514, and 3/2), the carbonate content 
decreases considerably implying reduced surface-water productivity. During 
the transitional interval from interglacials to glacials, all sediment cores exhibit 
a distinct reduction in the terrigenous sediment content representing a 
reduction in the supply to the western margin of the Greenland Sea. The 
reduced input of biogenic carbonate and a strong decrease in the coarse 
terrigenous sediment content may be interpreted as a response to the abrupt 
and very fast extension of sea-ice cover over the surface water during the 
early part of glacial periods. As suggested previously, the rapid drop in SST 
during the interglacial-glacial transition may have not only contributed to 
reduced iceberg melting, but also accelerated the extensive growth of the sea- 
ice cover. Consequently, the heavily ice-covered East Greenland continental 
margin suppressed foraminiferal productivity in the surface water, and 
reduced or even prevented iceberg drifting towards the deep sea resulting in 
the remarkably decreased supply of carbonate and coarse IRD onto the sea 
floor. 

The early part of the interglacial Stages is similarly marked by a minimal 
carbonate content and a limited occurrence of planktonic foraminifers. This is 
attributed not only to the increased dilution from terrigenous matter, but also to 
decreased production of biogenic carbonate in the stratified surface waters 
resulting from major meltwater discharge (Nam et al. 1995a). For instance, 
Termination II and la and substage 3.31 are indicated by large meltwater 
events in the GIN Sea (see Section 8.2). Due to the deglaciation of the 
adjacent continental ice sheets, an extensive inflow of isotopically light 
meltwater contributed to the drastic reduction in deep-water ventilation (e.g. 
Broecker et al. 1988b). This led to less oxygenated and nutrient-enriched 
bottom water masses causing strong carbonate dissolution (Henrich 1986). 
During the Same time slices, the input of terrigenous organic matter increased, 
and a subsequent rise in the pC02 of bottom waters resulted from the 
decomposition of organic carbon. This process can contribute to additional 
CaCO3 dissolution at the sea floor (de Vernal et al. 1992; Steinsund & Hald 
1994). A similar effect on carbonate dissolution is suggested for the Holocene 
due to increased flux of marine-origin organic matter (see Section 8.2.8). 
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7.2 Fluctuations in the input of terrigenous sediment and response to the 
advance and retreat of East Greenland glaciers 

Numerous investigations on marine sediments from the eastern GIN Sea 
(Hebbeln 1992; Svendsen et al, 1992; Baumann et al. 1994, 1995; Hebbeln et 
al. 1994; Elverhei et al. 1995; Goldschmidt 1995; Lloyd et al. 1996a) coupled 
with those on terrestrial deposits (Miller et al. 1987, 1989; Mangerud & 
Svendsen 1992) were performed in order to reconstruct the growth and decay 
of the Scandinavian Ice Sheet and the Barents Sea Ice Sheet during the last 
two glacial-interglacial cycles. In particular, a good correlation between the 
IRD signal from marine sediments and the glacial record from the surrounding 
continents can be used to reconstruct the glacial activities and fluctuations of 
continental glaciers (Baumann et al. 1995; E lverh~ i  et al. 1995; Goldschmidt 
1995; Lloyd et al. 1996a). 

In East Greenland, the reconstruction of the glacial history based on terrestrial 
sediments is much more difficult than that derived from Scandinavia and 
Svalbard because of the recurrence of hiatuses on land records (e.g. Funder 
et al. 1994; MÃ¶lle et al. 1994). For instance, the mountain and upland 
sediments were transported mainly by ice and meltwater reflecting major 
glaciations whereas deposits of the ice-free intervals are rarely identified due 
to hiatuses (MÃ¶lle et al. 1994). On the other hand, the ice-free warm periods 
are predominantly documented in fluvial and marine sediments distributed 
along the coastal region (Hansen et al. 1994; Landvik et al. 1994; Lys5 & 
Landvik 1994). Based on several sedimentary successions in the uplands and 
along the coastal region adjacent to the Jameson Land area a composite 
chronostratigraphical scheme has been devised by Funder et al. (1994). 

In comparison to the knowledge of the late Quaternary glacial history of the 
Scandinavian Ice Sheet and the marine-based Barents Sea Ice Sheet, the 
history of the advance and retreat of the Greenland Ice Sheet is relatively 
unknown due to the limited investigations of glaciomarine sediments along the 
East Greenland continental margin (cf. Mienert et al. 1992; Nam et al. 1995a; 
Stein et al. 1996). Therefore, it is currently difficult to reconstruct the advance 
and retreat of East Greenland glaciers, and to correlate their terrestrial signals 
with those in the marine records of the Greenland Sea. For this reason, use is 
made of the accumulation rates of coarse terrigenous matter (>63 pm; cAR), 
the estimated terrigenous coarse IRD content between 0.5 and 4 mm (wt-%), 
and the IRD (>2 mm) content counted on X-radiographs from five high- 
resolution sediment cores in order to gain an insight into the understanding of 
the glacial history related to the advance and retreat of East Greenland 
glaciers during the last two glacial-interglacial cycles (Fig. 29a-e). 
Furthermore, the glacial advance and retreat of the Greenland Ice Sheet will 
be correlated with those of the Scandinavian Ice Sheet and the Barents Shelf 
Ice Sheet over the last 200 ka. 

Although the component analysis of the 125-250 p m  sand fraction was 
performed On only two cores PS1726-1 and PS1730-2, the result seems to 
provide limited Information concerning the provenance of the terrigenous 
sediment components. This is probably the result of two reasons: 1) the sand 
subfraction is dominated by specific siliciclastic components such as quartz as 
well as by a biogenic component (Fig. 23a-b); and 2) the deposition of the 



7. Late Quaternary glacial-interglacial sediment composition ................................. 

Fig. 29 a-e. Comparison of the accumulation rate of coarse terrigenous matter (>63 um; cAR), 
the estimated terrigenous coarse IRD content (0.5-4 mm; wt-%), and the IRD (>2 mm) content 
counted On X-radiographs from five high-resolution sediment cores with the Quaternary 
succession on Jameson Land, East Greenland (devised by Funder et al. 1994), and its 
proposed correlation with North European chronostratigraphy and marine oxygen isotope 
stratigraphy. MLs, Milne Land stade; Fs, Flakkerhuk stade; Mi, Menselv interstate; Js, 
Jyllandselv stade; HSi, Hugin 8 0  interstade; As, Aucellaelv stade; Li, Langelandselv 
interglaciation; SSg Scoresby Sund glaciation; Lg, Lollandselv glaciation. The abbreviation of Tl 
is Termination I. 
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Fig. 29 a-e. continued. 
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terrigenous components within this subfraction can be additionally controlled 
by other transport mechanisms (e.g. sea-ice) (e.g. Pfirman et al. 1989; 
NÃ¼rnber et al. 1994). In general, sediment particles >500 pm are assumed to 
be derived from iceberg processes (Grobe 1986; Elverhei et al. 1995). In the 
high-latitude oceans terrigenous particles >500 um within marine sediments 
have been preferentially used for provenance studies in order to reconstruct 
past iceberg drift paths and the sediment source regions associated with the 
waxing and waning of the continental ice sheets (Bischof et al. 1990; Bischof 
1991, 1994; Spielhagen 1991 ; Elverhei et al. 1995; Goldschmidt 1995). 

Provenance investigations were not performed on the terrigenous IRD 
component (i.e. 0.5-4 mm) in this study. Due to the proximity of the 
investigated cores to the major outlet glaciers draining the eastern margin of 
the Greenland Ice Sheet, it is possible to assert that the majority of IRD 
deposited along the East Greenland continental margin have been 
transported via icebergs from eastern Greenland. This is corroborated by the 
identification and correlation between the cyclic number, duration, and timing 
of IRD-events recorded along the East Greenland continental margin, and 
from the GRIP ice core (for detailed discussion See Section 9). In addition, it 
can not be ruled out that the terrigenous particles found in these cores, to a 
certain but limited extent, originated from the more northern regions of the 
Arctic (e.g. the Arctic Ocean, the Svalbard area, and the Barents Sea) via the 
EGC (e.g. Bischof et al. 1990; Bischof 1994; Goldschmidt 1995). 

Approximately fifteen major IRD pulses along the Western margin of the 
Greenland Sea strongly indicate fluctuations in the stability of glaciers along 
the eastern margin of the Greenland Ice Sheet through the last 200 ka. This is 
best documented in cores PS1725-2 and PS1726-1 recovered from the slope 
adjacent to Scoresby Sund (Fig. 29a-b). A similar pattern is also documented 
in the deep-sea cores and reflects a reduced supply of icebergs and 
associated melting and therefore, IRD-supply onto the deep-sea floor (Fig. 
29c-e). In general, major pulses of terrigenous IRD occur close to the stage 
boundaries reflecting the advance andlor collapse of East Greenland glaciers. 
Furthermore and with the exception of the Holocene, these pulses also occur 
within certain intervals of glacial and interglacial stages. Stein et al. (1996) 
presented a similar pattern of distinct, high-amplitude variations in the supply 
of the sand fraction and IRD in the northern part of the continental slope 
adjacent to Hochstetterbugten. This implies that the glaciers advanced and 
retreated along the East Greenland continental margin during glacial and 
interglacial stages. Therefore, large volumes of icebergs discharged from 
outlet glaciers may have supplied terrigenous sediments into the EGC system. 

A very dark, overconsolidated massive diamicton sequence is recorded within 
stage 7 of two slope cores adjacent to Scoresby Sund. This diamicton 
sequence contains a maximum IRD content and a high sand fraction content. 
This sequence may correlate with the pre-Saalian "Lolleandshelv glaciation" 
recorded on Jameson Land (Funder et al. 1994; Stein et al. 1996) (Fig. 29a-b). 
The magnetic susceptibility (MS) of this interval reveals remarkably higher 
values (>600 10-5 SI) than compared to those of the last glaciation. 
Furthermore, the MS values are very similar to those recorded for the LGM on 
the slope south of Scoresby Sund (Fig. 15c). Therefore, it is assumed that the 
source region for the older IRD material and corresponding high MS values is 
most probably the basalts derived from the Geikie Plateau, and the inner fjords 
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of the Scoresby Sund System (e.g. Marienfeld 1992a). The diamicton 
sequence is interpreted to have been deposited by subaqueous mass 
movement processes (i.e. debris flows). According to Parasound and 3.5 kHz 
records (e.g. Damuth 1978; Niessen & Whittington 1995; Vanneste et al. 
1995), the occurrence of slumps and debris flows is a common feature along 
the East Greenland continental margin. Debris flow deposits (up to 10 m in 
thickness) underlying a relatively uniform drape of approximately 10 m of well 
stratified sediments are recognized over a relative large distance along the 
slope adjacent to Scoresby Sund (Fig. 30; Niessen & Whittington 1995). 

Fig. 30. Parasound record at the slope off Scoresby Sund (70Â°30.8'N 18Â°18.0' and 
70Â°28.9'N 18O18.5'W (from Niessen & Whittington 1995). 

An increased accumulation rate of coarse-grained material (cAR) and a high 
IRD content in both slope cores adjacent to Scoresby Sund occur between 
substage 7.2 (201 ka) and the end of substage 7.1 (193 ka) and probably 
reflect an increased rate of iceberg calving. An increased cAR is recorded in 
the deep-sea core PS1730-2 at the stage 716 boundary (193 to 183 ka) 
reflecting a rapid waxing of East Greenland glaciers. The glacial interval 
between the stage 716 boundary (189.6 ka) and the onset of substage 6.5 
(175.6 ka) is characterised by very low cARs coupled with a lowered IRD 
supply to the continental margin. Similarly, a distinctly reduced supply of IRD 
to the western Greenland Sea is recorded during this interval (Goldschmidt 
1995; Henrich et al. 1995). This suggests that only little icebergs reached the 
western margin of the Greenland Sea due to a rapid and expanded build-up 
of sea ice at this time. However, a large peak in the accumulation rate of IRD is 
recorded during this interval in the eastern part of the GIN Sea and reflects 
that the Scandinavian Ice Sheet may have been in the phase of rapid waxing 
and a relatively slow waning'(Goldschmidt 1995). 

In general, the cAR and coarse IRD content greatly decrease within the slope 
cores during stadial periods, i.e. 6.6, 6.4, and 6.2. During the Same interval, a 
relative increase in the cAR and coarse IRD is recorded in core PS1730-2 
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from the deep sea. In contrast, during interstadials 6.5 and 6.3, the CM and 
coarse IRD display a significant increase in the slope cores PS1725-2 and 
PS1726-1 and a distinct decrease in the deep-sea core PS1730-2 (Fig. 29a- 
C). The terrestrial records near Scoresby Sund indicate that the Saalian 
glaciation (stage 6) was the most extensive glaciation in East Greenland (Hjort 
1981 ; Funder 1984, 1989; Funder et al, 1994; MÃ¶lle et al. 1994). A similarly 
extensive glaciation is recorded on the West coast of Spitsbergen (Miller et al. 
1987) and On Iceland (Norddahl 1981, 1983). Compared to the highest peak 
in the cAR and the high coarse IRD content associated with the last glacial 
stage 2, the western margin of the Greenland Sea is characterised by lower 
cAR and reduced coarse terrigenous IRD supply during the Saalian glaciation. 
This is probably attributed to the extensive sea-ice Cover which could have 
prevented the drift of icebergs towards the deep sea during extreme cold 
glacial periods (Nam et al. 1995a). Alternatively, as suggested by the GRIP ice 
core records (cf. Dansgaard et al. 1993), the Greenland Ice Sheet may have 
been relatively stable during the Saalian glaciation in comparison to the 
middle and early Weischelian glaciation. This suggests that ice stagnation 
resulting from the reduced moisture supply to Greenland led to a reduction in 
the calving rates at the ice ablation Zone. Therefore, a relatively small amount 
of icebergs were calved from glaciers with a subsequent reduction in the drift 
towards the deep sea. On the other hand, cold SST as suggested by heavier 
8180 values (see Section 8.2.2), would reduce the melting rate of icebergs 
causing a decrease in the deposition of coarse IRD. 

During interstadials 6.5 and 6.3, the SST is thought to have been, to some 
extent, warmer than during stadials (e.g. 6.6 and 6.2) due to an incursion of 
warm Atlantic water into the GIN Sea (e.g, Hebbeln 1991; Henrich 1992; 
Bauch 1993; Henrich et al. 1995). A reduced sea-ice coverage on the shelf, 
and an increase in the SST could have contributed to the relatively increased 
iceberg drift and melting over the continental slope. This may account for the 
increased cAR and coarse IRD content in the slope cores. The advance and 
retreat of the continental ice sheets have recently been reconstructed by a 
good correlation of peaks within the IRD accumulation rate, and the land 
glaciation record (Hebbeln 1992; Baumann et al. 1995; Goldschmidt 1995; 
Lloyd et al. 1996a). The repeated fluctuation of the Saalian Scandinavian Ice 
Sheet is interpreted from a correlation between land and marine-based data 
(Mangerud 1991; Baumann et al. 1995; Goldschmidt 1995). As a result, 
repeated pulses of cAR and coarse IRD supply suggest that during the 
Saalian glaciation rapid advance and retreat of East Greenland glaciers 
appear to have taken place coherently with those of the Scandinavian Ice 
Sheet. 

At the 615 transition, an increased cAR and enhanced IRD supply to the 
western margin of the Greenland Sea indicate the repeated collapse of the 
East Greenland Ice Sheet built-up during the Saalian glaciation. The 
increased rate of iceberg calving from the outlet glaciers draining into the 
Scoresby Sund fjord System can be monitored through the peaks of cAR and 
IRD in the deep-sea core PS1951-1, and an increased supply of coarse IRD 
within the slope cores PS1725-2 and PS1726-1, During the early period of the 
Eemian, the East Greenland continental margin was still affected by cold polar 
waters of the EGC and a strong sea-ice coverage (see Section 8.2.3). 
Therefore, this interval was characterised by a very low carbonate content, 
absence of planktonic foraminifers, and a relatively low amount of IRD. The 
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cAR and IRD content reach higher peaks in both slope cores during the 
interval 125 to 118 ka. Before this interval, the deep sea cores reflect a strong 
meltwater event during the penultimate deglacial interval that probably results 
from the influence of warm Atlantic water (see Section 8.2.3). With the advent 
of the Eemian interglaciation, the sediments near the Langelandselv coastal 
area adjacent to Jameson Land have yielded subarctic marine molluscan 
faunas that suggest a stronger advection of warm Atlantic water into the 
Scoresby Sund fjord system than during the Hoiocene (Landvik et al. 1994; 
Vosgerau et al. 1994). 

According to the luminescence dates of shallow and fluvial sediments, 
Mejdahl and Funder (1 994) suggested that the timing of the incursion of warm 
Atlantic water may have took place at about 120Â±1 ka. This timing is very 
similar to the peak of cAR and coarse IRD content in both slope cores adjacent 
to Scoresby Sund suggesting the beginning of a major deglaciation event 
associated with East Greenland glaciers. This interval is further indicated by a 
very low carbonate content and an absence of planktonic foraminifers within 
both slope cores. A large discharge of icebergs, and a subsequent increase in 
the input of coarse terrigenous matter would have restricted biogenic 
carbonate production in surface water, and increased the dilution of biogenic 
carbonate supplied to the sea floor. In the deep-sea cores, a distinct rise in the 
carbonate content coupled with a peak in the planktonic foraminiferal content 
occurs between 120 and 11 5 ka. This implies the occurrence of enhanced 
open-water conditions resulting from an inflow of warm Atlantic water. 
However, the presence of more than 95 % N. pachyderma sin. indicates that 
an input of Atlantic water may not have propagated fully into the western 
margin of the Greenland Sea in order to change the surface water 
oceanography during this peak interglacial period, but instead contributed to 
the strongly reduced ice covered water conditions. This further indicates that 
this core position (70Â°07.2'N 17O42.1'W) was situated under the Polar front 
during the Eemian-period similar to that within the Holocene. 

Between the end of stadial 5d and interstadial 5c, the slope cores PS1725-2 
and PS1726-1 and the deep-sea cores PS1730-2 and PS1951-1 show a 
marked increase in the cARs, and coarse IRD content. Stein et al. (1996) 
suggested that the most prominent IRD peak found within the western 
Greenland Sea for mid stage 5 may coincide with the "Aucellaelv stade" 
described in the Scoresby Sund area by Funder et al. (1994), Israelson et al. 
(1994), and LysA and Landvik (1994). During this period, glaciers advanced 
out to the mouth of Scoresby Sund and retreated thereafter to somewhere 
north of Lollandselv (Funder et al. 1994). Therefore, the increased cAR and 
the increased coarse IRD content are most likely related to the collapse andlor 
retreat of east Greenland glaciers developed during substage 5d. 

A distinct increase in the cARs and the coarse IRD content is recorded within 
cores PS1726-1 and PS1927-2, between substages 5.2 and 5.1. This may 
similarly be attributed to the decay of glaciers built-up during substage 5.2 
("Jyllandselv stade") when the glaciers reached the outer fjord of the Scoresby 
Sund system (Tveranger et al. 1994). During a similar interval (i.e. 90 ka), the 
Scandinavian Ice Sheet may have reached the coast or somewhat beyond 
this depositing high amounts of IRD (Baumann et al. 1995; Goldschmidt 1995). 
An increase in the cAR and coarse IRD is recorded on the upper slope 
adjacent to Scoresby Sund between mid substage 5a and the stage 514 
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boundary. This may signal an advance or retreat of the local outlet glaciers 
entering the Scoresby Sund fjord system. As a consequence and further 
supported by an elevated increase in the cARs and coarse IRD content along 
the East Greenland continental margin, at least two major advances and 
retreats of East Greenland glaciers are probable during interglacial stage 5 (cf. 
Stein et al. 1996). 

