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ABSTRACT 
Using microscopic grain lithology analysis and factor analysis, the composition of coarse- 
grained sediments in the Norwegian-Greenland Sea (NGS) was investigated for the last two 
~lacial/interglacial cycles (oxygen Isotope Stages 6+5 and 2+1). These sediments can be clas- 
sified into three facies: that dominated by quartz (QZF), that dominated by dark siltstones 
(DSF) and that dominated by biogenic material (BMF). The DSF occurs predominantly in NGS 
cores from Stage 6 and is thus a "strong glacial" facies. The main source for the DSF lies on 
Svalbard or east thereof; additional sources are the Norwegian continental shelf and north- 
eastern Greenland. The QZF dominates the sediment composition in Stage 2 and portions of 
Stages 5 and 1, as well as Terminations I1 and I; since the Weichselian (Stage 2) glaciation was 
much weaker than the Saale (Stage 6) glaciation, the QZF is considered to be a "weak glacial" 
and "deglacial" facies. Because the QZF consists of broken-down crystalline rocks, source areas 
could lie anywhere in the Arctic realm. The BMF dominates the sediments in most of Stages 5 
and 1; it is therefore an "interglacial" facies signalling the lack of great terrigenous input. 
A peak in the deposition of the DSF or of the QZF in the NGS generally occurs within 1000 
years of the deposition of Heinrich layers further south in the North Atlantic Ocean. This, 
coupled with the fact that accumulation rates at the times of deposition of the Heinrich layers 
are generally increasing or high in the NGS, indicates that there is a possibility that sudden gla- 
cier surges and resulting iceberg calving events from the Scandinavian Ice Sheet occurred with- 
in 1000 years of those from the Laurentide Ice Sheet. 

INTRODUCTION 
The advent of polar palaeoceanography is 
generally marked with the expedition of Fritjof 
Nansen a century ago. Yet progress was slow until 
modern icebreaking technology allowed nuclear 
and conventionally powered icebreakers to reach 
as far as the North Pole (see Weber & Roots, 1990). 
The Earth's subpolar regions are extremely sensi- 
tive to variations in climate and are therefore ideal 
for investigating climate change. 

This paper is concerned with the sediments that 
were deposited on the floor of the Norwegian- 
Greenland Sea (NGS) during the last two glacial/ 
interglacial cycles. The sediments in this investiga- 
tion are studied 

to identify ice-rafted debris within the sedi- 
ments; 
to determine compositional differences in the 
lithology of the sediments in order to reconstruct 
ice drift patterns and trace sediments back to 

their source regions; 
to use the ice drift pattern reconstructions to 
determine spatial and temporal variations in 
oceanographic currents in the study area; and 
to compare the results gleaned from the investi- 
gation of ice-rafted debris to marine and conti- 
nental records from other studies in order to 
derive a glaciation history of the circuin-Arctic 
land areas and an ice-rafting history for the 
Norwegian-Greenland Sea. 

This study is limited to the last two glacial/inter- 
glacial cycles (Oxygen Isotope Stages 6 and 5, ca. 
190-ca. 60 ka, including Termination 11, and 
Oxygen Isotope Stages 2 and 1, ca. 25 ka to present, 
including Termination I) in order to distinguish 
differences between strongly glacial and strongly 
interglacial climates (the boundaries for the stages 
were defined according to Imbrie et al., 1984 and 
Martinson et al., 1987). Most sediment cores taken 
in the Norwegian-Greenland Sea area are long 
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enough to contain these two cycles; thus a detailed 
record of several palaeoceanographic parameters 
exists for these two cycles, whereas previous gla- 
cial/interglacial cycles are not as well sampled. 
The cores analysed in this investigation have also 
been studied for several parameters including car- 
bonate contents (Henrich, 1992), subpolar planktic 
and benthic foraminifers (Henrich, 1992), the 
chronological occurrence of sediment pellets 
(Goldschmidt, 1994), changes in organic geochemi- 
stry (Wagner, 1993; Wagner & Henrich, 1994), accu- 
mulation rates of coarse sediments (Goldschmidt, 
1995) and bottom current velocities (Michels, 1994). 
Together with similar studies in the same geogra- 
phic area (Bischof, 1991, 1994) as well as lithologi- 
cal investigations in neighbouring areas (e.g. 
Hebbeln, 1991; Kubisch, 1991; Spielhagen, 1991), it 
is hoped that the data from all these studies will 
contribute to an understanding of past eras of cli- 
mate change with an eye toward comprehending 
the changes that are occurring today. 

Introduction to the study area 
The Norwegian-Greenland Sea is the only signifi- 
cant link between the Atlantic and Arctic Oceans. 
Presently surface currents in the NGS are marked 
by relatively warm water flowing from the Atlantic 
Ocean into the southern and eastern NGS and cold 
Arctic Water flowing into the northern and western 
NGS (Fig. 1). 