Before the last major glacial advance associated with the Late Weichselian or 
Flakkerhuk stade", there is no terrestrial record on eastern Greenland. A 
hiatus of ca. 50 ka probably resulted for two reasons; 1) lowering sea level to 
levels below that of the Holocene, where fluvial and marine sediments were 
deposited below the present sea level, and thereafter were eroded by  
glaciers; 2) from over-simplified andlor undated stratigraphy (Funder et al. 
1994). In general, glacial stage 4 is characterised by low cARs and a distinct 
decrease in the coarse IRD supply onto the upper stope adjacent to Scoresby 
Sund. An extended sea-ice cover over the shelf area may have prevented the 
seaward drift of icebergs causing a decrease in the sedimentation rate (Nam 
et al. 1995a). Low SSTs may have prohibited significant melting of discharged 
icebergs along the continental slope which is further supported by heavier 
SI80 values than compared to those in the LGM. The time Span between 65 
and 61 ka is displayed by a higher abundance of planktonic foraminifers, and 
relatively heavier S^C values than during the last glacial stage 2 indicating 
reduced sea-ice cover resulting from summer melting. From the lower slope to 
the deep sea, there is evidence for both increased cARs and coarse IRD 
supply during the Same time interval. Therefore, it is considered that this pulse 
of coarse terrigenous material may be a signal of a small advancelretreat of 
the glaciers. During the Same time period, a small advance andlor retreat of 
the Barents Sea Ice Sheet is suggested by Hebbeln (1992), Mangerud and 
Svendsen (1992), and Lloyd et al. (1 996a). 

The interval between 59 and 25 ka (i.e. glacial stage 3) is indicated by three 
major pulses in the cARs and coarse IRD to the continental margin. The rapid 
increase in the cARs and coarse IRD occurs between 59 and 51 ka. The first 
peak of maximum IRD coincides with a large meltwater event within the GIN 
Sea (for detailed discussion See Section 8.2.5). The maximum IRD supply 
corresponding to the large meltwater event indicates a major collapse of East 
Greenland glaciers. A good correlation between the two events is found in the 
eastern and northern GIN Sea reflecting the large surging of the Scandinavian 
and the Barents Sea ice sheets (Hebbeln 1992; Baumann et al. 1995; 
Goldschmidt 1995; Lloyd et al. 1996a). The coherent collapse of the high- 
latitude northern continental ice sheets during early stage 3 is considered to 
have been triggered by a climatically driven mechanism such as the 
Milankovitch solar radiation changes. This suggestion is derived from the 
major melting of the three high-latitude Northern Hemisphere ice sheets 
occurring as the Summer insolation reaches its maximum. 

A second small advance and retreat of glaciers is reflected on the slope 
adjacent to Scoresby Sund by an increase in the cARs coupled with a distinct 
increase in the supply of coarse IRD between 35 and 31 ka (Fig. 29a-b). Prior 
to this IRD-event, a small advancelretreat of East Greenland glaciers is 
recorded between 48 and 42 ka. These two intervals reflect the fluctuating 
extent of East Greenland glaciers, and appear to correlate with the growth and 
decay of the Scandinavian and Barents Sea ice sheets (Baumann et al. 1995; 
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Goldschmidt 1995; Lloyd et al. 1996a). East Greenland glaciers are 
considered to have started a renewed advance between 28 and 25 ka before 
the last glacial maximum advance onto the continental margin (Fig. 32). The 
IRD records indicate that the onset of this glaciation occurred widely in the GIN 
Sea prior to the beginning of the LGM. Therefore, the advancelretreat of the 
glaciers is recorded in the northern Greenland Sea (e.g. JÃ¼nge 1994; Stein et 
al. 1996), the Fram Strait (e.g. Hebbeln 1992), and in the Norwegian Sea (e.g. 
Baumann et al. 1995; Fronval et al. 1995; Goldschmidt 1995). Furthermore, 
there is evidence for massive discharge of icebergs into the North Atlantic from 
the Laurentide Ice Sheet (Bond et al. 1992b, 1993) suggesting a considerable 
surging phase associated with the waxing andlor waning of the Northern 
Hemisphere continental ice sheets. This time Span coincides with the cooling 
air temperatures recorded from the GRIP ice core (cf. Dansgaard et al. 1993). 
As formerly suggested by increased cARs and coarse IRD content, the 
advance and retreat of East Greenland glaciers most likely correlate with the 
cold phase of "Dansgaard-Oeschger cycles" recorded in the GRIP ice core (for 
detailed discussion See Section 9). 
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7.3 Advance and retreat of East Greenland glaciers during the- Late 
Weichselian 

During the last glacial stage 2, the continental margins of the GIN Sea were 
subjected to the repeated advance and retreat of terrestrial-based glaciers 
(e.g. Hughes et al. 1977). Based on terrestrial (e.g. Hjort 1981; Funder 1984, 
1989) and glaciomarine records (e.g. Mienert et al. 1992; Stein et al. 1993; 
Hubberten et al. 1995), outlet glaciers draining the eastern margin of the 
Greenland Ice Sheet during the LGM, may have grounded On the sea floor 
and advanced onto the East Greenland continental shelf. Stein et al. (1993) 
suggested that the overconsolidated, stiff diamictons underlying a Holocene 
glaciomarine sequence may have been more widespread over the East 
Greenland continental margin during this interval. Only part of the stiff 
diamictons have been recovered from the East Greenland shelf, but it is 
possible to suggest that outlet glaciers reached the shelf region during the 
LGM (e.g, Mienert et al. 1992; Hubberten et al. 1995). Without a success in the 
recovery of complete LGM sediment sequences to date, the extent of the 
Greenland Ice Sheet and the associated advance and retreat of marine-based 
outlet glaciers on the East Greenland continental margin still remains 
unsolved (cf. MÃ¶lle et al. 1991 & further references therein). 

Based On oxygen isotope records and AMS 1% datings, only cores PS1725-2 
and PS1726-1 recovered from the slope adjacent to Scoresby Sund, 
penetrated a complete last glacial sediment sequence, whereas the remaining 
five slope cores recovered from north and south of Scoresby Sund, seem to 
have only penetrated a part of the last glacial stage 2. In particular, the latter 
LGM sequence comprises a homogeneously overconsolidated massive 
diamicton facies formed by debris flow mass movement. According to the 
massive diamictons deposited on the slope areas north and south of Scoresby 
Sund, the maximum seaward extent of a grounded ice sheet may have been 
at the continental shelf break during the LGM (about 21-16 ka). During this 
period, there was a massive IRD supply to the Western margin of the 
Greenland Sea and a distinct increase in the accumulation rate of terrigenous 
matter, probably supporting the advance of East Greenland glaciers onto the 
shelf (Figs. 32-33). During the maximum glacial conditions On the shelf break, 
it is probable that iceberg calving rates increased near the fluctuating ice- 
sheet margin as calving near the waterline is generally considered the 
dominant mode of glacier ablation (Anderson & Molnia 1989). Therefore, it is 
thought that there was a massive and rapid sediment input onto the shelf 
break andlor the steep upper slope north and south of Scoresby Sund. This 
situation led to oversteepened slopes and/or excess Pore fluid pressures in 
accumulated glacial sediments, which subsequently triggered instability and 
subaqueous mass movement (Vorren et al. 1989). It is generally known that 
mass movement On high-latitude slope is closely associated with rain-out of 
glacial debris when the grounding-line of an ice mass reaches the shelf break 
(Hambrey 1994). On the other hand, sediment supply directly from ice-sheet 
margins to the shelf break north and south of Scoresby Sund was greater than 
compared to that discharged to the slope areas adjacent to Scoresby Sund, 
which was fed for the most part by icebergs calved from outlet glaciers. 

During the LGM, diamicton sequences were deposited north and south of 
Scoresby Sund and comprise large amounts of coarse IRD (>2 mm) 
particularly on the slope areas. These sequences are associated with light 
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8180 (3 to 2%o) and S^C (0 to values similar to those of the Holocene 
(See Section 8.2.6), reflecting strong melting processes near the ice-shelf 
margin probably during the peak glacial summer. In particular, very light 8180 
and 813C values from the slope cores (e.g. PS1948-2, PS1949-1, and 
PS1950-2) south of Scoresby Sund imply an enhanced discharge of icebergs 
and meltwater plume activity. High magnetic susceptibility (MS) values of 600 
to 1200 (10-5 SI) are characteristic of these LGM diamictons (Fig. 15c). These 
values are similar to those documented in the Holocene glaciomarine 
sediments from the shelf (Fig. 15c). Additionally, the high magnetic 
susceptibility values correspond well to the dominance of basaltic minerals 
within the diamicton sequence (Evans in prep.), indicating the supply of 
terrigenous material from the basalt terrains of Scoresby Sund and the Geikie 
Plateau. On the other hand, LGM diamicton sediments from the slope cores of 
the Same profile fall within the origin (i.e. low Hl of 2100 mgHC1gC and 01 of 5 
100 mgC02/gC) of a van Krevelen-type diagram (see Fig. 24h), pointing to the 
predominance of reworked and overmature organic matter (e.g. Stein et al. 
1993). Such organic matter is also identified within Holocene glaciomarine 
sediments from the shelf south of Scoresby Sund (Fig. 24g). Based on the 
identical composition of terrigenous organic material, the dominance of 
basaltic minerals, and higher MS values of the glacial diamicton sequences of 
the slope and the Holocene glaciomarine sequence of the shelf, the terrestrial 
sediment supply to the East Greenland continental margin is directly related to 
the advance andlor retreat of glaciers during the LGM and the Holocene, 
respectively (e.g. Fig. 31). 

During intervals when the outlet glaciers draining the Greenland Ice Sheet 
extended onto the continental shelf south of Scoresby Sund (Geikie Plateau), 
the ice shelf was fed directly by valley- andlor outlet-glaciers from the Geikie 
Plateau. The till at Kikiakajik south of Scoresby Sund was most likely 
deposited by the outlet glaciers from the Geikie Plateau (Mangerud & Funder 
1994). Dowdeswell et al. (1994b) have documented a moraine extending 
across the mouth of Scoresby Sund adjacent to Kap Brewster (see Figs. 5 & 8 
in Dowdeswell et al. 1994b), probably indicating the most easterly position of 
the glacier front at the culmination of the "Flakkerhuk glaciation" (see Fig. 31 B; 
Funder et al. 1994). Due to the close proximity of the glacier front (Mangerud & 
Funder 1994), an increase in sediment flux onto the slope adjacent to 
Scoresby Sund is recorded during the LGM (Nam et al. 1995a). During the 
Same interval, very high mean sedimentation rates are recorded on the slope 
areas north and south of Scoresby Sund (see Section 5). This event may 
coincide in its age and duration with the culmination of the "Flakkerhuk stade" 
and the formation of the Kap Brewster moraine (Funder et al. 1994; Mangerud 
& Funder 1994). During this interval, valley glaciers may also have extended 
from the Carlsberg andlor Kong Oscar fjords onto the adjacent shelf, and 
discharged high volumes of icebergs. In support of this, moraines are found 
close to the mouth of both fjords (Niessen & Whittington 1995). The terrestrial 
carbonate deposited on the slope southeast of Kong Oscar Fjord were 
transported by meltwater plumes and icebergs originating from Canning Land 
and Scoresby Land (see Section 7.4.2). Glaciers that reached the shelf 
adjacent to both Carlsberg and Kong Oscar fjords are considered to have 
been smaller than those that extended onto the shelf south of Scoresby Sund. 
This is supported by the relatively lower IRD content and higher 8180 and 
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Fig. 31. Fast and present glaciation in the East Greenland fjord zone. A) Known ice lirnit during 
Milne Land stade (10 ka), flow lines, and rninirnurn dates for deglaciation of sites at the present 
ice rnargin (^C years BP). Sources: Funder and Hjort (1978), Hjort (1979), and Funder 
(unpublished). B) Conceptual rnodel of Flakkerhuk glaciation (ca. 14 ka), ice distribution, rnajor 
flow lines, and ice thickness (rnetres above present sea level), based entirely On land evidence. 
Sources: Hjort (1981) and Funder (1984). Surface elevations based on weathering limits 
quoted frorn the regional studies. C) Distribution of sedirnents frorn the Jarneson Land marine 
episode (Early and Middle Weichselian). Circles show location of shells frorn sarnple episode, 
reworked in younger till. Source: Funder (1 984). Frorn Funder (1989). 
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Fig. 32. Postulated advance and retreat of East Greenland glaciers based on the IRD supply onto the East Greenland conlinenlal rnargin and the adjcent 
deep sea during the last 30 ka. 
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Fig. 33. Cornparison of terrigenous matter accumulation rate, and accurnulation rate of coarse accumulation rate (>63 pm; cAR) and postulated glacial advance 
and retreat of the Greenland Ice Sheet during the last 30 ka. 
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61% values of N. pachyderma sin. compared to those recorded frorn the slope 
cores south of Scoresby Sund. Funder (1984, 1989) and Funder et al. (1994) 
suggested that the grounded glaciers filled the outer Scoresby Sund fjord 
System, and extended onto the inner shelf during the Late Weichselian 
Glaciation (the "Flakkerhuk stade") (Fig. 31B). Therefore, large amounts of 
terrigenous material might have been derived from the inner region of the 
Scoresby Sund system where it is inferred that soft sediments were eroded by 
outlet glaciers during the LGM (Dowdeswell et al. 1991; Marienfeld 1991; 
Uenzelmann-Neben et al. 1991; Stein et al. 1993). Outlet glaciers are the 
dominant source of debris-enriched icebergs as they exhibit rapid calving 
processes, and possess thick basal diamict layers (e.g. Drewry 1986). Large 
volumes of icebergs drifted onto the slope adjacent to Scoresby Sund further 
indicated by the large amount of coarse terrigenous sediment deposited On 
the continental slope from the extended glaciers. Glaciomarine sediments on 
the slope adjacent to Scoresby Sund indicate that the glacial influence was 
less intense than that on the continental margin north and south of Scoresby 
Sund. The early part of stage 2 (i.e. 25 to 21 ka) was probably covered by 
intense sea-ice as indicated by a relatively reduced IRD and carbonate 
content (relating to a decrease in the foraminiferal abundance) compared to 
the following interval of the last glacial maximum (21 to 16 ka). Despite the 
processes associated with the glacial maximum around eastern Greenland, 
the surface water between 21 and 16 ka is unlikely to have been covered by 
perennial sea ice adjacent to Scoresby Sund. Therefore, compared to the 
Saalian glaciation, icebergs could drift into the offshore regions and release 
much more IRD onto the slope. On the other hand, the increased foraminiferal 
abundance and high Hl values (>I00 mgHC1gC) can also be ascribed to at 
least a seasonally fluctuating sea-ice coverage (Nam et al. 1995a). 
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7.4 Holocene glaciomarine sediments on the East Greenland contigental 
margin 

7.4.1 Holocene sedimentary processes and environments along the East 
Greenland continental margin 

Holocene sediments from the GIN Sea and the Arctic Ocean are characterised 
by a reduced coarse terrigenous ice-rafted debris content, and an increase in 
the biogenic productivity (e.g. Gard 1988; Gard & Backman 1990; Henrich 
1992; Baumann et al. 1993, 1994, 1995; Stein et al. 1994d; Cronin et al. 
1995). In contrast, Holocene glaciomarine sediments on the East Greenland 
continental shelf are marked by an increase in the IRD content, and a 
decrease in the biogenic content (e.g. Marienfeld 1991, 1992a-b; Stein et al. 
1993; Nam et al. 1994, 1995a), reflecting the streng influence of glacial 
associated processes. The sediments consist of sandy to pebbly mud with a 
predominance of ice-rafted dropstones (e.g. Marienfeld 1991; Stein et al. 
1993; Dowdeswell et al. 1994a-b; Nam et al. 1995a). Among others, the extent 
of the adjacent fjord complex systems, meltwater plumes, and iceberg rafting 
of debris are the major factors controlling sedimentary processes on the East 
Greenland continental margin. However, this pattern changes markedly 
beyond the shelf break. The supply of coarse terrigenous sediments through 
icebergs and sea ice to the mid to lower slope significantly decreases and 
reflects the gradual transition from glacial dominated processes of the LGM to 
Holocene glaciomarine processes. This pattern is well reflected in sediment 
cores recovered from the continental margin adjacent to Scoresby Sund (Fig. 
21 a-g) . 

Iceberg rafting of debris is the dominant factor controlling the input of coarse 
terrigenous sediments to the fjords and shelf of East Greenland associated 
with the large volume of icebergs calved from glaciers at the head of the large 
fjord complexes (Marienfeld 1991 ; Dowdeswell et al. 1992, 1994a-b). In 
contrast to the Arctic continental margin (e.g. Pfirmen et al. 1989; Wollenburg 
1993; NÃ¼rnber et al. 1994), sediment transport along the East Greenland 
continental margin by sea ice seems to be of relatively limited importance (e.g. 
Dowdeswell et al. 1994b), as water depths within the fjords and on the shelf 
are often too deep for the sea ice to contact the sea floor, Subsequently, a 
distinct decrease in the coarse IRD content on the slope is most likely 
attributed to the decrease in the supply of icebergs across the shelf associated 
with the retreat of glaciers following the last deglaciation (e.g. Stein et al. 
1993; Nam et al. 1995a). This change to more open-ocean conditions with a 
seasonal fluctuation in sea-ice Cover resulted in an increase in biogenic 
components delivered to the slope. 

As indicated by light 8180 and S^C values, water on the inner shelf is 
subjected to a more intensive supply of meltwater derived from iceberg 
melting and glacier meltwater discharge than on the outer shelf (see Section 
8.2.8). A similar pattern is also recorded within the Holocene sequences of the 
Kejser Franz Josephs Fjord and the adjacent shelf region of East Greenland 
(Evans in prep.). However, the coarse sand fraction contains a higher IRD 
content and is distributed more on the outer shelf than on the inner shelf. This 
suggests that on the outer shelf, the southward flowing bottom current of the 
EGC System may have winnowed out the fine sediment and organic matter 
fraction. This process will have contributed to the deposition of sandy mud with 
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a higher concentration of coarse IRD on the outer shelf (e.g. Mienert et al. 
1992; Nam et al. 1995a). This correlates well with the common occurrence of 
the benthic foraminifer Cibicides lobatulus (Walker & Jacob) on the outer shelf. 
In general, C. lobatulus is the dominant benthic foraminiferal species within 
these coarse-grained sediments reflecting the high bottom current activity and 
erosion of the fine sediment fraction (e.g. Hald & Vorren 1984; Mackensen et 
al. 1985; Jennings & Helgadottir 1994; Wollenburg 1995). This environment 
provides the optimal living conditions for C. lobatulus, as it feeds through the 
filtering out of the organic matter within the suspended sediment (e.g. Nyholm 
1961; Lipps 1983). 

At depths of 500-600 m on the East Greenland continental shelf, heavy 
scouring or ploughing by iceberg keels has been recorded (Dowdeswell et al. 
1991, 1993; Mienert et al. 1992; Niessen & Whittington 1995). This implies that 
surface Holocene sediments deposited on shallow regions of the shelf can be 
eroded or resuspended by scouring or ploughing action of iceberg keels and 
in combination with the prevailing bottom current lead to the depletion of the 
fine grained sediment fraction (Dowdeswell et al. 1994a). This process has 
also been documented within Holocene sediments deposited in Scoresby 
Sund (Marienfeld 1991, 1992a). Therefore, it is probable that the mean 
Holocene sedimentation rates estimated from all of the cores can be 
significantly higher (cf. Section 5). Furthermore, iceberg scouring or ploughing 
may affect both the stratigraphy (e.g. Elverhei 1984; Marienfeld 1991) and the 
textural and associated properties of glaciomarine sediments (e.g. Vorren et 
al. 1983). 

7.4.2 Influence of iceberg discharge and meltwater on sedimentation, and 
sediment sources 

The fjords and continental shelf of East Greenland are strongly affected by the 
Greenland Ice Sheet (e.g. Dowdeswell et al. 1994a). Large numbers of 
icebergs are produced by several fast-flowing outlet glaciers draining Part of 
the Greenland Ice Sheet (Reeh 1985, 1989). Tidewater glaciers draining local 
ice caps produce smaller icebergs of irregular shapes (Dowdeswell et al. 
1994a-b). The icebergs drift through the large fjord complexes and reach the 
adjacent shelf (Marienfeld 1991 ; Dowdeswell et al. 1992, 1994a-b; Stein et al, 
1993). During melting the icebergs release varying amounts of lithic detritus 
onto the adjacent continental margin sea floor. 

During the interval from Termination la to the Younger Dryas cooling event, an 
increase in the carbonate content is recorded in three cores (PS1923-2, 
PS1924-1, and PS1925-2) from the inner shelf to the upper slope adjacent to 
Carlsberg Fjord. High amounts of IRD are similar to those recorded within the 
last glacial interval and reflect continuous iceberg drift from Carlsberg andlor 
Kong Oscar fjords between the LGM and the Holocene. The carbonate is 
thought to be mainly of a terrigenous origin as there is a very low abundance 
of biogenic carbonate. The detrital carbonate may originate from the glacial 
erosion of dolomite bedrock distributed locally on Canning Land and 
Scoresby Land (Henriksen & Higgins 1976). This carbonate has been 
continuously deposited On the shelf and the upper slope by icebergs and 
meltwater plumes during the retreat of the shelf ice sheet into Carlsberg Fjord 
andlor Kong Oscar Fjord. There is evidence of a high amount of discharge 
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from both icebergs and meltwater during this interval suggested by the 
increased flux of coarse terrigenous IRD, and by the relatively light 5-180 and 
81% records on the adjacent continental margin. After the Younger Dryas, the 
input of terrestrial carbonate decreased drastically probably resulting from a 
reduction in iceberg rafting of debris and an associated decrease in the IRD 
supply to the continental margin. During the Same interval, there is an 
increase in the organic carbon content, Hl values (2100 mgHC/gC), and heavy 
5^C values, suggesting a slight increase in surface-water productivity. 

With the end of the Younger Dryas, glaciers began to rapidly retreat westward 
(Fig. 31; Funder 1989) contributing to an increase in iceberg calving rates and 
iceberg drift through the fjord systems (Marienfeld 1991, 1992b). A significant 
amount of IRD has been deposited within the fjord systems such as Scoresby 
Sund (e.g. Marienfeld 1991, 1992a-b). Throughout the late Holocene, the 
majority of the icebergs discharged into Scoresby Sund are derived from the 
Daugaard-Jensen and Vestfjord glaciers (cf. Marienfeld 1991, 1992a-b; 
Dowdeswell et al. 1994b). During the Same interval, a large number of small- 
to intermediate-sized glaciers have drained the Geikie Plateau ice cap 
bordering the southern region of Scoresby Sund. Tertiary basaltic rocks are 
widely exposed, and is by far the most dominant lithology within the Geikie 
Plateau region (Funder 1989). The glaciers draining the ice cap transported a 
large amount of coarse basaltic detritus into the southern region of Scoresby 
Sund (Marienfeld 1991, 1992a-b). This is documented by the high abundance 
of basaltic rock fragments that correlate with an enhanced magnetic 
susceptibility (MS) record within sediment cores recovered from southern 
Scoresby Sund (e.g. Marienfeld 1991, 1992a). Cores PS 1946-2 and PS1 947- 
1 recovered from the shelf south of Scoresby Sund, contain distinctly higher 
amounts of IRD which correlate very well with high MS values of 1000-2400 
(10-5 SI) (Fig. 34). Therefore, the higher MS values clearly reflect the higher 
basaltic rock fragment content within sediments. This is further supporied by 
the sediment component distribution, and the XRD determined bulk sediment 
mineralogical composition (Evans in prep.). However, in slope cores PS1948- 
2 PS1949-1, and PS1950-2, the MS values are distinctly lower than 
compared to those recorded on the shelf (see Fig. 34). The lower values 
correspond to the marked decrease in the IRD content (Fig. 35). Based on the 
XRD measured mineralogy data, Evans (pers. commun. 1996) suggests that 
the Geikie Plateau is a source of terrigenous material but to a less extent. This 
indicates that a smaller amount of icebergs and IRD originating from the 
Geikie Plateau region reaches the slope region south of Scoresby Sund. This 
probably results from a reduced input of meltwater plume activity and iceberg 
discharge onto the slope area south of Scoresby Sund due to the influence of 
the southward flowing EGC. 

In contrast to the distinct increase in the IRD supply onto the shelf south of 
Scoresby Sund, a marked decrease in the IRD supply to the adjacent shelf 
clearly indicates the southward drift of a large number of icebergs after leaving 
the Scoresby Sund fjord System. In addition, the two cores from the shelf south 
of Scoresby Sund also indicate the predominance of a large input of 
meltwater during the late Holocene. The relatively low IRD supply to the'shelf 
region adjacent to Scoresby Sund reveals that only a minority of icebergs 
reached this region of the shelf. This is further supported by the relatively 
heavier 5180 and 6^C values than compared to those of the two shelf cores 
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south of Scoresby Sund. The high IRD content containing a high proportion of 
basaltic rock fragments, and a large volume of meltwater discharge indicate 
that a large amount of icebergs, and meltwater plume activity were derived 
from Scoresby Sund and transported southward in the EGC System (cf. 
Wadhams 1981; Dowdeswell et al. 1992). As clearly indicated by the 
difference in the investigated parameters, Holocene glaciomarine sediments 
on the continental margin reveal that local glacial processes play a critical role 
in the sedimentary environment. 
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Fig. 34. Holocene rnagnetic susceptibility ( 10 '~  Fig. 35. Magnetic susceptibility ( 1 0 0 " ~  SI) values 
SI) values from Transect C south Of ScoresbY are plotted versus the IRD content (no.110 cm3) 
Sund. MS values are shown against core from five sediment cores recoverd from 
depth (cm). MS ~a iues  dramatically decrease Transect C south of Scoresby Sund, 
from the shelf toward the slope. 

7.4.3 Productivity and dilution of biogenic carbonate in Holocene sediments 

The production of biogenic carbonate within the GIN Sea is closely related to 
the properties of surface water masses, oceanographic front Systems, and the 
sea-ice Cover (Kellogg 1976, 1977; Johannessen et al. 1994) (see Section 
7.1). Few nannofossils are observed along the western margin of the 
Greenland Sea and are absent within surface sediments deposited under the 
East Greenland Current (e.g. Eide 1990; Samtleben & SchrÃ¶de 1992; 
Samtleben et al. 1995). The distribution of the polar planktonic foraminifer N. 
pachyderma sin. within the Greenland Sea is dependent on the surface water 
properties associated with Summer temperatures below 4OC, sea-ice 
coverage, and water depths (Be & Tolderlund 1971 ; Carstens 1988; Hebbeln 
& Wefer 1991; Johannessen et al. 1994). The low abundance of nannofossils 
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and foraminifers within Holocene sediments along the East Greenland 
continental margin indicates that surface-water productivity is generally very 
low. This has resulted from enhanced meltwater discharge, a strong influence 
of cold and low-saline polar waters from the Arctic Ocean, and heavy sea-ice 
coverage. All these factors induce a lower influx of biogenic carbonate to the 
glaciomarine sediments. The major factor influencing a benthic biomass is the 
nutrient distribution where the benthic foraminifers are generally dependent 
On the planktonic organisms within various food chains (e.g. Struck 1992; 
Schmiedl 1995; Wollenburg 1995). Therefore, the low abundance of 
calcareous benthic foraminifers and the absence of agglutinated benthic 
foraminifers within shelf sediments reflect lower surface-water productivity 
e . g .  Marienfeld 1992b) andlor unfavourable bottom water conditions. The 
absence of agglutinated benthic foraminifers may be attributed to 
decomposition related to strong and corrosive bottom water activity on the 
shelf. 

Based On the oxygen and carbon isotope records, carbonate and organic 
carbon contents, and grain-size distribution patterns along the East Greenland 
continental margin, the sedimentary processes and environments reflect a 
distinct local pattern. The large difference in local glaciomarine environments 
may significantly influence the surface-water productivity. In particular, a 
strong meltwater discharge has prevailed along the continental margin south 
of Scoresby Sund throughout the Holocene. This vast meltwater outflow along 
the shelf indicated by the extremely light 81% values has been contributing to 
the thick stratification of surface waters prohibiting the exchange of C02 
between the atmosphere and the ocean. Therefore, the environmental 
conditions have been unfavourable for surface-water productivity along the 
shelf south of Scoresby Sund. This is substantiated by the low carbonate 
content of <1.5 Oh, and the absence of biogenic components. In addition, the 
distinct increase in IRD supply is also thought to contribute to the strong 
dilution of biogenic carbonate. The increased CIN ratios (>10) and low Hl 
values (<50 mgHC1gC) indicate that the organic matter of Holocene sediments 
is mainly terrigenous in origin and Supports a reduction in surface-water 
productivity. However, the slightly increased amount of organic matter within 
uppermost sediments reflect, to a certain extent, an increase in surface-water 
productivity which has resulted from a seasonal reduction in sea-ice Cover and 
a decrease in icebergs discharged from the adjacent fjord systems (cf. 
Marienfeld 1991 a; Stein et al. 1993). This is further supported by the marked 
decrease in IRD content, reduced CIN ratios (<10), and an increase in Hl 
values (1 00 mgHClgC). 
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8. PALEOCEANOGRAPHIC RECONSTRUCTION ALONG THE 
WESTERN MARGIN OF THE GREENLAND SEA: SEA-ICE 
COVER AND MELTWATER DISCHARGE 

8.1 Introduction 

8.1.1 N. pachyderma sin. as a proxy for the paleoceanography in the GIN Sea 

The distribution of planktonic foraminifers in the Greenland-lceland- 
Norwegian (GIN) Sea is generally related to the surface water oceanography 
and sea ice conditions (Kellogg 1976, 1977, 1980; Johannessen et al. 1994). 
During Quaternary glacial-interglacial fluctuations, the polar species N, 
pachyderma sin, is the most dominant planktonic foraminifer in the GIN Sea 
(Kellogg 1976, 1977; Kellogg et al. 1978). This species is tolerant to water 
temperatures down as low as -1.4'C (Be & Tolderlund 1971). In the Greenland 
Sea and Fram Strait, it preferentially lives in water depths between 50 and 
200 m (e.g. Kellogg et al. 1978; Streeter et al. 1982; Carstens 1988; Carstens 
& Wefer 1992), and is strongly dependent on the variations in the sea-ice 
cover (Hebbeln & Wefer 1991). In general, the maximum relative abundances 
of N. pachyderma sin. are found within surface sediments deposited under 
polar water masses covered by a perennial sea-ice cover, and under the 
Arctic water masses with only a seasonai sea-ice cover (Johannessen et al. 
1994). Kellogg (1976, 1977) also defined that the presence of >95 % N. 
pachyderma  sin. is indicative of a polar water mass associated with 
permanent winter sea-ice cover. Therefore, the tests of N. pachyderma sin. 
together with their stable oxygen and carbon isotope records are preferentially 
used for the establishment of a Quaternary chronostratigraphy, and also as a 
proxy for the reconstruction of the paleoceanography and paleoenvironment 
of the GIN Sea during Quaternary glacial-interglacial climate changes (e.g. 
Kellogg 1976, 1977, 1980; Kellogg et al. 1978; Vogelsang 1990; Weinelt 
1993). 

The oxygen isotopic composition of N. pachyderma sin. is in equilibrium with 
the isotopic composition of the surface water (Charles & Fairbanks 1990). A 
change in 5-180 values reflect changes in the oceanic isotopic composition, 
mainly resulting from the waxing and waning of the great Quaternary ice 
sheets (Shackleton 1987). In addition, the 8180 values of the foraminiferal 
calcite tests are affected by both the temperature and salinity of the ambient 
water (Emiliani 1955; Shackleton 1967) from which they are developed. The 
6180 records may be strongly influenced by local or regional isotope 
anomalies that are associated with evaporation, precipitation, sea-ice cover or 
meltwater discharge. Meltwaters derived from iceberg melting, and 
glaciofluvial and river discharge are the main contributors to a large extent to 
the 5180 anomalies in the tests of N. pachyderma sin. in the GIN Sea and 
Arctic Ocean (Vogelsang 1990; KÃ¶hle 1992; JÃ¼nge 1994; Spielhagen & 
Erlenkeuser 1994; Stein et al. 1994a-b). Additionally in the Greenland Sea, 
the meltwater discharge may be attributed to the outflow of low-saline polar 
waters from the Arctic Ocean via the EGC (KÃ¶hle 1992; Stein et al. 1994a; 
Nam et al. 1995a). Therefore, large volumes of meltwater discharge into the 
oceans may influence the 6180 values of surface waters further reflected in the 
light 8'80 values of N. pachyderma sin.. 
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The S13C composition of surface water SC02 is strongly related to the extent 
of gas exchange between the atmosphere and the ocean (Kroopnick 1980). 
Gas exchange preferentially removes the 12C to the atmosphere, and 
therefore decoupling the 6^C and nutrients. In the high-latitude oceans, a 
widespread stratification of surface waters by meltwater discharge, and an 
extensive sea-ice Cover, can strongly prevent the gas exchange between the 
atmosphere and the ocean, as reflected in the light 51% values of N. 
pachyderma sin.. Additionally, the "^C content of the oceans is determined by 
the biological productivity of surface water, nutrient cycles, and mixing 
between water masses of various isotopic composition (Kroopnick 1985; Curry 
et al. 1988; Charles & Fairbanks 1990). The photosynthesis in surface water 
preferentially extracts ^C from sea water, resulting in the enrichment of 1% 
within surface water SC02 (Curry et al. 1988). After leaving the surface waters 
of the ocean, the I3C of the total CO2 dissolved within deep water masses 
becomes relatively depleted through the remineralisation of organic carbon 
(as a source of 12C) and the mixing of water masses with various isotopic 
compositions (Curry et al. 1988; Duplessy et al. 1988a). Accordingly, 53% 
records from planktonic and benthic foraminifers are widely used as useful 
proxies for the change in paleoproductivity and deep-water circulation during 
the late Quaternary (e.g. Zahn et al. 1986; Curry et al. 1988; Duplessy et al. 
1988a; Sarnthein et al. 1988; Mackensen et al. 1993; McCorkle & Keigwin 
1994). This is related to the fact that the present geographic distribution of 
513C in the ocean is closely related to the oxygen and nutrient content of 
different water masses, and furthermore, strongly dependent on the general 
circulation of the ocean (Kroopnick 1985). 

8.1.2 Benthic foraminifer 0. umbonatus in the GIN Sea 

The deep-sea sediments of the GIN Sea are dominated by the benthic 
foraminiferal species C. wuellerstorfi and 0. umbonatus. In the GIN Sea, C. 
wuellerstorfi is present during interglacial stages, particularly stage 5 and the 
Holocene. 0. umbonatus is by far the dominant species throughout most 
glacial and interglacial stages (e.g. Belanger 1982; Streeter et al. 1982; 
Haake & Pflaumann 1989), but the abundance can be suppressed by ice 
rafting (Ramm 1988). 

The 513C records of C. wuellerstorfi may reflect the 61% of bottom waters as it 
is preferentially an epifaunal living, benthic foraminifer (Corliss 1985; 
Mackensen et al. 1985; McCorkle et al, 1990). Therefore, S^C values of C. 
wuellerstorfi are used to reconstruct changes in the deep water circulation 
intensity and patterns during Quaternary glacial-interglacial cycles (e.g. Curry 
et al. 1988; Duplessy et al. 1988a; Mackensen et al. 1993; McCorkle & 
Keigwin 1994). However, in the GIN Sea, the 51% values of C. wuellerstorfi 
are difficult to use as a proxy for bottom water reconstruction as the 
appearance of this species is mostly confined to warm stages. On the other 
hand, 0. umbonatus occurs throughout late Quaternary glacial-interglacial 
sediments and therefore, is likely to be very tolerant to changing climatic 
conditions within the GIN Sea (Haake & Pflaumann 1989). The isotope 
records of 0. umbonatus can also be used as a proxy for an additional 
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Quaternary stratigraphy within the Greenland Sea (e.g. JÃ¼nge 1994). 
Moreover, S^C values of 0. umbonatus are used to monitor deep-water 
formation within the GIN Sea (e.g. Jansen & Erlenkeuser 1985; JÃ¼nge 1994). 
However, it must be remembered that &^C records of 0. umbonatus alone 
cannot be used as a reliable indicator of deep-water formation as the 81% 

values of endofaunal species are controlled by the 61% of Pore water within 
bottom sediments (e.g. McCorkle et al. 1985, 1990; Mackensen & Douglas 
1989). However, on the basis of the parallel trends between the 61% values 
of N. pachyderma sin., C. wuellerstorfi, and 0. umbonatus, JÃ¼nge (1994) 
assumed that the 67% values of 0. umbonatus may be influenced by small 
vital and habitat effects (cf. Belanger et al. 1981). Based on this assumption 
and as suggested by JÃ¼nge (1994) from the northern Greenland deep sea 
(Fig. 36b), the 613C values of 0. umbonatus of core PS1730-2 from the deep- 
sea are used to interpret the ventilation by deep waters. 

6 j 8 0  C/o0 PDB) &^C C/do PDB) 5180 C/do PDB) Si3C (%o PDB) 
(0. umbonatus) (0. umbonatus) (0 .  umbonatus) (0 .  urnbonatus) 

5 4 3 -3.5 -2.5 -1.5 -0.5 5.5 4.5 3.5-3.5 -2.5 -1.5 -0.5 

Fig. 36 a-b. S^O and 613c records of the benthic foraminifer 0 .  umbonafus during the last 190 
ka. The 6 ^ 0  values are corrected by the addition of +0.36%o to the measured values (Duplessy 
et al. 1988b) (cf. Fig. 12). (a) deep sea-core PS1730-2, and (b) deep-sea core 1736-1 from the 
norihern Greenland Sea (from JÃ¼nge 1994). The hatched areas and arrow mark same time 
slices with moderate to highly reduced deep water renewal (after JÃ¼nge 1994). 
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8.2 Paleoclimate and paleoceanography of the Greenland Sea in respoose to 
glacial-interglacial cycles during the last 245 ka 

8.2.1 Interglacial stage 7 (245 - 190 ka) 

At the base of stage 7, the appearance of chalk particles in the central 
Greenland Sea indicates the northward drift of icebergs by northward flowing 
surface currents (Baumann et al. 1993). The Norwegian Sea during stage 7 is 
characterised by good ventilation of surface waters due to the influence of the 
Norwegian Current (e.g. Vogelsang 1990). Furthermore, during substages 7.2 
and 7.1 the patterns in surface water convection may be analogous to those of 
the present Arctic Domain (Vogelsang 1990). However, in the northern 
Greenland Sea, as reflected by the heavy 5180 and light 51% values of N. 
pachyderma sin., deep water can only be formed during substages 7.5 and 
7.1, whereas the cold periods of 7.4 to 7.2 are marked by the cooling of 
surface waters (e.g. JÃ¼nge 1994; Antonow 1995). 