The Norwegian Current brings the relatively 
warin North Atlantic Water (NAW; temperature 6- 
10°C, salinity 35.1-35.3%) northwards off the 
Norwegian coast; the Norwegian Coastal Current 
(NCC) and the eastern portion of the NAW then 
flow along the northern coast of Norway (North 

Figure 1 Modern surface currents in the Norwegian- 
Greenland Sea. Locations of cores investigated in this 
st~tdy are shown. After Henrich ['t 01. (1995). 

Cape Current) and exit into the Barents Sea while 
the main portion of the NAW continues to flow 
northward in the West Spitsbergen Current to the 
Fram Strait; some of this NAW then flows into the 
Arctic Ocean, where it sinks due to an increase in 
density (Swift, 1986). 

Cold water is discharged froin the Arctic Ocean 
into the western NGS via the East Greenland 
Current (EGC; temperature <O°C, salinity 30-34'%,0). 
Water in the EGC can continue to flow southward 
into the Atlantic Ocean through Denmark Strait or 
curve eastward in the East Iceland or the Jan 
Mayen Currents. Water in the central NGS (the 
Arctic Surface Water) that results from the mixing 
of the cold EGC waters and the relatively warm 
NAW has a temperature of 0-4°C and a salinity of 
34.6-34.9% (Swift, 1986). 

The Norwegian-Greenland Sea and the Arctic 
Ocean differ from most of the world's other oceans 
because of the presence of a broad blanket of sea 
ice covering portions of them. This blanket serves 
not only to insulate the water from the atmosphere, 
but also provides a great concentration of salt 
where ice forms in the marginal seas (salt is left 
behind when seawater freezes) and of freshwater 
in areas of melting ice. In addition, the ice can be 
sediment-laden, providing coarser sediments a 
way of reaching the deep ocean basins in this area. 

Ice-transported material 
Sediments that have been transported by ice are 
usually called "ice-rafted detritus" (IRD). This does 
not, however, refer only to iceberg-rafted sedi- 
ments, but also to those carried by sea ice. 
Differentiating sediments that have been dropped 
by melting icebergs from those that have been 
deposited by melting sea ice is not an easy task, yet 
it is important in the reconstruction of both palaeo- 
climates and of glacial advances and retreats. Due 
to the processes by which sediments are incorpora- 
ted into glaciers vs. those through which sediments 
are entrained into sea ice, glacial (iceberg-deposi- 
ted) sediments are usually considered to be coarser 
than those dropped by sea ice (see von Huene et a] . ,  
1973; Hopkins & Herman, 1981; Syjeldnaes, 1981; 
Clark & Hanson, 1983; Goldschmidt et al. ,  1992). 
Sediment grains coarser than 63 pm are usually 
considered to be ice-rafted (sea ice or icebergs; 
Mullen et nl., 1972, Watkins et al.,  1982), and grains 
>500 pm are considered to be ice&-rafted (but 
see Emery, 1963). Several studies have used this 
500 pm boundary to reconstruct past iceberg drift 
paths (e.g. Molnia, 1983; Bischof, 1991; Kubisch, 
1991; Spielhagen, 1991; Elverheri, 1992). But it must 
be kept in mind that, although it is less likely that 
coarse sediments are incorporated into (and later 
deposited by) sea ice than into icebergs and gla- 
ciers, this does not mean that it is impossible (see 
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Goldschmidt et nl., 1992). Many investigations in 
the Arctic have found coarse sediments on or in sea 
ice (e.g. Kane 1857; Tarr 1897; Herman, 1974; 
Wollenburg, 1991; Niirnberg e f  nl., 1994). However, 
in this paper it is assumed that coarse IRD found in 
sediment cores was deposited by melting icebergs. 

MATERIAL AND METHODS 
Determining the lithology of sediment samples 
Sarnple selection 
Cores selected for sampling of sediments for litho- 
logical studies are show11 in Table 1 and Figure 1. 
The layout of the cores defines two transects, one 
ru~uung northwest-southeast across the central 
Norwegian-Greenland Sea and the other striking 
west-east between Greenland and southern 
Svalbard. These cores were chosen because their 
location can provide both detailed information for 
the transects tl~einselves and general information 
for the Norwegian-Greenland Sea as a whole. 
Bioturbatioi~ in these cores is generally low for the 
investigated time period, allowing an increased 
accuracy for the dating of the cores. Furthermore, a 
large database for comparison already exists for 
most of these cores (Henrich e f  nl., 1989, 1995; 
Bischof et nl., 1990; Bischof, 1991, 1994; Henrich, 
1992; Wagner, 1993; Michels, 1994; Wagner & 
Henrich, 1994; Goldschmidt, 1995); this makes it 
possible to correlate various parameters of the 
same cores and to refine palaeoceanographic inter- 
pretations. Two new, unstudied cores (23454 and 
23456) were included to broaden the database for 
the northern transect. 

Samples of ca. 1 cm thickness were taken from 
each of the cores on board ship. The sampling 
interval was 5-10 cm, which eventually led to a 
temporal resolution of up to ca. 200 years, depen- 
ding on the sedimentation rate. The samples that 

were used in this investigation were taken from the 
beginning of Stage 6 (186-128 ka) to the end of 
Stage 5 (128-71 ka); additional samples document 
the transitions between Stages 7 and 6 and Stages 5 
and 4. The same method was used for Stages 2 (24- 
13.6 ka) and 1 (13.6 ka-present); additional san~ples 
document the transition between Stages 3 and 2. 
Thus investigated samples had ages of ca. 190 to cn. 
60 ka and ca. 25 to ca. 0 ka. 

An approximately 2-5 cm3 sample was used for 
carbonate measuremei~ts; these provided a 
preliminary stratigraphy. Sediment samples collec- 
ted from the same depth as the carbonate samples 
were dried, weighed and washed in a hydrogel1 
peroxide solution to disintegrate aggregates. The 
sediment mixture was then washed through a 63 
PI sieve to separate the coarse from the fine frac- 
tion. The coarse fraction was then dried and 
weighed; the fine fraction was not used ill this 
investigation and will not be further described. 

After weighing, the coarse subsample was clr! - 

sieved into the following fractions: 63-125 run, 125- 
250 pm, 250-500 pn, 560-1000 prn and >I000 run. 
These fractions were then weighed to determine 
the percentages of the weights of the various frac- 
tions in regard to the coarse and the total sample 
weights. 

The lithology of ice-rafted sediment was deter- 
mined by investigating two groups of sediinent 
fractioi~s: the 125-500 pm and the >500 pm fsac- 
tions. Both fractions were analysed identically. At 
least 300 grains per fraction (equals >600 grains per 
sample) were examined under a reflecting light 
microscope. Occasionally the >500 vim fraction 
consisted of fewer than 300 grains; in this case all 
the existing grains were counted. Slight statistical 
errors may occur when there are fewer than 300 
grains (see Watkins et al., 1982). The grains were 

classified into 22 lithologi- 
cal classes ~ l u s  one for bio- 

Table 1. Parameters concerning investigated cores 

Core Ship* Cruise Latitude Longitude 
Depth (rn) 

23454 M XX114 76"45 1'N 0832.6'E 2144 3.61 

23456 M XXV4 7734 O'N 06Y0.5'E 21 82 6 34 

"Ships: M = Meteol; P = Polarstern 

genic grains (which con- 
sists almost exclusively of 
the shells of the planktic 
foraminifera Neoglobo- 
qltndrilm pnclyi'errrra sin.); 
these classes are shown in 
Table 2. A si~nilar s t~tdy 
(Bischof, 1991) found tllnt 
a inore detailed analysis 
(106 classes), while provi- 
ding information about 
more specific rock types, 
could not be usecl in analy- 
sing spatial and tempokl 
variations; the great num- 
ber of classes made it 
impossible to make ~ t i ~ i -  
forin correlations between 



122 Peter M. Goldschmidt 

cores in space and time. 
After grain analysis had been completed, the 

grain percentages were subjected to factor analysis 
to determine the statistical significance of IRD 
facies over time. Factor analysis was done for the 
grain counts of the >I25 pn fraction for each core. 
This was accomplished using the CABFAC pro- 
gram (Imbrie & Kipp, 1971; Klovan & Imbrie, 
1971). 

To determine the age of the samples, oxygen 
and carbon isotope (6180 and 813c) measurements 
were performed on the 125-250 pn fraction of the 
planktic foraminifera Neogloboquadrina pachyderms 
sin. Analyses were done at the C-14 Laboratory at 

Table 2. Lithologies investigated in this study. 

qt~nrtz +feldspar chalk 
nlicn coal 
nlajc mii~ernls q~~artzite 
snizdstone rilica schist 
dnrk siltstoize phyllite 
Iigllt siltstone crysknlline schist 
red siltstone light crystnlline rock 
spiclilitic chert dark crystalline rock 
other chert red cyslalline rock 

lactor loading 

the University of Kiel using the procedures de- 
scribed by Winn et al. (1991). Isotopic events and 
stage boundaries were located using data of Imbrie 
et al. (1984) and Martinson et al. (1987). Cores with- 
out isotopic data were dated by comparing charac- 
teristic maxima and minima in carbonate content 
to the carbonate curves of cores with isotopic 
datings. The age data are presented in the 
Appendix. 