During stage 7, relatively heavy 513C values from the adjacent deep sea cores 
generally reflect the global interglacial patterns (e.g. Ramm 1988; Vogelsang 
1990; Baumann et al. 1993; JÃ¼nge 1994; Antonow 1995). In contrast, along 
the East Greenland continental margin, the relatively light 5180 and 51% 
values of N. pachyderma sin. reveal a distinct meltwater discharge close to the 
continental margin. The very light 5180 and 613C values coincide well with an 
increased IRD supply to the slope. A large meltwater influx, and extensive 
iceberg rafting induced the light 5180 and 57% values and the high IRD 
content, suggesting the presence of large volumes of icebergs adjacent to the 
East Greenland continental slope. However, the meltwater discharge close to 
the East Greenland continental margin seems to be a local signal associated 
with the Greenland Ice Sheet. During stage 7, the local distribution of 
meltwater may be attributed to a relatively weak surface water circulation 
within the GIN Sea (e.g. Baumann et al. 1993). 

Based on light oxygen and carbon isotope records, and a very low carbonate 
content within the three gravity cores adjacent to Scoresby Sund, a cessation 
in deep-water formation is suggested for substages 7.5 to 7.2 but not substage 
7,l (cf. JÃ¼nge 1994; Antonow 1995). The reduced IRD-flux and an increase in 
the number of foraminiferal specimens (see Fig. 28b-C) during substage 7.1 
indicate very little iceberg rafting and increased surface water productivity due 
to reduced sea-ice coverage. The presence of a specific ash layer within this 
interval also supports that there was a period of open-water conditions, that 
permitted ash particles to settle onto the sea floor (e.g. Sejrup et al. 1989; 
Birgisdorttir 1991; Lackschewitz 1991 ; Baumann et al. 1993). 

During stage 7, the homogeneously overconsolidated diamicton sediments 
containing a high IRD content indicate an origin from a massive supply of 
icebergs, that subsequently trigger downslope mass movement via debris 
flows (Nam et al. in prep.). A similar diamicton sequence within stage 7 is also 
documented within the -northern Greenland Sea (e.g. Antonow 1995). A 
predominant increase in coarse terrigenous debris (>0.5 mm) at the Same 
interval is also recorded in deep sea sediments from the westernmost Iceland 
Plateau (e.g. Baumann et al. 1993). A general decrease in the carbonate 
content is recorded in the GIN Sea (e.g. Henrich et al. 1989; Baumann et al. 
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1993; JÃ¼nge 1994; Antonow 1995), probably indicating a dilution from an 
increased IRD supply. In general, the climate during interglacial stage 7 was 
colder than in the Eemian period and the Holocene (e.g. Kellogg 1977; Ramm 
1988). According to an absence or drastic decrease in the amount of 
nannofossils within GIN deep sea sediments, stage 7 seems to be associated 
with a strongly suppressed productivity within surface waters (Gard 1988; Bleil 
& Gard 1989), probably the result of an influx of huge quantities of meltwater 
(e.g. Kellogg et al. 1978), andlor low sea surface temperatures and salinities 
e .g .  Baumann et al. 1995). The massive meltwater supply onto the East 
Greenland continental margin induces a widespread stratification of surface 
waters, and therefore, suppresses the production of planktonic foraminifers. 
Furthermore, an increase in the supply of coarse-grained terrigenous material 
and a decrease in surface productivity, resulted in the bottom environments 
becoming extremely hostile to benthic foraminifers, which is supported by an 
absence in benthic foraminifers during this interval (Fig. 23a-b). 

8.2.2 Glacial stage 6 (190 - 130 ka) 

The Greenland Sea was rapidly covered by perennial sea ice with the onset of 
glacial stage 6. This is indicated by the heavy 8180 and light S^C values (i.e. 
substage 6.6). The year-round pack ice may have prevented the drift of 
icebergs resulting in a reduced supply of IRD onto the western margin of the 
Greenland Sea (Nam et al. 1995a). Based on this assumption, the increased 
input of terrigenous organic matter indicated by high C/N ratlos and low Hl 
indices is thought to be mainly transported by sea-ice. The extensive glacial 
sea-ice cover strongly suppressed the production of planktonic foraminifers 
leading to a low flux of biogenic carbonate (Fig. 28a-C). The light &^C values 
of N. pachyderma sin. indicate a considerably reduced CO2 exchange 
between the atmosphere and the ocean, and a drastic reduction in the 
ventilation of surface waters due to the perennial sea-ice cover. However, a 
comparison of the &^C values of N. pachyderma sin. to those from the lower 
slope and deep sea (cores PS1726-1 and PS1730-2) reveals that S^C 
values of the upper slope (core PS1725-2) are to some extent much heavier. 
This may suggest a seasonally fluctuating sea-ice cover associated with 
minimal iceberg melting close to the continental margin as a result of the 
influence of a polar water mass with temperatures below freezing point. 

After a period of expanded sea-ice cover, indicated by increased meltwater 
discharge in the GIN Sea, the surface-water condition of substage 6.5 was 
rapidly converted to more seasonally open-water conditions (e.g. Vogelsang 
1990; JÃ¼nge 1994). However, in the western part of the GIN Sea, the 
relatively lower content of calcareous foraminifers probably resulted from the 
lower salinity and temperature of surface waters due to a cap of meltwater 
suppressing the production of biogenic carbonate (e.g. Thordardotirr 1977). 
Although Hebbeln (1991), Henrich (1992), and Henrich et al. (1995) 
suggested a weak intrusion of Atlantic waters into the GIN Sea, all sediment 
cores from the western GIN Sea do not reflect any short-term advection of 
Atlantic waters. The incursion would result in melting of icebergs within the 
Greenland Sea inducing an increased supply of IRD during this interval, and 
causing a subsequent dilution of biogenic carbonate. Therefore, in 
comparison to substage 6.3, the lower carbonate content appears to be 
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attributed to dilution from increased ice-rafted debris (e.g. slope-cores 
PS1725-2 and PS1726-1). In deep-sea core PS1730-2, this is probably the 
result of a strong decrease in biogenic production. In addition, the widespread 
meltwater input may have given rise to a significant stratification of surface 
waters resulting in the reduction of bottom water production. This is further 
supported by the light 51% values of N. pachyderma sin. and 0. umbonatus 
(Figs. 36a-b & 37c). 

S ~ * O & P D B )  513C (%oPDB) S ~ * O C / ~ ~ P D B )  8 l3 C (%B PDB) 

4 3 2 -1 -0.5 0 0.5 1 5 4 3 2 -1 -0.5 0 0.5 1 

Fig. 37 a-e. 8^0 and &^C records of the planktonic foraminifer N. pachyderma sin. during the 
last 245 ka. Three cores (a) PS1725-2, (b) PS1726-1, and (C) PS1730-2 were recovered on the 
slope and in the deep sea adjacent to Scoresby Sund. Two deep-sea cores (d) PS1927-2 and 
(e) PS1951-1 were recovered frorn the deep sea north and south of Scoresby Sund, 
respectively. Arrows within the oxygen isotope records rnark meltwater event within the western 
Part of the Greenland sea. 
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Based On heavy 8180 and light 81% records from substage 6.4, the western 
Greenland Sea was dominated by very cold surface water conditions and an 
intense sea-ice coverage (e.g. JÃ¼nge 1994; Antonow 1995). A reduced 
terrigenous accumulation rate is commonly observed within the western 
Greenland Sea (JÃ¼nge 1994; Baumann et al. 1994; Goldschmidt 1995) and is 
probably the result of an expanded sea-ice cover and reduced ice melting, As 
previously discussed, the ice margin rnay have been positioned near the 
upper slope during this interval. However, relatively heavy 61% values On the 
upper slope (core PS1725-2) rnay to some extent reflect open-water 
conditions with reduced sea-ice melting resulting from the strong influence of 
very cold polar waters of the EGC. A relatively enhanced supply of IRD onto 
the slope rnay have resulted from the melting of icebergs near the ice margin. 
A distinct increase in the carbonate accumulation rate is recorded in the 
Greenland Sea (Fig. 28a-C; JÃ¼nge 1994; Baumann et al. 1994). This indicates 
seasonally fluctuating open-ocean conditions permitting the production of 
biogenic carbonate within surface waters. This is further corroborated by 
relatively heavy 513C values and the high occurrence of planktonic 
foraminifers from both slope cores (PS1 725-2 and PS1 726-1) which Support 
an increased production within ice-marginal surface waters (Smith et al. 1987; 
Hebbeln & Wefer 1991; Stein & Stax 1991; Carstens & Wefer 1992; Lloyd et 
al. 1996a) combined with the ventilation of surface waters andlor a penetration 
of oxygenated surface waters onto the sea floor. In addition, the penetration of 
oxygen-enriched surface-water masses onto the slope sea floor rnay be 
derived from dense brines released when shelf ice sheets formed close to the 
continental margin during this interval. In contrast and as suggested by the low 
occurrence of calcareous foraminifers relative to the continental margin area, 
light 81% values and a low carbonate content within the deep-sea cores 
PS1730-2 and PS1951-1 rnay have resulted from an extended sea-ice cover. 

The oceanographic pattern within substage 6.3 reflects a major regional 
melting event in the northern and western GIN Sea (e.g. JÃ¼nge 1994; 
Antonow 1995; Nam et al. 1995a), on the Iceland Plateau (Vogelsang 1990), 
and on the NE Yermak Plateau (Vogt et al. submitted). However, in the central 
and eastern sites of the GIN Sea there is no evidence for a meltwater signal 
e .g .  Vogelsang 1990). Similar to substage 3.31, the meltwater event of 
substage 6.3 rnay be associated with the melting of East Greenland glaciers, 
coupled with an input of isotopically light polar waters via the Transpolar Drift 
derived from the Arctic Ocean and directed into the western GIN Sea. 
Furthermore, the meltwater signal recorded on the Iceland Plateau is probably 
the result of a weak inflow of Atlantic waters, further suggested by the reduced 
occurrence of the planktonic foraminifer Globigerina quinqueloba (Natland) 
(Bauch 1993), and the widespread occurrence of coccoliths (Baumann 1990). 
Along the continental margin, the strong influence from marine-based shelf ice 
sheets on the pronounced meltwater discharge is indicated by an increase in 
the coarse IRD supply onto the upper slope (PS1725-2). This coarse IRD- 
supply (>0.5 mm) strongly decreases towards the deep sea implying a major 
reduction in the drift of icebergs. However, there is a distinct increase in 
accumulation rates of terrigenous matter, and rnay be the result of a higher 
input of relatively fine-grained components through meltwater plume and sea- 
ice processes (e.g. Pfirman & Solheim 1989; Nurnberg et al. 1994). A 
relatively high carbonate content and a high abundance of planktonic 
foraminifers support the strongly reduced sea-ice cover and/or Open water 
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conditions during substage 6.3. During the Same time slice, a high amount of 
coccoliths occurred in the eastern Fram Strait indicating Open surface waters 
resulting from a weak advection of Atlantic waters (Hebbeln 1991). 
Subsequently and based On litho- and organofacies distribution Patterns, 
Henrich et al. (1995) deduced a similar circulation mode as to the present day 
situation. 

When comparing 8180 and 5^C values of N. pachyderma sin. and 0 .  
umbonatus from the LGM (approximately 21 to 16 ka) to those of substage 
6.2, the relatively heavier 5180 and lighter S^C values of substage 6.2 
indicate a period of expanded sea-ice coverage over the Greenland Sea than 
during the LGM. After a period of widespread meltwater distribution during 
substage 6.3, huge volumes of fresh meltwater with near-freezing 
temperatures may have been more rapidly cooled than the ambient with water 
of normal salinity. The heaviest 5180 values of substage 6.2 is considered as 
a typical example of full glacial conditions (e.g. Duplessy & Labeyrie 1994). 
Therefore, during substage 6.2 the extensive cooling of surface waters 
resulted in an. extensive sea-ice cover throughout the GIN Sea (e.g. Kellogg 
1976, 1977, Kellogg et al. 1978; Vogelsang 1990; KÃ¶hle 1992; JÃ¼nge 1994; 
Nam et al. 1995a). A dramatic decrease in the carbonate content and 
planktonic foraminifers is most likely due to the extensive sea-ice cover (e.g. 
Kellogg 1976). During substage 6.2 and similar to substage 6.6, reduced 
iceberg drifting occurred resulting in a strong reduction of IRD discharge onto 
the sea floor. As indicated by the significantly light 5I3C values of N.  
pachyderma sin., there was also a drastic decrease in the gas exchange 
between the atmosphere and the ocean. 

8.2.3 Interglacial stage 5 (1 30 - 74 ka) 

The transition between stages 6 and 5, i.e. Termination II, is characterised by a 
rapid deglaciation that reflects the abrupt decay and retreat of the surrounding 
continental ice sheets. In general and compared to values from the Yermak 
Plateau and the Fram Strait (e.g. KÃ¶hle & Spielhagen 1990; KÃ¶hle 1992), 
6180 values along the western margin of the Greenland Sea reveal relatively 
light values that suggest a continual influence of meltwater discharged from 
East Greenland glaciers, andlor an inflow of low saline polar waters into the 
western Greenland Sea. On the other hand, relatively heavy 5-180 values from 
the Yermak Plateau and the Fram Strait may result from the cooling of 
Norwegian surface water masses during transportation towards the north (e.g. 
KÃ¶hle 1992). Furthermore, 8180 values from the Vering Plateau are very light 
due to the influence of low-saline and warm North Atlantic water masses 
(Vogelsang 1990). In addition, 8180 values from the five gravity cores are 
relatively heavy during stage 5 in comparison to those of stage 3 and in the 
Holocene (Fig. 37a-e). As indicated by the relatively heavy 6180 and S^C 
values during stage 5, this may be attributed not only to the reduced influence 
of meltwater relative to stage 3 but also to the cooling of surface waters 
relative to the Holocene. On the other hand, 8180 values from 0. umbonatus 
within stage 5 are relatively light compared to those of stage 3 and probably 
reflect changes in deep water conditions (e.g. hydrostatic pressure and bottom 
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water temperature) (Belanger & Streeter 1980; Belanger 1982). This is h r ther  
substantiated by distinctly heavier Sl3C values from N. pachyderma sin. and 
C, wuellerstorfi within stage 5, and reflects the renewal of the Greenland Sea 
deep water, subsequent well-oxygenated waters, and reduced sea-ice cover 
probably induced by the inflow of North Atlantic waters into the western 
Greenland Sea (e.g. Labeyrie & Duplessy 1985; Haake & Pflaumann 1989). 

Along the western margin of the Greenland Sea, a small shift in the 6180 
values during Termination II does not exceed the ice volume effect (cf. 
Vogelsang 1990; JÃ¼nge 1994). This may be the result of surface water 
cooling derived from the strong influence of the cold polar water of the EGC 
during this period. During substage 5.5 in core PS1725-2 from the upper 
slope, the relatively heavy 8180 value is similar to that within glacial Stages, 
and coupled with a light S^C value clearly indicates sea-ice covered 
conditions. The heavy S ' [80  values decrease eastward to lighter values, and 
reach a value of 3.0%o in all deep-sea cores (Fig. 37c-e). This eastward trend 
is thought to reflect the decrease in influence of cold waters of the EGC, andlor 
a weak inflow of warm waters associated with the NAC. However, compared to 
6180 values from the central GIN deep-sea cores during Termination II, 6180 
values of cores PSl730-2 and PS1951-1 define a weak influence from warm 
North Atlantic surface waters flowing into the western Greenland Sea, that 
contributes to regional meltwater discharge within the GIN Sea (e.g. Kohler & 
Spielhagen 1990; Vogelsang 1990; KÃ¶hle 1992; JÃ¼nge 1994). The 
meltwater discharge at the stage 615 boundary may have contributed to an 
increase in the IRD supply and a distinct decrease in the biogenic carbonate 
production. On the contrary, the dominance of N. pachyderma sin. in the deep 
sea, e.g. core PS1730-2, is thought to reflect a strong influence from cold polar 
water masses with a perennial sea ice cover (cf. Kellogg 1976, 1977; 
Johannessen et al. 1994) along the western margin of the Greenland Sea. 

During the Eemian, a climatic optimum similar to that of the Holocene occurred 
in the GIN Sea (e.g. Kellogg 1976). The highest planktonic foraminiferal 
content is recorded during both warm periods and reflects open-water 
conditions produced from an inflow of warm Atlantic waters into the GIN Sea. 
This characteristic is generally recorded within sediments from most 
investigations within the GIN Sea (e.g. Kellogg 1976, 1977, 1980; Ramm 
1988; Henrich et al. 1989; Henrich 1992; Baumann et al. 1993, 1994; JÃ¼nge 
1994). In contrast, a very low carbonate content of <2.5 O/O in core PS1951-1 
from the deep sea north of Iceland, suggests strong biogenic carbonate 
dissolution during substage 5.5, probably resulting from an increase in pCO2 
within bottom waters. In addition, the lower carbonate content recorded in 
deep-sea core PS1730-2 may reflect a strong dilution from an increased IRD 
supply to the sea floor andlor suppressed productivity within surface waters 
resulting from strong meltwater discharge. On the other hand, a lower 
carbonate content similar to the record in core PS1951-1 was determined on 
the two slope cores (PS1725-2 and PS1726-1) adjacent to Scoresby Sund, 
and is ascribed not only to dilution from increased terrigenous matter, but also 
to the dissolution caused by an increased CO2 production from the 
decomposition of organic carbon. In general, the high inflow of meltwater into 
the western Greenland Sea was strongly reduced during the later period of 
the Eernian. After this period, partially or seasonally open-water conditions 
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may have prevailed in the western part of the Greenland Sea. This is 
supported by a reduced IRD content and an increase in the carbonate content 
coupled with abundant planktonic foraminifers. A shift in 513C to distinctly 
heavier values also indicates the transition of surface conditions towards a 
seasonally reduced sea-ice cover in the Greenland Sea, that permits deep- 
water formation and strong ventilation of surface waters. 

Within the cooling periods of substages 5.4 and 5.2, relatively heavy 513C 
values, a remarkably reduced supply of terrigenous matter, and a distinct 
increase in the carbonate content reflect seasonally reduced sea-ice cover 
along the western margin of the Greenland Sea. However, substage 5.4 along 
the East Greenland continental margin is characterised by relatively heavy 
8180 and light &^C values reflecting a cooling of surface water temperatures 
which contributes to the sea-ice cover. In addition, a markedly increased IRD 
supply onto the slope area reflects enhanced iceberg drifting probably 
resulting from the advance of East Greenland glaciers during this period. In 
contrast, substage 5.2 On the upper slope is characterised by heavy 613C 
values, and an abrupt decrease in the IRD supply onto the continental margin. 
This indicates a strong, seasonal reduction in the sea-ice cover which permits 
deep-water formation and an increase in vertical mixing between surface and 
bottom waters. Furthermore, a distinct increase in the carbonate content 
corresponding with the enhanced occurrence of calcareous foraminifers 
during this interval, may be attributed to the penetration of well-oxygenated 
near surface-water masses towards the sea floor (Zahn et al. 1985). In other 
words, an abrupt decrease in the IRD supply to the continental margin is 
thought to be derived from the retreat of East Greenland glaciers during this 
period. 

In general, substage 5.3 seems to be a period of strongly reduced sea-ice 
cover and increased surface-water productivity. This is also supported by the 
heavy S^C values, high Hl values (>I00 mgHCIgC), and peaks within the 
carbonate content corresponding to the abundant occurrence of planktonic 
foraminifers. Gard & Backman (1 990), based On the occurrence of coccoliths, 
suggested an influence of North Atlantic surface wafer within the Greenland 
Sea. However, the abundance of monospecific N. pachyderma sin. indicates a 
dorninance of cold polar water masses within the western Part of the 
Greenland Sea. Owing to the heavy S^C values from the planktonic and both 
benthic foraminifers, deep-water formation seems to have taken place within 
the Greenland deep sea during substage 5.3 (e.g. Vogelsang 1990; 
Birgisdottir 1991; JÃ¼nge 1994). The high IRD content recorded in cores 
PS1730-2 and PS1951-1 from the deep sea are not observed in cores 
PS1725-2 and PS1726-1 from the upper to the lower slope adjacent to 
Scoresby Sund during this interval (Fig. 29a-c,e). This suggests that icebergs 
probably derived from the north and transported in the EGC, and melted over 
the deep sea as probably the result of the weak influence of warm surface 
waters. 

The conditions within substage'5.1 seem to be similar to those of substage 5.3 
with respect to the relatively light 5180 and heavy 513C values. In contrast, the 
Pattern within the IRD content of sediments is the reverse of substage 5.3. The 
IRD-discharge onto the deep sea floor was markedly reduced, whereas it was 
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enhanced On the slope region. During this interval, most icebergs m e k d  On 
the continental margin, and very few reached the deep sea. Therefore, a 
significant decrease in the carbonate content may be the result of an 
increased dilution from terrigenous matter. In addition, during this interval the 
local meltwater discharge documented within the Greenland Sea and the 
Fram Strait (e.g. KÃ¶hle & Spielhagen 1990; KÃ¶hle 1992; JÃ¼nge 1994) is 
only recorded in core PS1726-1 from the lower slope. However, with the 
exception of the meltwater signal within core PS1726-1, distinctly heavy S^C 
values of N. pachyderma sin., C. wuellerstorfi, and 0. umbonatus suggest 
strong vertical mixing between surface waters and bottom waters indicating 
deep-water formation (cf. JÃ¼nge 1994). However, a considerable decrease in 
the carbonate content during this period is most probably the result of dilution 
from an increased supply of terrigenous sediment. 

8.2.4 Glacial stage 4 (74 - 59 ka) 

At the stage 514 boundary, a drastic change in surface-water conditions is 
suggested by a rapid shift in 8 1 8 0  towards heavy values, and a decrease in 
carbonate and IRD flux. According to the heavy 8 1 8 0  values from N. 
p a c h y d e r m a  sin. and 0. umbonatus, glacial stage 4 is likely to be 
characterised by a period of extensive perennial sea-ice cover. Under these 
conditions, the planktonic foraminifer productivity decreased, reflected by the 
reduced carbonate content during early stage 4. An extended sea-ice cover 
may have also prevented iceberg drift into the western region of the 
Greenland Sea, reflected by a distinct decrease in the supply of coarse- 
grained terrigenous material. Furthermore, the lower sedimentation rates 
during stage 4 are mainly attributed to expanded sea-ice covered conditions 
(Nam et al. 1995a). 

Throughout stage 4 there is no evidence for meltwater discharge into the GIN 
Sea (e.g. Vogelsang 1990; KÃ¶hle 1992; JÃ¼nge 1994). In contrast, Ŝ C 
values recorded from the continental slope adjacent to Scoresby Sund are 
relatively heavier than those from the deep sea during early stage 4, and 
indicate to some extent the ventilation of surface waters close to the 
continental margin, Furthermore, it is suggested that there were at least 
seasonally ice-reduced conditions during this interval (KÃ¶hle 1992; JÃ¼nge 
1994). Coccoliths are found in the Fram Strait and the GIN Sea during early 
stage 4 (Gard 1986, 1987, 1988; Baumann 1990), reflecting periods of 
seasonally fluctuating ice-free conditions (Gard 1988). Moreover, Gard (1 988) 
suggested an inflow of North Atlantic surface waters into the Fram Strait at the 
boundaty between Stages 5 and 4. 

During substage 4.2, the relatively heavy 8 1 8 0  (4,3-4.5%o) and light 81% 

(<0.25%o) values indicate the strongly reduced ventilation of surface waters 
resulting from an expanded sea-ice cover which may in turn have led to a 
weak circulation of surface waters. However, ihe slight increase in the 
carbonate content within the three deep-sea cores, probably reflect a 
seasonally reduced sea-ice cover particularly during the Summer. This is 
further supported by an increased occurrence of planktonic foraminifers. 
During this period, an increase in the IRD content is recorded in the three 
deep-sea cores. In contrast, terrigenous IRD supply onto the slope is very low, 
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and may be the result of a more intense sea-ice Cover close to the continental 
margin. Consequently, the increased carbonate content within the slope cores 
is more likely the result of reduced dilution from terrigenous matter. In addition, 
it could also be ascribed to the ventilation of the sea floor from well- 
oxygenated surface waters, as indicated by the relatively increased 813C 
values of the slope adjacent to Scoresby Sund. 

8.2.5 Interglacial stage 3'(59 - 25 ka) 

At the beginning of stage 3 (the stage 413 transition), the 8180 records of cores 
PS1927-2 and PS1951-1 show a rapid shift of 1.76xo, reflecting a dramatic 
change in sea-surface temperatures andlor salinity. Throughout stage 3,  6180 
values of N. pachyderma sin. are characterised by remarkably lighter values of 
approximately > l%o in comparison to those from the Norwegian Sea (cf. 
Vogelsang 1990; Henrich 1992; KÃ¶hle 1992). The general depletion in 8180 
values seems to reflect changes in surface-water salinity, derived from an 
influence of meltwaters from receding East Greenland glaciers. During stage 
3, a slightly enhanced surface-water productivity may reflect partially or 
seasonally reduced sea-ice coverage. In general, relatively heavy 8180 
values of 0. umbonatus within stage 3 indicate the cooling of bottom water. 

The last glaciation of the Greenland ice core record (e.g. GRIP and GlSP2) is 
characterised by a series of the rapid warm-cold cycles (Dansgaard et al. 
1993; Grootes et al. 1993), known as "Dansgaard-Oeschger (D-0) Cycles" 
(Broecker & Denton 1989) which strongly reflect the unstable climate 
oscillations around Greenland (e.g. Bond et al. 1993). These millennial-scale 
climatic variations are bundled into longer cooling D - 0  cycles, each 
terminated by an abrupt shift from cold to warm temperatures (Bond et al. 
1993), called "Bond Cycles" (Lehman 1993; Broecker 1994). During isotope 
stage 3, distinct warm-cold D - 0  cycles are also documented within the 8180 
records of cores PS-1730-2, PS1951-1, and PS1927-2 from the deep sea (Fig. 
38), suggesting rapid climatic changes around the GIN sea region. In 
particular, the shift of 8180 values between the warm and cold intervals vary 
from 0.4 to 1.07%0, which correspond to a change in ocean temperature of 1.7 
to 4.5OC. These shifts are very similar to the temperature changes of 5% 
estimated from the North Atlantic (Bond et al. 1993). However, there is no 
evidence for such large shifts in the SST along the western margin of the 
Greenland Sea during stage 3. This is further supported by the dominant 
abundante of N. pachyderma sin. (>95 %) throughout this interval that 
indicates uniform cold conditions within the surface water. Therefore, shifts in 
518 0 record toward light values are thought to reflect changes in the salinity 
along the western margin of the Greenland Sea, largely induced by the 
massive discharge of meltwater and icebergs (e.g. Stein et ai. 1994a-b; Nam 
et al. 1995a). Significantly light 8180 values correlate with relatively light 81% 
values (Fig. 37c), which support an increase in the meltwater discharge. 
Furthermore, the dramatic decrease in the IRD-flux corresponds to these 
intervals of increased meltwater input reflecting the repeated retreat of East 
Greenland glaciers. 
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Fig. 38. Cornparison of the ~ a n s ~ a a r d - ~ e & h ~ e r  cycles frorn the GRIP ice core (Dansgaard et al. 1993) and Si80 records 
frorn the Greenland Sea during the interval between 70 and 15 ka. BCI-6  indicate Bond cycles (Lehrnan 1993; Broecker 
1994). Relatively heavy S^O values of core PS1730-2 correlate well with rnost intense cold phase of a package of several D- 
0 cycles, i.e. Bond cycles. The D - 0  cycles seern to be correlated with the S^O records of core PS1927-2 during stages 3 to 2. 
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Substage 3.31 is characterised by a distinct shift in 8180 and 51% towards 
light values. This is further evidence for a major regional meltwater signal that 
is recorded throughout the GIN Sea (Vogelsang 1990; Lackschewitz 1991; 
KÃ¶hle 1992; Weinelt 1993; JÃ¼nge 1994; Baumann et al. 1995; Nam et al. 
1995a), the Yermak Plateau (Vogt et al. submitted), the slope northwest of 
Spitsbergen (Knies 1994), and in the central Arctic Ocean (KÃ¶hle 1992; Stein 
et al. 1994a) within this interval. This major meltwater event rnay be triggered 
by the weak inflow of warm North Atlantic water masses during this interval. 
The light 8180 and 513C values from the central Arctic Ocean are very similar 
to those from the Iceland Sea (KÃ¶hle 1992). Therefore, there seems to be an 
additional influence from the export of low-saline Arctic waters into the Iceland 
Sea from the EGC. The occasional presence of some calcareous nannofossils 
E. huxleyi and Gephyrocapsa spp. in core V27-60 from the Norwegian Sea 
(Gard 1988) reflects at least a seasonally reduced sea-ice cover during early 
stage 3, probably resulted from an advection of Atlantic water masses. 

During substage 3.31, on the other hand, the relatively light S13C values of N. 
pachyderma sin. reflect a strong reduction in the CO2 exchange between the 
surface water and the atmosphere resulting from a meltwater cap. In addition, 
lower Sl3C values from 0. umbonatus rnay indicate the cessation of deep- 
water formation (e.g. JÃ¼nge 1994). If the vertical mixing between surface 
waters and bottom waters is significantly reduced, bottom waters rnay have 
become less oxygenated and nutrient-enriched. This rnay have resulted in 
increased dissolution of biogenic carbonate. During this interval, the common 
occurrence of sponge spicules in core PS1730-2 indicates the cooling of 
bottom waters (e.g. Williams 1993), which rnay in turn have caused the 
increased dissolution of the biogenic carbonate. In particular, the presence of 
a specific Ash Layer II (Ruddiman & Glover 1972) during early stage 3 
indicates a period of open-water conditions but probably with a fluctuating 
sea-ice cover. A clockwise distribution Pattern of ash between the Denmark 
Strait and the Iceland Plateau suggests a control from the inflow of the warm 
Irminger Current through the Denmark Strait into the lceland Sea, which 
probably contributes to the reduced sea-ice cover during this interval. 

As suggested by the light 6180 and corresponding heavier Sl3C values, the 
middle stage 3 seems to be a period characterised by reduced sea-ice 
coverage. In addition to the slightly heavier 61% values of N. pachyderma 
sin., the similar Patterns of 0. umbonatus rnay also indicate a weak or 
intermittent exchange between surface waters and bottom waters. Therefore, 
an increase in surface-water productivity, coupled to some extent with well 
oxygenated bottom waters due to ventilation, rnay have caused the increased 
preservation of biogenic carbonate. Furthermore, this period is marked by an 
increased IRD content and a relatively increased carbonate content on the 
continental margin, suggesting a decrease in dilution by terrigenous matter. 
On the other hand, relatively heavier 013C values from the continental slope in 
comparison to those of the deep sea, rnay reflect a combination of increased 
carbonate production near the fluctuating sea-ice margin (Hebbeln & Wefer 
1991 ; Carstens & Wefer 1992) and the presetvation of biogenic carbonate. 

Late stage 3 is generally characterised by regional meltwater discharge into 
the Greenland-Iceland Sea and the Fram Strait (KÃ¶hle 1992; Weinelt 1993; 
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JÃ¼nge 1994; Nam et al. 1995a; Sarnthein 1995). KÃ¶hle (1992) suggested 
that the local appearance of meltwater reflected in isotopic records particularly 
within the western GIN Sea, is derived from meltwater plumes originating from 
the Greenland Ice Sheet andlor the Iceland ice cap. Therefore, a distinct 
increase in the IRD-flux onto the East Greenland continental slope reflects the 
intensive drift of icebergs from the surrounding land ice sheet during this 
interval (see Section 7.2). A similar increase in the IRD-flux during this period 
is observed in the three deep-sea cores (Fig 29c-e). On the other hand, an 
increased carbonate content may indicate a somewhat enhanced production 
of biogenic carbonate close to the sea-ice margin. 

8.2.6 Sea-ice cover and meltwater incursion in the Greenland Sea during the 
last glacial stage 2 

The LGM is generally characterised by the extension of continental ice sheets, 
greater extent of sea ice, lower sea-surface temperatures, and a sea-level 
stand of 130 m below present (Hughes et al. 1977; CLIMAP 1981). The 
majority of continental shelves adjacent to the GIN Sea were covered by large 
ice sheets (Denton & Hughes 1981), and extended sea ice (Kellogg 1976, 
1977, 1980; Kellogg et al. 1978; Streeter et al. 1982). 

The heavy 6180 (4.26-4.30%,,) and light 61% (<0.25xo) values of the 
planktonic foraminifer N. pachyderma sin., indicate that the majority of the 
Greenland Sea was covered by sea-ice during the LGM (e.g. Gard & Backman 
1990). This is further substantiated by the heavy 5180 and light &^C values of 
the benthic foraminifer 0. umbonatus throughout the LGM. The heavy 6'80 
and light 61% values from N. pachyderma sin. and 0. umbonatus suggest that 
an extended sea-ice cover during the LGM may have prevented deep-water 
formation within the Greenland Sea. However, according to increased 81% 
values from the benthic foraminifer 0. umbonatus, JÃ¼nge (1994) suggested 
the possibility of regional deep-water formation within the northern Greenland 
Sea prior to substage 2.2. This is similarly indicated in the three deep-sea 
cores PS1927-2, PS1730-2, and PS1951-1 by an increase in the 513C values 
of 0. umbonatus and N. pachyderma sin., and the increased carbonate 
content which reflects stronger carbonate preservation related to a slightly 
enhanced gas exchange. 

During the LGM, 6180 values between 4.26 and 4.30%o from the western 
Greenland deep sea are relatively lighter than compared to those of 4.45- 
4.96%0 from the Norwegian-Greenland Sea (cf. Kellogg et al. 1978; Jones & 
Keigwin 1988; Sarnthein et al. 1992), and are probably the result of the 
influence of Arctic water masses with relatively light oxygen isotopes flowing 
into the western Greenland Sea. This is supported by the light 8180 values 
from the Arctic Ocean that are analogous to those from the Iceland Sea 
(KÃ¶hle 1992). At the Yermak Plateau, two meltwater events are recorded 
between 21 and 18.3 ka (KÃ¶hle 1992), but are dated between 23 and 21.5 ka 
in the western Greenland Sea (Fig. 11). This time lag may be the result of a 
difference in the local melting of the surrounding land-based glaciers during 
glacial stage 2. In particular, the Greenland Sea seems to have been 
influenced by at least seasonally andlor locally fluctuating ice-free or reduced 
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conditions within the LGM (Nam et al. 1995a; Sarnthein et al. 1995). An 
increase in both the carbonate content and in the occurrence of calcareous 
planktonic and benthic foraminifers, and relatively high Hl values (>I00 
mgHC1gC) indicate to some extent increased surface-water productivity near 
the sea-ice edge (e.g. Smith et al. 1987; Hebbeln & Wefer 1991; Stein & Stax 
1991), which strongly supports reduced sea-ice conditions. Hebbeln et al. 
(1994) also suggested that the Fram Strait was not covered by perennial sea 
ice but was influenced more by seasonally ice-free conditions during the LGM. 

Comparing the 5180 and S^C values of the LGM from the five gravity cores 
(Fig. 37a-e) with those from the slope areas north and south of Scoresby Sund 
(Figs. 20c-d & 22c-e) there is a strong indication of major but local meltwater 
discharge. This is reflected in most of the cores on the adjacent dope during 
the LGM. In particular, strong meltwater plumes, marked by anomalously light 
6180 and 51% values, are documented within the three slope cores south of 
Scoresby Sund. The significantly light 5180 (1.92 to 3.0%o) and 51% (-1.28 to 
O%o) values are extraordinarily similar to values within the Holocene, and 
result from the massive meltwater discharge from Fast Greenland during the 
LGM. The region near the ice margin was characterised by intensive melting 
during most of the year (Kellogg 1976). Therefore, the distinctly lighter 6180 
and S^C values from the upper slope to the lower slope indicate the 
existence of shelf-based ice sheets that underwent extensive fluctuations 
close to the East Greenland continental shelf break (see Section 7.3). This is 
clearly supported by a distinct increase in the supply of IRD onto the slope 
areas within this interval (Fig. 32). Consequently, a large and widespread 
input of meltwater estimated from the continental slope cores, suggests that 
the Greenland Ice Sheet and marine-based ice sheets may have strongly 
influenced local melting during the LGM. During major melting of the shelf- 
based ice sheets and icebergs derived from the Greenland Ice Sheet, large 
volumes of isotopically light meltwater plumes contributed to a locallregional 
stratification of ocean waters causing a reduction in the ventilation of surface 
waters, which is reflected in the extremely light S13C values from slope cores 
north and south of Scoresby Sund. 

8.2.7 Meltwater events during the last deglaciation (Termination I) 

The last glacial-interglacial transition is characterised by large short-lived 
climatic fluctuations (cf. Berger et al. 1987). These climatic events, referred to 
as Termination l (Broecker & Van Donk 1970), are indicated by the abrupt shift 
toward lighter values in the oxygen isotope record documented in widespread 
deep-sea sediments (Rudimann & Mclntyre 1973; Shackleton & Opdyke 1973; 
Berger 1978; Duplessy et al. 1981, 1986; Zahn et al. 1985; Jones & Keigwin 
1988; KOG & Jansen 1994; Stein et al. 1994a), and in the Greenland 
(Dansgaard et al. 1984, 1993; Dansgaard 1987; Grootes et al. 1993) and 
Antarctica (Lorius et al. 1979, 1985; Jouzel et al. 1987, 1993) ice cores. 

According to many AMS ^C ages from the GIN Sea, the onset of the last 
deglaciation or Termination la, is dated between 16 and 13 ka (cf. Jones & 
Keigwin 1988; Sarnthein et al. 1992; Weinelt 1993; KOG & Jansen 1994). In 
the Greenland Sea, the onset of the first Greenland Ice Sheet meltwater signal 
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is dated between 16.3 ka (74C age) and 15.3 ka (interpolated age) with a 
midpoint of approximately 15.8 ka (Nam et al. 1995a). The timing of this signal 
is about 800 years earlier than that of the marine-based Barents shelf ice 
sheet meltwater signal recorded in the Fram Strait (cf, Jones & Keigwin 1988). 
In the Amundsen Basin of the central Arctic Ocean, the onset of the first major 
meltwater event occurred during the Same interval and is dated at 
approximately 15.7 ka (Stein et al, 1994a). The similarity can be explained as 
either a contemporaneous variation within the Eurasian Arctic and Greenland 
ice sheets, or an increased export of low-saline waters from the Arctic Ocean 
via the EGC during the last deglaciation (Stein et al. 1994a-b). KOG & Jansen 
(1994) also documented an earlier meltwater signal from core PS1842 
recovered from the deep sea north of Iceland. The location of core PS1842 is 
close to that of core PS1730-2. The meltwater signal is AMS ^C dated at 
approximately 16.1 ka, and interpreted as the initial rise of northern 
hemisphere insolation after the last insolation minimum. However, a shift in 
the 5180 value during the transition from the end of the LGM (about 4.5%0) to 
this first meltwater signal (about 4,0%0) is of less than 0.5%0, which is relatively 
small compared to that from core PS1730-2 (1 .14X0), and the ice-volume 
effect of 1 .3%o. Therefore, the melting signal is thought to be of a local event. 
Nevertheless, the onset of the first meltwater signal associated with the last 
deglaciation from evidence in the Greenland deep sea (KOG & Jansen 1994; 
Nam et al. 1995a), and the central Arctic Ocean (e.g. Stein et al. 1994a) is 
approximately 0.8 to 1.5 kyr earlier than the major deglaciation event within 
the GIN Sea (cf. Sarnthein et al. 1992) and the North Atlantic (cf. Bard et al. 
1987). 

In cores PS1927-2, PS1730-2, and PS1951-1 from the deep sea, the distinct 
oxygen isotope shifts of 1 . I 4  to 2.24%0 exceed the 1 .3%0 values calculated 
from the global ice-volume effect (Duplessy et al. 1984; Shackleton et al. 
1984; Chappell & Shackleton 1986; Labeyrie et al. 1987). Assuming a 
0.24%o/0C gradient (Shackleton 1974; Labeyrie et al. 1986), this excess of 
about 0.76 to 0.94%o is likely to indicate an increase in temperature of 3.1 to 
3.gÂ°C In general, it is accepted that the ocean surface temperature during the 
last glaciation maximum (LGM) was several degrees cooler than that at 
present (cf. Jones & Keigwin 1988). However, in high-latitude polar oceans 
such as the central Arctic Ocean (e.g. Stein et al. 1994a-b) and the Fram Strait 
(e.g. Jones & Keigwin 1988), there is no evidence for a 4-5OC increase in 
temperature during the last deglaciation. The present surface-water 
temperature of high latitude oceans is mostly near freezing point (C-I0C; 
Hopkins 1991; Anderson et al. 1994; Hubberten et al. in prep.), and was as 
low as that during the LGM. Therefore, during the last deglacial transition a 
temperature change of up to 3.gÂ° is unrealistic (cf. Stein et al., 1994a-b). In 
the polar oceans, where surface water is almost at freezing point, the salinity 
has a greater influence on the 518 0 values of N. pachyderma sin.. As a result, 
the 5180 shift of up to 2,24%o during the last deglaciation is more probably 
attributed to a significant decrease in surface-water salinity resulting from 
either an increased supply of freshwater to the ocean following the sequential 
melting of the great continental ice sheets (Fairbanks et al. 1992) such as the 
Greenland Ice Sheet, andlor the inflow of low-saline polar waters of the Arctic 
Ocean along the western margin of the Greenland Sea (KÃ¶hle 1992; Stein et 
al. 1994a-b). The massive discharge of icebergs and meltwater may have led 
to a large and widespread stratification between surface and deep waters that 
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strongly prohibited deep-water formation within the GIN Sea (e.g. Vogelsang 
1990). Benthic foraminiferal 6^C records from both North and South Atlantic 
sediments indicate that the production of NADW was greatly reduced 
throughout the last deglaciation (Jansen & Veum 1990; Charles & Fairbanks 
1992; Keigwin & Lehman 1994). 

According to the 6180 values from the cores along the East Greenland 
continental slope, Termination la is characterised by relatively smaller shifts in 
the 6180 records than compared to those of the deep-sea cores. The smaller 
shifts may be the result of the distinctly lighter P O  values during the LGM, 
where the values are as light or lighter than those within the Holocene (see 
above). The rapid shift in the S 1 8 0  record of 1 .85%o from 2.75 to 0.9%o in core 
PS1948-2 from the upper slope south of Scoresby Sund reflects the more 
extensive discharge of icebergs from the mouth of Scoresby Sund, and 
subsequent and significant melting close to the marine-based ice sheet 
margin during the deglaciation period. During Termination la however, the 
small 6180 shifts measured in cores PS1725-2 and PS1726-1 from the slope 
adjacent to Scoresby Sund, may reflect the glacial-interglacial global ice 
volume signal. The distinctly heavier 6180 and light 61% values suggest that 
there was no meltwater discharge to this site but rather more extended sea-ice 
conditions. Therefore, the East Greenland continental margin was probably 
subjected to very different oceanographic conditions than during the LGM, 

On the basis of the different oxygen and carbon isotope records, the surface 
water conditions along the East Greenland continental margin were strongly 
different from site to site during the LGM. This is related to a number of forcing 
factors: 1) the large fjord Systems, 2) a strong, local meltwater supply from the 
seasonally fluctuating shelf-based ice sheets, and 3) the instability of the 
Greenland Ice Sheet, that combines to control the local depositional 
environments along the East Greenland continental margin. 

8.2.8 Surface oceanographic changes during the Holocene 

A major input of meltwater to the western Greenland Sea, as suggested by the 
lighter 6180 and 613C values of N. pachyderma sin. (Fig. 1 I ) ,  lasted until 
approximately 13.2 ka. The timing is contemporaneous with the "global 
meltwater peak" described by Fairbanks (1989). This probably reflects 
continued meltwater outflow from the Greenland Ice Sheet and an additional 
influence of meltwater plumes from the Barents Ice Sheet. Light 61% values 
from N. pachyderma sin. and 0. umbonatus during this interval may indicate 
evidence for the cessation of deep water formation, and also a large reduction 
of North Atlantic Deep Water (NADW) production (Lehman et al. 1991; Weinelt 
1993). During the interval from the end of this meltwater event to just prior to 
the Younger Dryas, the increased 61% values recorded in cores PS1927-2 
and PS1951-1 probably reflect a change in surface-water masses 
characterised with seasonally fluctuating ice-free conditions. This period 
seems to be correlate with the onset of an inflow of Atlantic water into the 
Norwegian Sea (Lehman & Keigwin 1992). 
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There is generally little evidence for the Younger Dryas event within the GIN 
Sea (cf. Vogelsang 1990; KÃ¶hle 1992; Baumann et al. 1993; JÃ¼nge 1994) 
and Arctic Ocean (cf. Zahn et al. 1985; Gard 1993; Stein et al. 1994a-b) 
related to its brief occurrence and low sedimentation rates (e.g. Ruddiman & 
Mclntyre 1981 b; Keigwin & Lehman 1994), but is recorded within the ice cores 
of Greenland (e.g. Dansgaard et al. 1982, 1993; Grootes et al. 1993). In the 
GIN Sea, this event is closely associated with the Vedde ash layer (10.6 ka). In 
particular, during the Younger Dryas cooling event the relatively heavy 8180 
and remarkably light Sl3C records from core PS1730-2 suggest a period of 
expanded sea-ice covered conditions (e.g. Ruddiman & Mcintyre 1981b). 
During this cooling interval, both slope cores adjacent to Scoresby Sund are 
characterised by a relatively increased influx of IRD compared to that of the 
late Holocene. The slightly increased IRD supply probably correlates with the 
Milne Land stade glacial advance in East Greenland (cf. Funder 1989). The 
sea-ice covered conditions probably prevented deep-water formation, and 
resulted in a significant reduction of NADW formation during this interval 
(Boyle & Keigwin 1987). In contrast and based on heavy 81% values of the 
benthic foraminifer C. wuellerstorfi from the northeast North Atlantic adjacent 
to Ireland (core V23-81), Jansen and Veum (1 990) suggested a resumption of 
deep water formation and an increase in deep-water ventilation, resulting frorn 
a reduction in meltwater input during this interval. An increased marine 
organic carbon content indicated by high Hl values (>200 mgHC1gC) suggests 
at least seasonally sea-ice-free conditions, causing an increase in surface- 
water productivity despite the cold climate conditions of this period. The 
Younger Dryas cooling event was characterised by large, ice-free surface- 
water conditions with deep-water convection in the northeast North Atlantic 
(Jansen & Veum 1990) and in the Norwegian Sea (Jansen & Erlenkeuser 
1985; Veum et al. 1992), supported by the heavy 8180 and &^C values of the 
benthic foraminifer C. wuellerstorfi, and the high foraminifer flux (Veum et al. 
1 992). 

Termination Ib (Duplessy et al. 1981) is dated at approximately 7.9 ka within 
core PS1730-2. This is indicated by distinctly light 8'80 and relatively heavy 
S13C values from N. pachyderma sin. and 0. umbonatus. It has been 
suggested that the present-day circulation Patterns of surface- and deep-water 
masses within the Greenland Sea may have begun during this period. In 
particular, the modern surface circulation and the polar front System within the 
Greenland Sea seems to have been established between 7.4 and 6.1 ka. A 
distinct increase in the abundance of polar water dinoflagellate cyst species 
Operculodinium centrocarpum occurred in core PS1 730-2 at approximately 7 
ka (Matthiessen unpub. data), reflecting the dominant influence of cold polar 
waters (e.g. Harland 1983). The major shift in coccolith and dinoflagellate cyst 
assemblages (Baumann & Matthiessen 1992), and a maximum in the diatom 
abundance (KOG et al. 1993)' are recorded within the GIN Sea during the 
Same interval. This is most probably associated with the climatic optimum of 
late Holocene times. 

In addition to a significant decrease in the terrigenous input, an increase in 
Sl3C values and organic carbon content indicates a rapid retreat of the 
continental ice sheets, enhanced ventilation of surface waters, and at least 
seasonally reduced sea-ice Cover andlor more Open ocean conditions, 
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causing increased surface water productivity (Stein et al. 1993). Therefore, the 
strong decrease in biogenic carbonate during this intetval can be attributed to 
an increase in the flux of organic carbon to the sea floor, raising the pC02 of 
bottom waters during the decomposition of organic carbon, and thus 
contributing to carbonate dissolution at the sea floor (de Vernal et al. 1992; 
Steinsund & Hald 1994). In addition, low carbonate values may be ascribed to 
increased dilution by terrigenous material and lower production of biogenic 
carbonate within low-saline and cold polar waters along the continental 
margin (e.g. Eide 1990; Samtleben & SchrÃ¶de 1992; Johannessen et al. 
1994). 
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9. CORRELATION OF IRD EVENTS FROM THE GREENLAND- SEA 
WITH CLIMATIC RECORDS FROM THE GRIP ICE CORE AND 
THE NORTH ATLANTIC HEINRICH EVENTS 

9.1 Ice-rafted debris (IRD) as a climatic indicator in the high-latitude oceans 

In contrast to the low and temperate latitude oceans, Quaternary sediments of 
the subpolar and polar oceans are strongly influenced by coarse terrigenous 
ice-rafted debris (IRD) (e.g. Conolly & Erwing 1965; Kent et al, 1971 ; 
Ruddiman 1977; Grobe 1986; Heinrich 1988; Bischof 1994), directly linked to 
the surrounding large continental ice sheets. The temporal and spatial 
distribution of IRD in marine sediments reflect changes in the extent, intensity, 
and fluctuation of the adjacent continental ice sheets (Kent et al. 1971; 
Ruddiman 1977; Bond et al. 1992b; Andrews et al. 1994; Baumann et al. 
1995; Fronval et al. 1995). Therefore, the presence of ice-rafted debris in 
subpolar and polar marine sediments is a valuable climatic indicator as the 
fluctuations in the IRD-flux are very sensitive to climate changes around high 
latitude continents. In general, glacial stages are characterised by a distinct 
increase in coarse-grained terrigenous material indicating the enhanced 
discharge of icebergs related to the maximum extension of the continental ice 
sheets (e.g. Ruddiman 1977; Bond et al. 1992b; Andrews et al. 1993). The 
sediments of interglacial stages are distinguished by a distinct decrease in the 
flux of ice-rafted detritus relative to an increase in the biogenic flux (e.g. 
Heinrich 1988; Bond et al. 1992b; Broecker et al, 1992). The significant 
decrease in IRD-flux during interglacial periods reflects the rapid retreat of the 
continental ice sheets resulting in a reduction in the discharge of icebergs into 
the oceans. 

IRD is used as an important climatic indicator for the reconstruction of the 
paleoclimate and paleoceanography of the GIN Sea during late Quaternary 
glacial-interglacial oscillations (e.g. Bischof et al. 1990; Spielhagen 1991 ; 
Stein et al. 1993; Bischof 1994; E lverh~ i  et al. 1995; Fronval et al, 1995; 
Goldschmidt 1995; Nam et al. 1995a-b). Oscillations in the IRD supply to 
marine sediments are closely related to the distinct climatic changes recorded 
in the Greenland, Scandinavia, and Barents Sea areas (e.g. Goldschmidt 
1994, 1995; Hebbeln et al. 1994; Baumann et al. 1995; Elverhai et al. 1995; 
Nam et al. 1995a; Stein et al. 1996). Temporal variations in the composition of 
IRD within high-latitude marine sediments provide important information on 
the changes in the loci of major continental glaciations, different source 
regions of coarse terrigenous sediments, different transport paths of drifting 
icebergs and sea ice, and in the surface circulation patterns (cf. Smythe et al. 
1985; Bischof et al. 1990; Spielhagen 1991; Bischof 1994; Goldschmidt 1994, 
1995). In comparison to the Norwegian Sea, the western part of the Greenland 
Sea is strongly dominated by icebergs and sea-ice, and the cold EGC System. 
Throughout the Quaternary these factors have contributed to the coarse 
terrigenous sediment supplied to the heavily ice-covered Greenland Sea. As a 
result, there is evidence for distinct cyclic increases in the IRD supply along 
the East Greenland continental margin and in the adjacent deep sea basin 
during the last two glacial-interglacial periods (Nam et al. 1995a-b; Stein et al. 
1996). This is indicative of a periodic discharge of icebergs from glaciers on 
Greenland during the last 245 ka. In general, the extent and frequency of the 
IRD-peaks along the East Greenland continental margin is much higher ihan 
that recorded from the deep sea. This results from the proximity of glaciers On 
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Greenland that lead to more intensive discharge of icebergs and subsequent 
melting along the adjacent continental margin (Nam et al. 1995a; Stein et al. 
1966). In particular, the deposition of IRD is higher on the lower slope than on 
the upper slope adjacent to Scoresby Sund (Fig. 39). This is probably 
attributed to the more intensive influence of cold polar water masses on the 
upper slope resulting in reduced iceberg melting and therefore, lower 
deposition of debris in this region. 

Fig. 39. Variation of ice-rafted debris (IRD, i.e. gravel fraction >2 rnrn, counted in X-radiographs 
and expressed as nurnbers per 10 cm3) within cores PS1725-2 and PS1726-1 recovered on 
the slope adjacent to Scoresby Sund. The thin-dotted-line in the background indicates the 
originally counted-IRD content. Arnount of IRD is srnoothed by the 5-point-rnoving-average- 
rnethod (shown as heavy line). 
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9.2 Correlation of cyclic IRD-Events with the GRIP ice core over the last 225 ka 

9.2.1 Greenland ice cores 

In the last decade, several ice cores have been drilled in the Greenland and 
Antarctica ice sheets (Johnsen et al, 1972, 1992; Lorius et al. 1979, 1985; 
Dansgaard et al. 1982, 1993; Jouzel et al, 1987, 1993; GRIP Members 1993; 
Grootes et al. 1993). The high-resolution records of 181160, DIH, CO*, dust, 
trace element, and methane recorded from the ice cores provide important 
information On the short-term variability of paleoclimates during the late 
Quaternary glacial-interglacial cycles (e.g. Dansgaard et al. 1982, 1984, 1985, 
1993; Lorius et al. 1985; Dansgaard 1987; Johnsen et al, 1992; Chappellaz et 
al. 1993). The Greenland ice cores reveal more rapid and abrupt climatic 
fluctuations than the Antarctic ice cores (e.g. Dansgaard et al. 1982, 1993; 
Jouzel et al. 1987; 1993; Grootes et al, 1993). In particular, the Greenland ice 
cores (e.g. Camp Century, Dye 3, Renland, GRIP, and GISP 2) are 
characterised by a series of extremely rapid fluctuations representing warm- 
cold cycles during the last glacial period (Dansgaard et al. 1982, 1984, 1985, 
1993; Dansgaard 1987; Johnsen et al. 1992; Oeschger 1992; Grootes et al. 
1993) that are defined as "Dansgaard-Oeschger Events" (Broecker & Denton 
1989). In contrast, 6180 records from the Vostok ice core show fewer and less 
abrupt climatic fluctuations than those of the Greenland ice cores during the 
Same intervals (e.g. Oeschger 1992), suggesting less stable climate 
conditions in Greenland (Bender et al. 1994). In addition, rapid fluctuations 
representing stadial (cold)-interstadial (mild) episodes are documented in the 
Greenland ice cores during both glacial-interglacial stages (Johnsen et al. 
1992; Dansgaard et al. 1993; Grootes et al. 1993). The repeated abrupt 
climatic changes within the Greenland ice cores may reflect a complex 
behaviour of the North Atlantic thermohaline circulation (Bond et al. 1992b; 
Johnsen et al. 1992). However, similar stadial-interstadial events are also 
present in the Antarctic Vostok ice core, suggesting a climatic link between 
Greenland and Antarctica due to partial deglaciation and changes in the 
ocean circulation (Bender et al. 1994). 

In particular, oxygen isotope records measured on the two Greenland ice 
cores (GRIP and GISP 2) provide new information On the dramatic climate 
fluctuations in the northern hemisphere over the last 200 ka. According to the 
records of both ice cores, the climate on Greenland was remarkably stable 
during the Holocene (except for the Younger Dryas cooling event), while 
extreme climatic variability characterised the last two glaciations and the last 
interglacial period (e.g. Dansgaard et al. 1993; GRIP Members 1993; Grootes 
et al. 1993). In general, the climatic changes recorded in both ice cores 
correlate well over the last 110 ka (Grootes et al. 1993). On the other hand, 
there is a striking discrepancy between the two records during the Eemian and 
into the penultimate glacial period (Grootes et al. 1993; Taylor et al. 1993b). 
Furthermore, the Eemian interglacial period of the GRIP ice core reveals 
extremely rapid, short-term (decades to centuries) climatic oscillations (GRIP 
Members 1993). The apparent instability may reflect an imprint of a more local 
climate phenomenon above Greenland (Oeschger 1992; McManus et al. 
1994), andlor due to an artefact caused by ice-flow deformation (Boulton 
1993; Grootes et al. 1993; Taylor et al. 1993b). 
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9.2.2 Correlation of the GRIP ice core and IRD events from the Greenland Sea 
between 225 and 74 ka 

In general, the abrupt climatic fluctuations recorded in the GRIP ice core can 
be correlated in sediments of the northern hemisphere subpolar and polar 
oceans (e.g. Bond et al 1992b, 1993; Fronval et al 1995). For the Greenland 
Sea, the evidence Comes from the increase in IRD records within sea-floor 
sediments. Nam et al. (1995a-b) and Stein et al. (1996) suggested that the 
high frequency of IRD peaks from the East Greenland continental margin 
appears to correlate with the cooling cycles of the GRIP ice core during the last 
two glacial-interglacial cycles. The Same events are well documented in the 
Greenland deep sea sediments (Fig. 40). The abrupt increase in IRD content 
corresponding to the light 5'80 values of the GRIP ice core occurred not only 
during glaciations, but also during interglaciations (Figs. 39-40). It follows that 
the light 5180 values of precipitation generally reflect lowered temperatures 
during formation (Grootes et al. 1993). This suggests that the ice-rafting cycles 
in the Greenland Sea are directly coupled to the intervals of air temperature 
cooling above Greenland. Significant new findings reveal that there are 
marked differences in the trends of IRD-cycles in terms of the frequency and 
duration of each IRD-event during the interval between 225 and 74 ka 
compared to those recorded between 74 and 14.5 ka (Figs. 39-40). 

During the interval between 225 and 74 ka, the periodic IRD-events are of a 
lower frequency over a relatively long-term period than compared to those 
observed during the last glacial period (Fig. 40). A large number of single IRD- 
peaks approximating to 10-23 kyr-scale oscillations, have been identified from 
the Same interval within the slope cores recovered adjacent to Scoresby Sund 
(Fig. 39; Nam et al. 1995a). The frequency and duration of these cyclic long- 
term IRD-events generally decrease towards the deep sea (e.g. core PS1730- 
2). This suggests that most of the icebergs discharged from eastern Greenland 
may have, to a large extent, melted along the continental slope close to the 
position of the polar front, resulting in a reduction of the IRD deposited on the 
deep sea floor. On the other hand, the duration of the 1RD events of 5 to 10 kyr 
on the continental slope may reflect a more significant local signal that 
originales from the repeated advance of East Greenland glaciers. The distinct 
IRD-events were usually followed by a period of abruptly decreased IRD 
supply reflecting a strong reduction in the iceberg discharge that probably 
results from a further landward retreat of continental glaciers during this 
interval. A similar Pattern was found to occur in the GRIP ice core during the 
Same interval. 

During glacial stage 6, there are three to five distinct IRD-events that 
correspond to the cooling periods recorded in the GRIP ice core (Fig. 40). 
Similar ice-rafting events have been recorded in the Norih Atlantic during 
glacial stage 6 (Bond 1995a). This implies that during the penultimate glacial 
period the northern North Atlantic region may have been subjected to several 
abrupt climatic changes but with much slower-paced pulses than during the 
last glaciation. The other three to four periodic IRD-events appear to be coeval 
with the cooling phases in the GRIP ice core during the last interglacial period 
reflecting the instability of the ice sheet along the eastern Greenland margin. 
At the onset of the Eemian, a marked increase in the IRD supply to the 
Greenland Sea may have been the result of the decay in East Greenland 
glaciers. 
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GRIP ICE CORE PS1 730-2 

6180 r/o0 SMOW) I R D (no.110 cm3) Isotope 
Stage 
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Fig. 40. Cornparison of the oxygen isotope records of the GRIP ice core (Dansgaard et al. 1993) 
and 1RD records frorn the Greenland deep sea (core PS1730-2) during the last two glacial- 
interglacial cycles. A tentative correlation between IRD peaks and cold intervals of the GRIP 
record has been rnade (arrows). 5e is the Eernian interglaciation. 

The very rapid warm-cold climatic fluctuations of the Eemian measured from 
the GRIP ice core (GRIP Members 1993) seem to correlate with the decrease- 
increase in the IRD flux in the deep-sea core PS1730-2 (Fig. 40). Based on 
the abrupt decrease in sea surface temperatures (SST) and sea surface 
salinity (SSS) from the Norwegian Sea, Cortijo et al. (1994) suggested that 
there was a more moderate cooling and freshening of the North Atlantic during 
the middle of the Eemian. A similar abrupt fluctuation in temperatures is 
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reflected within pollen records from lakes of NW Europe (e.g. France and NW 
Germany) during the Eemian interval (Field et al. 1994; Thouveny et al. 1994), 
supporting the rapid Eemian climate instabilities observed in the North Atlantic 
region. Furthermore, if the correlation between very rapid warm-cold 
oscillations and decreased-increased IRD-cycles is accurate, then the abrupt 
and frequent climatic changes of the Eemian may be explained by several 
theories: 1) a decrease in the thermohaline circulation resulting from the 
massive input of icebergs and meltwater flux (Broecker et al. 1990; Bond et al. 
1993), 2) an enhanced variability in the hydrological cycle associated with the 
warmer climate of the Eemian (Weaver & Hughes 1994), 3) an increase in the 
inflow of less saline North Pacific surface waters through the Bering Strait 
(Shaffer & Bendtsen 1994), or 4) changes in the balance of precipitation and 
evaporation over the high-latitude North Atlantic (Cortijo et al. 1994; Keigwin 
et al. 1994). 

Bandwidth for 150 lags Coherency confidence interval at the 80% level - 

* + * * *  IRD spectrum 

- Coherency 

. + +  

Frequency .03 ,055 .08 . I0  .13 . I5  . I7  .20 .23 ,25 
Period 40.00 20.00 13.33 10.00 8.00 6.67 5.71 5.00 4.44 4.00 

Fig. 41. Cross spectral analysis comparing IRD records of deep-sea core PS1730-2 with the 
summed variance of Earlh's eccentricity, till, and precession (ETP AT= 0.5) signal (Imbrie et al. 
1984). Solid line with thin crosses represent confidence intewal at the 80 % level. The 80 % test 
statistic for non-zero coherency is indicated by a horizontal straight line. Frequencies are in 
cycles per thousand years. Result shows that coherence to ETP is demonstrated for the 23-kyr 
frequency band in IRD records during the time interval 225-60 ka. 

During the past 250 ka, a power spectrum of 60Â° summer Insolation shows a 
strenger signal associated with the 23 kyr precessional cycle than for the 41 
kyr obliquity cycle (Hays et al. 1976). Generally, at latitudes north of 65ON. 
summer insolation at the top of the atmosphere is dominated by the 23 kyr 
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precessional cycle (Ruddiman & Mclntyre 1981a). The isotope records-of the 
GRIP ice core reveal a strong obliquity cycle and a considerably weak 
precession signal (24118 kyr) (Dansgaard et al. 1993). Cross spectral analysis 
of core PS1730-2 may suggest that the 23 kyr precessional periodicity, 
particularly between 225 and 60 ka, is significant for controlling the huge 
iceberg surges and therefore, the increased IRD-flux into the Greenland deep 
sea (Fig. 41). In contrast, the 23 kyr precession is insignificant during the last 
60 ka, as a result of reduced power. The dominant 23 kyr frequency in the IRD- 
flux must be coherent with orbital changes in northern hemisphere insolation. 
Periods of increased IRD supply correlate well with high summer insolation at 
70Â° (Fig. 42). The mass balance of the ice sheets is ver -  sensitive to summer 
heating at high latitudes in the northern hemisphere. Thus, ice decay may be  
favoured by high summer insolation (promoting enhanced ice ablation) 
controlling the ice volume (Ruddiman & Mclntyre 1981a). This suggests that 
most of the Greenland Ice Sheet may have experienced a predominantly 23 
kyr cycle of growth and decay. Therefore, the cyclic IRD-events recorded 
between 225 and 60 ka can be interpreted as resulting from large 23 kyr scale 
oscillations in the volume of the adjacent Greenland Ice Sheet. The 
Scandinavian Ice Sheet is also located in a region of a dominant 23 kyr 
insolation change, and in turn most probably influencing the Norwegian Sea 
and northeast Atlantic (Ruddiman & Mcintyre 1981a). During periods when air 
temperatures dropped across a critical threshold, the ice sheets started to 
shrink and calve icebergs. Iceberg calving may have been largest when the 
ice sheets attained their maximum extent (Oerlemans 1993). Additionally, the 
higher solar radiation incident on the surface initiated rapid decay of the 
continental glaciers (Ruddiman & Mclntyre 1981 a; Heinrich 1988), contributing 
to the increase in discharge of meltwater and icebergs into the GIN Sea during 
the early phase of ice-sheet collapse (cf. Bond et al. 1993). 

9.2.3 Correlation of "1RD Events" in the Greenland Sea with "Dansgaard- 
Oeschger Cycles" in the GRIP ice core 

6180 records from the Greenland ice cores (e.g. Dansgaard et al. 1982, 1993; 
Oeschger 1992; Grootes et al. 1993) reveal repeated millennial-scale climate 
oscillations (Dansgaard-Oeschger Cycles) during the last glaciation. In 
particular, a package of several D - 0  cycles seems to be bundled into longer 
cycles of gradual cooling over millennia (Bond et al. 1993). Each of these 
cycles, called "Bond Cycles" (Lehman 1993; Broecker 1994), culminates in 
evidence for brief but massive discharge of icebergs into the North Atlantic 
(Bond et al. 1993). This evidence is reflected in short-term IRD-cycles in the 
marine sediments adjacent to East Greenland. A large number of IRD-cycles is 
best documented in the Greenland deep-sea core PS1730-2, yielding an 
average frequency of 1 to 3 kyr similar to the time scales recorded in the GRIP 
ice core (Dansgaard et al. 1993), and in the North Atlantic (e.g. Bond & Lotti 
1995). Approximately eleven major IRD-events occurred during this period 
(Fig. 43), indicating the repeated massive discharge of icebergs calved by 
glaciers, that result from the instability of the Greenland Ice Sheet. In addition 
to the major IRD-events, several smaller IRD-cycles occurred between the 
major IRD-events. In particular, the smaller IRD-cycles are bundled into major 
IRD-events with asymmetric shapes and sharp boundaries (cf. Bond et al. 
1993), which closely correlate to the Bond cycles in the GRIP ice core and in 
the North Atlantic (Bond et al. 1993). 
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Precession index Insolation at 70Â° R D  
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Fig. 42. Comparison of the precession index and northern hemispheric summer half-year 
insolation at 70Â° (Berger 1978) with IRD records from the Greenland deep sea. Results shows 
a link between the IRD records and precessional (23 kyr) insolation variations between 225 and 
60 ka. H6-H1 indicates a temporal correlation with Heinrich Events in the North Atlantic (Bond et 
al. 1992b, 1993). 

There is a good correlation between major IRD-events and GRIP 6180-cycles 
over the last 70 ka (Fig. 43). During stage 3, five major IRD-events (H'5c-H'5b- 
H'5-H'4-H'3) are documented in core PS1730-2, that correlate with the most 
intense cooling periods of the D - 0  cycles (i.e. Bond cycles from BC6 to BC2) 
in the GRIP records. Similarly, the cooling periods over Greenland seem to 
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correlate with the cold climate records observed in the North Atlantic (Bond et 
al. 1993), on the V0ring Plateau (Fronval et al. 1995), and in France 
(Thouveny et al. 1995), although there is a discrepancy concerning the 
correlation between the GRIP records and paleoclimatic events monitored 
from the different regions. This discrepancy might have arisen from the 
different time scales established for each age model (cf. Bond et al. 1993; 
Dansgaard et al. 1993; Fronval et al. 1995; Thouveny et al, 1995). 
Nevertheless, it is suggested that the repeated fluctuations of the Greenland 
Ice Sheet would be more directly reflected in the adjacent Greenland Sea 
than in the other regions. This is strongly supported by the relatively short- 
term, ice-rafting cycles of the Greenland Sea that coincide with the millennial- 
scale cooling periods of the GRIP records. In addition, another four IRD-events 
during the LGM, and one during the Younger Dryas correspond to the cooling 
episodes recorded in the GRIP ice core. This correiation indicates a close 
relationship between the changes in hemispheric temperatures on Greenland 
and the discharge of icebergs into the Greenland Sea, 

During Stage 3, significantly light 8 1 8 0  values correlate with relatively light 
S13C values reflecting an increase in the meltwater discharge. Furthermore, 
the dramatic decrease in the IRD-flux corresponds to these intervals of 
increased meltwater input and reflect the repeated retreat of East Greenland 
glaciers. In contrast, the cooling periods, as suggested by the heavy 8 1 8 0  
records of N. pachyderma sin., correlate well with the significant increase in 
the IRD content. The IRD-events are coeval with the cold phases (i.e. Bond 
cycles) of the D - 0  cycles recorded in the GRIP ice core during the last 60 ka 
(Fig. 43), indicating that large volumes of icebergs were discharged during the 
maximum extension of the glaciers On Greenland. Furthermore, the major IRD 
events that include several events contemporaneous with North Atlantic 
Heinrich Events, correlate well with the heavier 6 1 8 0  records of N. 
pachyderma sin. (Fig. 43) implying an increase in the discharge of icebergs 
during the cooling phases of the Greenland Sea. Subsequently, large 
volumes of icebergs may have contributed to the cooling of the surface water 
of the ocean by extracting energy both for the latent heat of melting and for that 
required for warming (Ruddiman & Mclntyre 1981a). As a result, the IRD- 
events that correspond to the cooling intervals of the Greenland Sea and to 
the cooling phases of the D - 0  cycles on Greenland, may indicate a close 
linkage between ice sheet behaviour and ocean-atmosphere temperature 
changes around Greenland. The synchronous events are also imprinted in the 
North Atlantic (e.g. Bond et al. 1993; Bond & Lotti 1995) and Norwegian sea 
regions (e.g. Fronval et al. 1995), reflecting the coherent fluctuation in the 
large continental ice sheets due to the oceanic-hemispheric heat transport in 
the northern hemisphere (Bond et al. 1993; Lehman 1993). 
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9.3 Correlation of Heinrich Events with Heinrich-type IRD-Events 

9.3.1 North Atlantic Heinrich Event 

A series of distinct layers rich in terrigenous ice-rafted detritus were recorded 
in northern North Atlantic deep-sea sediments (Heinrich 1988). These layers 
are characterised by an increase in terrigenous coarse ice-rafted debris (IRD), 
a low abundance of foraminifers, and a prominent presence of detrital 
limestone and dolomite (about 20-25 O/O) (Heinrich 1988; Andrews & Tedesco 
1992; Bond et al. l992b; Broecker et al. 1992; Andrews et al. 1993). The lower 
abundance of planktonic foraminifers probably resulted from either a distinct 
decrease in the surface-water productivity or from the dilution from the 
significantly increased supply of terrigenous coarse IRD (Broecker et al. 1992). 
However, within these distinct layers N. pachyderma sin. is the dominant 
planktonic foraminiferal species (e.g. Heinrich 1998; Bond et al. 1992b; 
Broecker et al. 1992), indicating an increase in the penetration of polar water 
into the northeast Atlantic around 50Â° (Bond et al. 1992b; Maslin et al. 1992). 
This reflects a decrease in both sea-surface temperature and salinity during 
this interval (e.g. Bond et al. 1992b; Broecker et al. 1992; Rahman 1995). The 
layers, were deposited with a frequency of approximately every 7 to 10 kyr 
during the last glacial period across the northern North Atlantic (40 to 6SCN), 
and are defined as "Heinrich Layers" or "Heinrich Events" (Andrews & 
Tedesco 1992; Bond et al. 1992b; Broecker et al. 1992; Andrews et al, 1993, 
1994; Grousset et al. 1993; Bond & Lotti 1995; Dowdeswell et al. 1995). The 
North Atlantic Heinrich Events occurred at approximately 67-66 (H6), 52-50 
(H5), 37-35.5 (H4), 27 (H3), 21 -22 (H2) and 14.5 (H l )  ka (Broecker et al. 1992; 
Bond et al, 1992b, 1993; Grousset et al. 1993; Manighetti et al. 1995). 

The Heinrich Layers are characterised by the high concentration of detrital 
carbonate (H5, H4, H2, H1) in the southwest margin of the northern North 
Atlantic (e.g. Bond et al. 1992b; Andrews et al. 1994). There is a distinct 
eastward decrease in the carbonate content within the Heinrich Layers, 
indicating that the carbonate-bearing icebergs originated in the Hudson Strait 
and adjacent shelf regions (Andrews & Tedesco 1992; Bond et al. 1992b; 
Broecker et al. 1992; Andrews et al. 1993). The absence of the carbonate-rich 
layers south of the IRD belt (Ruddiman 1977) suggests that rapid melting of 
icebergs occurred before they reached the warmer water south of the glacial 
polar front (Ruddiman 1977; Bond et al. 1992b). Further to the north and east 
of the IRD belt, H3 and H6 contain no detrital carbonate, which suggests a 
different source for the detrital material brought to this region by icebergs 
(Broecker et al. 1992; Grousset et al. 1993; Gwiazda et al. 1995). Grousset et 
al. (1992, 1993) suggested that H6 and H3 may have originated from the 
Eastern Greenland or Scandinavian ice sheets. This is further supported by 
the Nd-Sr isotope records (Grousset et al. 1992). In contrast, Bond and Lotti 
(1995) demonstrated that there is a narrow layer of detrital carbonate grains 
during Heinrich Event 3, and suggested that icebergs originated partly from 
the Labrador Sea during this interval. In general, it is known that the Heinrich 
Layers were caused by several periods of massive iceberg discharge from the 
Laurentide Ice Sheet that covered North America during the last glacial period 
(Bond et al. 1992b; Andrews et al. 1993, 1994; Dowdeswell et al. 1995). 
Compared to North Atlantic Heinrich layers, the XRD determined carbonate 
mineral contents from Greenland marine sediments are generally very low 
(Evans unpubl. data). 



GRIP Ice Core PS 1 730-2 
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Fig. 43. Correlation of the S^O records frorn the GRIP ice core with the rnajor IRD-events and S^O records frorn the Greenland Sea. Arrows 
indicate correlation between pararneters. Nurnbers in the GRIP ice core are interstadial nurnbers (Dansgaard et al. 1993). Black bars in the oxygen 
records rnark AMS ^C datings measured frorn the planktonic forarninifer N. pachyderma sin. (see Fig. 11). Note that asterisk is the position of a 
volcanic ash layer recorded in the deep-sea core PS1951-I. IRD events H'6-H'l coincide with Heinrich Events H6-H1 in the North Atlantic (e.g. 
Bond et al. 1992b. 1993). BC1-6 indicate Bond cycles (Lehrnan 1993; Broecker 1994). Insolation at 70Â° is also illustrated after Berger (1978). 
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9.3.2 Correlation between IRD-events and North Atlantic Heinrich events and 
the implications for paleoceanography and paleoclimate 

Distinct IRD-events in the Greenland Sea display the Same frequency and 
high-amplitude pattern as several of the North Atlantic IRD-cycles (e.g. Bond et 
al. 1993; Bond & Lotti 1995). Among them, six (Heinrich-type) IRD-events 
correspond to the North Atlantic Heinrich Events H6 to H1 (Fig. 43). In 
addition, there are several small layers of enhanced IRD between the 
Heinrich-type events (H'). These layers also seem to be synchronous with 
small ice-rafting cycles that occur between the Heinrich Events in the North 
Atlantic during the last 40 ka (cf. Bond & Lotti 1995). This would imply that 
coherent fluctuations On the millennial time scale took place between the 
Greenland and Laurentide ice sheets during the last glaciation. As previously 
discussed, the North Atlantic Heinrich events and Heinrich-type IRD-events 
correlate to the periods of ocean and atmosphere cooling around Greenland. 
These IRD-events are coincident with the Dansgaard-Oeschger cooling cycles 
over Greenland, and are probably the response to the same climate forcing 
that caused the above mentioned cooling cycles (Bond & Lotti 1995). In the 
Greenland Sea, the duration of Heinrich-type events ranges between 0.5 and 
2 kyr, which is relatively longer than compared to the record in the North 
Atlantic (cf. Bond et al. 1993; Dowdeswell et al. 1995). This duration is very 
similar to the cold events recorded in the Greenland ice cores (Johnsen et al. 
1992; Dansgaard et al. 1993; Grootes et al. 1993), and suggests that IRD- 
events in the Greenland Sea are closely related to the fluctuations in the 
Greenland Ice Sheet. 

The origin of H6 is suggested to be from the eastern Greenland or 
Scandinavia ice sheets (Grousset et al. 1992). However, Goldschmidt (1 994) 
threw doubt on the Fennoscandian or Arctic origin for H6 because of a low IRD 
supply into the central Greenland and Norwegian seas. Along the western 
margin of the Greenland Sea, high amounts of 1RD (H'6) indicate that large 
volumes of icebergs were discharged from glaciers draining the eastern 
margin of the Greenland Ice Sheet during this interval. During this period a 
major hiatus exists in the terrestrial records of East Greenland, and probably 
relates to extensive glacial erosion (Funder et al. 1994). In addition, the 
existence of extended glaciers on Greenland is further suggested by lighter 
6180 values recorded from the GRIP ice core. During the same period, heavier 
6180 values of N, pachyderma sin. indicate that ocean waters of the 
Greenland Sea were probably colder than those of the LGM (Fig. 43). Within 
this interval, there is evidence of a relatively low IRD-flux onto the upper slope 
reflecting a major decrease in the melting of icebergs due to colder conditions 
in the western Greenland Sea (Nam et al. 1995a). Under increasingly cooling 
oceanic conditions, icebergs discharged from the eastern margin of the 
Greenland Ice Sheet would have survived much longer and drifted much 
further southward. A number of icebergs may have reached the central and 
eastern regions of the North Atlantic due to the anticlockwise polar gyre 
common in glacial periods (e.g. Robinson et al. 1995), where they 
encountered warmer waters and subsequently melted contributing to the 
deposition of H6. However, a detailed mineralogical andlor petrographic 
investigation of the IRD is necessary in order to better identify the origin of H6. 
Following H'6, a high amplitude IRD-flux (H'5c) occurred between 63 and 58 
ka, which probably correlates to the maximum glaciation in Scandinavia (e.g. 
Baumann et al. 1995). The high IRD-flux (H'5c) reflects the collapse of 
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extended ice sheets as the summer insolation initially increased (Fig.43). A 
dramatic reduction in the IRD-flux occurred when summer insolation reached 
its maximum between 58 and 54 ka, which corresponds to the early stage 3 
meltwater event within the GIN Sea. 

In North Atlantic deep-sea sediments, a specific ash layer is recorded between 
H6 and H5 (e.g. Heinrich 1988), which is used as a proxy for stratigraphic 
correlation with H5 (e.g. Bond et al. 1992b, 1993; Broecker et al. 1992; Fronval 
et al. 1995; Robinson et al. 1995). The ash-layer event occurred between 65 
and 59 ka (Ruddiman & Glover 1972; Heinrich 1988; Broecker et al. 1992; 
Bond et al. 1993). Similarly, a distinct ash Zone was present on the northwest 
Iceland Plateau (core PS1951-1) during early stage 3. The age of this ash is 
dated by linear interpolation at approximately 48-49 ka (Fig. 43), and appears 
to be correlative to sediments from the GIN Sea (Lackschewitz 1991; Fronval 
et al. 1995) and the Denmark Strait (Kellogg et al. 1978). 

Despite the large age discrepancy of up to 10 ka, it is suggested that both ash 
layers may be identical. Presumably the large age difference between both 
ash layers could be attributed to an inaccuracy in the stratigraphy resulting 
from the estimated date of the ash layer. According to 8 1 8 0  records o f  
planktonic foraminifers G. bulloides and N. pachyderma sin. in core Me69-17 
(see Heinrich 1988; Broecker et al. 1992) and DSDP Site 609 (see Bond et al. 
1993), the ash layer in the North Atlantic is identified within the interval 
following substage 3.3 (defined by Martinson et al. (1987)). This means that 
the age of the North Atlantic ash was most likely overestimated, i.e. too old (cf. 
Heinrich 1988; Broecker et al. 1992; Bond et al. 1993). Therefore, the timing of 
the North Atlantic ash is thought to be approximately 4 0  ka, which is similar to 
that determined from the GIN Sea. It is suggested that the age of the North 
Atlantic H5 may be younger than 50 ka (cf. Bond 1995b). Subsequently, and 
owing to the correlation between both ash layers, H'5 appears to be coeval to 
the North Atlantic H5. Similarly, Fronval et al. (1995) also correlated a distinct 
IRD-peak (44-43 ka) from the V0ring Plateau with H5 (-50 ka) based on the 
occurrence of an ash layer. In addition, two distinct IRD-peaks (H'5b-H'5a) 
between H'5c and H'4 may correlate to the glaciations of Scandinavia (e.g. 
Baumann et al. 1995) and NW Europe (e.g. Thouveny et al. 1994) as well as 
with the cooling periods over Greenland. 

Heinrich layer H4 is coincident with H'4 at approximately 36-34 ka. In addition, 
the three small IRD-peaks (H'3c-H'3b-H'3a) are probably related to those 
between H4 and H3 (Bond & Lotti 1995) as well as the cold period P h u s  
events of Florida, USA (Grimm et al. 1993), reflecting synchronous climate 
change in the northern hemisphere during the last 40 ka. The abrupt climate 
oscillations are also substantiated by the transition toward high dust and sea 
salt concentrations in the GISP2 ice core during glacial stadials (Mayewski et 
al. 1994), that indicate rapid change in atmospheric circulation and sea-ice 
Cover during the Same interval (Mayewski et al. 1993; Taylor et al. 1993b). In 
the Greenland Sea, the three youngest Heinrich-type events are AMS "^C 
dated at approximately 28 to 26.5 (H'3), 22 to 20 (H'2), and 15 to 14 (H'I) ka, 
which correspond to the Heinrich events H3 to H1 respectively. 

During the interval 17 to 15.3 ka, i.e. the transition from the LGM to the onset of 
Termination la, a high amount of icebergs with the associated IRD were 
discharged into the Greenland Sea as the summer insolation initially rose. 
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Following this interval, a large volume of meltwater were discharged between 
15.3 and 13.2 ka (Termination la), which correlates to North Atlantic H1. This 
timing indicates the last rapid retreat of the Greenland Ice Sheet synchronous 
with the Fennoscandian, Barents, and Laurentide ice sheets (Jones & Keigwin 
1988; Lehman & Keigwin 1992; Stein et al. 1994a-b; Nam et al. 1995a). The 
Younger Dryas cooling event (-10.6 ka) also displays a slightly increased 
IRD-flux which correlates to that recorded in the GRIP ice core, and the HO 
Event in the North Atlantic (e.g. Bond et al. 1993). 

A high number of IRD-events analogous to Heinrich Events are recorded in 
the Norwegian Sea and reflect the repeated advance of the Fennoscandian 
Ice Sheet (Baumann et al. 1995; Fronval et al. 1995). In addition, the temporal 
correlation between the Heinrich-type events in the Greenland Sea with North 
Atlantic Heinrich Events suggests that the collapse of the Laurentide and 
Greenland ice sheets occurred On the Same time scale. The apparent 
evidence of millennial-scale IRD-events in the North Atlantic (e.g. Bond et al. 
1993; Bond & Lotti 1995), Norwegian Sea (e.g. Fronval et al. 1995), and 
Greenland Sea indicates the coherent fluctuation of the large northern 
hemisphere ice sheets (LaurentidelGreenland and FennoscandianIBarents 
ice sheets) probably caused by the change in the ocean-atmosphere 
thermohaline circulation (Broecker et al. 1990; Bond et al. 1993). Furthermore, 
the abrupt climate changes during the last glaciation are synchronously 
recorded not only in the northern hemisphere (e.g. Grimm et al. 1993; 
Thouveny et al. 1994; Clark & Bartlein 1995; Porter & Zhisheng 1995; Thunell 
& Mortyn 1995), but also in the southern hemisphere (e.g. Lowell et al. 1995). 
Accordingly, the glacial climate variability seems not to be a regional record 
restricted to the North Atlantic region (cf. Dansgaard et al. 1993), but rather to 
a global or hemispheric phenomenon (e.g, Clark & Bartlein 1995; Lowell et al. 
1995; Porter & Zhisheng 1995; Rahman 1995). Therefore, Kennett and Ingram 
(1995) and Behl and Kennett (1996) hypothesised that the inter-ocean 
paleoceanographic changes were linked directly through global climate 
change transmitted through the atmosphere. 

In general, the cause of high-frequency ice-rafting events is still under 
discussion. It remains to be answered whether the cyclic discharge of icebergs 
on a millennial-scale were triggered by external climate forcing or internal ice 
sheet dynamics. Heinrich (1988) suggested that cyclic IRD-events were 
probably triggered by an enhanced surging of the ice sheet responding to 
changes in insolation. However, as shown in Figure 43, there appears to be 
no apparent match between major IRD-events and insolation changes (e.g. 
Bond et al. 1992b; Maslin et al. 1995), indicating that insolation alone does not 
control climate instability. In fact, IRD-cycles on time-scales of a few millennial 
recorded in the Greenland Sea and the North Atlantic (Bond & Lotti 1995) are 
much too frequent to yield any direct relationship to Milankovitch orbital 
forcing. However, H'1 and H'6 coincide with large scale deglaciation in which 
the summer insolation initially rose, which implies that the initial melting phase 
might be partly trigged by climate or a climate-driven mechanism (Bond & Lotti 
1995; Maslin 1995). In contrast, MacAyeal (1993) suggested that Heinrich 
Events may have resulted from internal ice sheet dynamics (bingelpurge 
model), inducing a periodic and abrupt surge of icebergs into the ocean. 

lt is generally thought that during an ice age the existence of extensive 
continental ice sheets may have wielded an important influence upon climatic 
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oscillations. Therefore, the elevation of the huge continental ice sheets may 
have played a critical role in the large-scale features within the atmospheric 
circulation (Manabe & Broccoli 1985). The high elevation of the Laurentide Ice 
Sheet is probably responsible for extensive northerly winds over the Western 
part of the North Atlantic exerting a strong influence on the cooling of surface 
waters during glacial periods (Manabe & Broccoli 1985). Therefore, the 
cooling associated with a northerly wind anomaly may reduce sea-surface 
evaporation by either the thermodynamic effect or by the maintenance of the 
sea-ice Cover (MacAyeal 1993). During periods when the northern 
hemispheric ice sheets collapsed, large volumes of icebergs were discharged 
into the North Atlantic and may have resulted in stronger salinity stratification 
causing the turn-off or reduction of NADW production (Broecker et al. 1990). 
Accordingly, a large input of icebergs and meltwater into the GIN Sea derived 
from the adjacent continental ice sheets may have led to the cessation of 
deep-water formation, which subsequently contributed to the reduction of 
NADW. Reduced NADW formation led to substantial changes in the global 
pattern of oceanic thermohaline circulation in the world's ocean (Broecker & 
Denton 1989). During glacial periods, On the other hand, following the 
collapse of the ice sheets and the subsequent retreat of the ice margin, the flux 
of icebergs into the ocean was significantly reduced, resulting in increased 
surface salinity which in turn strongly influenced the thermohaline circulation 
of the North Atlantic (e.g. Bond et al. 1993). The melting of the continental 
glaciers in the northern hemisphere also induced a complete reorganisation of 
global atmospheric circulation. The abrupt climatic changes documented in 
6180 records in the GRIP ice core and IRD-cycles from the Greenland Sea 
may have been the result of a turn-on and -off effect of the North Atlantic 
conveyor circulation during that interval (e.g. Broecker et al. 1990). 
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10. CONCLUSIONS 

Stable oxygen and carbon isotope records and sedimentological and 
geochemical investigations of glaciomarine sediments recovered from the 
East Greenland continental margin provide important information about 
sedimentary processes and environments, and the changes in the 
paleoclimate and paleoceanography of the western part of the Greenland Sea 
during late Quaternary glacial-interglacial cycles. In particular, the 
glaciomarine sediments recovered from three W-E transects running from the 
heavily ice-covered shelf to the deep sea provide an opportunity of 
understanding the East Greenland glacial history associated with fluctuations 
in the stability of the Greenland Ice Sheet during glacial-interglacial cycles. 

The results obtained from the glaciomarine sediments investigated along the 
East Greenland continental margin and adjacent deep sea can be 
summarised as follows: 

- Sediment composition and glacial history along the western margin of the 
Greenland Sea 

1) The glaciomarine sediments recovered along the East Greenland 
continental margin are generally characterised by a high amount of 
terrigenous components and a low amount of biogenic carbonate throughout 
the last 245 ka. The carbonate content of < I 0  Ol0 reflects low surface water 
productivity resulting from the persistent and strong influence of cold and low- 
saline polar waters of the EGC and an extensive sea-ice cover. 

2) The dominant occurrence of N. pachyderma sin. (>95 %) throughout the 
sediment sequences of glacial and interglacial periods reflects very low SST 
and a permanent winter sea-ice cover along the East Greenland continental 
margin. It is also suggested that there has been little incursion of North Atlantic 
water into the western margin of the Greenland Sea throughout the last 245 
ka. Hence, an input of Atlantic water during the Eemian may not have 
propagated fully into the western part of the Greenland Sea in order to change 
the surface water oceanography, but instead contributed to the reduced sea- 
ice cover. 

3) The predominance of terrigenous ice-rafted debris (IRD) within 
glaciomarine sediments reflects the almost permanent presence of large 
volumes of debris-laden icebergs mostly discharged from East Greenland 
glaciers. A higher supply of coarse terrigenous matter may also have caused 
lower carbonate content of sediments due to the increased dilution. 

4) A high number of major IRD pulses along the western margin of the 
Greenland Sea indicate fluctuations of the glaciers of the eastern margin of 
the Greenland Ice Sheet during the last two glacial-interglacial cycles. Major 
pulses of IRD occur close to the oxygen isotope Stage boundaries reflecting 
the repeated advance andlor collapse of East Greenland glaciers. Similar 
pulses also occur at certain intervals within glacial and interglacial periods, 
implying that glaciers advanced and retreated along the East Greenland 
continental margin during glacial as well as interglacial stages. 
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5) Compared to glacial stage 2, a lower flux of IRD during glacial stages6 and 
4 is ascribed to an expanded sea-ice Cover preventing the drift of icebergs 
across the Greenland Sea. In contrast, there are periods of increased 
carbonate content coinciding with a high number of planktonic foraminifers 
during the Saalian (stage 6) glaciation and the LGM. The surface-water 
productivity indicates that during the last two glacial periods the western 
region of the Greenland Sea has not been covered by year-round sea-ice, but 
has been at least seasonally ice-free along the fluctuating ice margin induced 
by summer melting. During the Same interval, a large volume of icebergs were 
discharged into the Greenland Sea. These not only caused an increased IRD 
supply to the sea floor, but also contributed to the surface-water productivity 
through an increased influx of nutrients from iceberg melting in summer 
months. 

6) In general, the major IRD peaks recorded in glaciomarine sediments can be 
correlated with the East Greenland glacial history derived from terrestrial 
records. The interval of ca. 50 ka between the Menselv interstade and the 
Flakkerhuk stade, however, is indicated as a hiatus on eastern Greenlan, 
whereas at least five repeated advance and retreat of glaciers beyond the 
coastline are proposed during 65-61, 59-51, 48-42, 35-31, and 28-25 ka. 
Furthermore, the repeated advance and retreat of the Greenland Ice Sheet 
seems to be comparable with (hat of the Scandinavian and the Barents Sea 
Shelf ice sheets over the last 200 ka. 

7) According to the massive IRD supply, the distinct increase in the 
accumulation rate of terrigenous material and the massive diamictons 
deposited on the slope areas north and south of Scoresby Sund, the 
maximum seaward extent of the grounding line of the ice sheet may have 
been at the continental shelf break during the LGM (about 21-16 ka). This time 
Span coincides in its age and duration with the culmination of the "Flakkerhuk 
stade" described in the Jameson LandlScoresby Sund area. 

- Paleoceanography of the western margin of the Greenland Sea 

1) S180  records of N. pachyderma sin. from the western Part of the Greenland 
Sea reflect a similar Pattern as the global isotope record, with some 
excursions towards lighter values representing local andlor regional meltwater 
events. These resulted from the retreat of East Greenland glaciers coupled 
with the import of isotopically light polar waters of the EGC transported from 
the Arctic Ocean into the Greenland Sea. Distinct meltwater events are 
recorded at the stage boundaries from glacial to interglacial stages (i.e. 615, 
413, and 211) reflecting the collapse and retreat of the Greenland Ice Sheet. 
However, the 8180 values from the western Part of the Greenland Sea are 
generally heavier than compared to those from the Norwegian Sea indicating 
prevailing cold conditions in the surface water along the East Greenland 
continental margin due to a strong influence of the cold and low-saline Arctic 
polar waters. 

2) According to distinct shifts towards heavy 8180 and light S^C values during 
the transition from interglacial to glacial stages (716, 514, and 3/2), the 
Greenland Sea has been subjected to the abrupt and rapid changes in the 
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extension of the sea-ice Cover. The surface water environment strongiy 
restricted the biological productivity, and prevented the exchange of CO2 with 
the atmosphere and the ventilation of surface waters resulting in a lower flux of 
carbonate and the subsequent dissolution of biogenic carbonate. 

3) The onset of the first meltwater signal during the last deglaciation is dated at 
15.8 ka, i.e. similar to that recorded from the Fram Strait and the Amundsen 
Basin of the central Arctic Ocean. Thus, the onset of the first meltwater signal 
associated with the last deglaciation based on evidence from the Greenland 
Sea and the central Arctic Ocean is approximately 0.8 to 1.5 kyr earlier than 
the major deglacial event within the GIN Sea and the North Atlantic. In 
particular, the shifts of S 1 * 0  values during Termination la are up to 2.24%0 
which exceed the global ice-volume effect (ca. 1.3%o). The difference (up to 
0.94%o) is thought to reflect changes in surface-water salinity resulting from the 
increase in freshwater supply to the Greenland Sea from the melting of the 
Greenland Ice Sheet andlor an inflow of low-saline Arctic polar waters. During 
the last deglaciation, the massive discharge of icebergs and meltwater led to a 
large and widespread stratification of surface waters that strongly prevented 
deep-water formation of the GIN Sea resulting in great reduction in the 
production of NADW. 

- Correlation between the IÃŸD-event and the D - 0  cycles and Heinrich-events 

1) A comparison of IRD records from the Greenland Sea and the oxygen 
isotope records from the GRIP Summit Ice Core reveal that the distinct IRD- 
peaks correlate to intervals of cold air temperatures over Greenland. In 
particular, the interval between 225 and 74 ka exhibit IRD-events 
characterised by a lower frequency and relatively long-term duration 
compared to those of the last glacial period. During the interval between 225 
and 60 ka, the amplitude of the IRD-peaks reached maximum values during 
northern hemisphere Summer insolation maxima, and minimum values during 
insolation minima. The fluctuations in the IRD-flux supplied to the Greenland 
Sea seem to be linked to variations in the northern hemisphere summer 
insolation caused by the Earth's orbital precession cycle (23-kyr). Based on 
the CO-variation between periods of increased IRD-input and Summer 
insolation maxima at 70Â°N it is suggested that climate variations on orbital 
time scales were linked to the growth and decay of the Greenland Ice Sheet 
which periodically triggered massive iceberg discharge to the Greenland Sea 
during that time interval. 

2) The Heinrich-type IRD-events recorded in the Greenland Sea correlate well 
with the North Atlantic "Heinrich Events". The synchronous events can be 
correlated with those recorded from the Norwegian Sea reflecting and 
supporting the coherent fluctuations in the large northern hemisphere ice 
sheets (i.e. the Greenlandl Laurentide and the FennoscandianIBarents Sea 
Shelf ice sheets). Despite the still controversial hypotheses of a forcing 
mechanism (whether the millennial scales collapses of the continental ice 
sheets were triggered by external climate forcing or internal ice sheet 
dynamics), the rapid climatic oscillations On time scales shorter than those of 
Milankovitch orbital cycles seem to reflect rather a global or interhemispheric 
climate change than a regional phenomenon restricted to the North Atlantic 
region. 
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3) During the last glacial period, the IRD-events along the East Greenland 
continental margin occurred frequently at very short-term intervals of 1 to 3 kyr. 
This suggests that rapid collapses of the Greenland Ice Sheet occurred On 
millennial scales. The IRD-events on millennial scales correlate well to 
cooling phases of the "Dansgaard-Oeschger Cycles" in the GRIP ice cores, 
reflecting a close link between the oscillations in air temperatures on 
Greenland and the discharge of icebergs into the Greenland Sea. 
Furthermore, the heavy 5180 records of N. pachyderma sin. correlate well with 
the significant increase in the IRD content corresponding to the most intense, 
longer cooling periods of the D - 0  cycles (i.e. the "Bond Cycles"), indicating a 
close linkage between ice-sheet behaviour and ocean-atmosphere 
temperature changes around Greenland. 
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