Presentation of the data 
The graphs of the factor analysis graphs require 
some explanation. Simple line graphs of the factor 
loadings (>0.700, the limit of statistical signifi- 
cance) vs. age resulted in up to 6 different lines 
crossing each other repeatedly; it was nearly 
impossible to distinguish the paths of all of the 
lines in a graph. Thus the portion of the lines that 
exceed a factor loading of 0.700 were covered with 
boxes of different patterns, resulting in an under- 
standable presentation of the lithology data (see 
Fig. 2). 

RESULTS 
Composition of the investigated sediments 
Figure 3 shows the occurrence of the IliD facies 
determined to be significant by factor analysis. 
There are 3 main IRD facies, consisting of: 

the quartz facies (QZF), where quartz is the 
dominant IRD facies; 

the dark siltstone facies (DSF), where dark silt- 

factor loading 

111 

Figure 2. Process of preseniation of results of factor analysis. Pure graphing results in the incomprehensible presenta- 
tion at left. Restricting the results to factor loadings > 0.700 results in the presentation in the middle; this is better t l~an 
that at left but is still difficult to understand. Covering the portion of the lines that exceed a factor loading of 0.700 with 
boxes of different patterns results in the understandable presentation at right. 
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stone is the dominant IRD facies; and 
the biogenic material facies (BMF), where bio- 

genic material dominates the sediments, indicating 
the lack of IRD. 

Oxygen Isotope Stage 6 
Northern transect. - The advent of Stage 6 can be 

seen as a dark siltstone facies (DSF) in the central 
cores of the northern transect (Fig. 3). An occur- 
rence of the biogenic material facies (BMF) appears 
in the westernmost core (21906); the amount of ter- 
restrial material is low enough in this core that bio- 
genic material dominates during this period and, 
indeed, through nearly the entire core. At around 
177-168 ka an influx of the quartz facies (QZF), 
interrupted briefly by a DSF, appears in all cores 
except 21906. Between 168 and 135 ka, cores 23454 
and 17728 are dominated by alternating appearan- 
ces of the QZF and the DSF while cores 23456 and 
21906 apparently have too little terrestrial material 
and are thus dominated by the BMF. Toward the 
end of Stage 6 QZF deposition becomes predomi- 
nant in all cores. 

Souhern transect. - The BMF predominates in 
all cores for the Stage 7/6 transition in the southern 
transect. Greater amounts of terrigenous material 
begin to be deposited by 180 ka (178 ka in core 
23342; Fig. 3). The QZF is deposited in all cores 
except 23062 (DSF) until about 173 ka. For the next 
8 ky little terrigenous material is deposited except 
in core 23059 (QZF). The supply of terrigenous 
material gradually increases from east to west 
starting around 155 ka, so that the QZF is depo- 
sited in every core except the westernmost 23342 
between 148 and 138 ka, including Event 6.3. 
Toward the end of Stage 6, the QZF was deposited 
in most cores while the DSF was deposited in core 
23062. The QZF is the dominant facies for both 
transects in Termination 11. 

Oxygen Isotope Stage 5 
Northern transect. - The QZF that was deposited 
toward the end of Stage 6 and in Termination I1 
peters out during Event 5.5.3. After this time, 
nearly every core of the northern transect in Stage 
5 has little terrigenous material; they are thus 
dominated by the biogenic matter facies (BMF). 
The northeasternmost core (23454), on the other 
hand, has more terrigenous sediment: rapid inter- 
layering of the QZF and the DSF overwhelms the 
biogenic matter. 

Southern transect. - The entire southern trans- 
ect is dominated by the BMF for almost the entire 
Stage 5 (Fig. 3). The DSF does not appear at all here 
and the QZF appears only at 99-94 ka in core 23342. 
The near total dominance of biogenic matter nearly 
everywhere in the Norwegian-Greenland Sea 
(except in the core closest to Svalbard) demon- 

strates that ice-rafting was much less prevalent 
here than in Stage 6. 

Oxygen Isotope Stage 2 
Northern transect. - It can be seen that IRD depo- 
sition in the Stage 2 glaciation was mucl~  less 
intense than that in Stage 6 for both transects. The 
BMF is doininant in all but the westernmost core 
for most of Stage 2 in the northern transect (Fig. 3). 
Core 21906 consists of the DSF at the beginning of 
this Stage; a switch to the QZF occurs at about 18 
ka. This QZF then becomes the dominant facies 
throughout the transect during Termination I. 

Southern transect. - The facies deposited in the 
southern transect during Stage 2 are similar to 
those of Stage 6: the QZF dominates, there is inter- 
spersed BMF, and the DSF is absent (Fig. 3). The 
QZF covers the entire transect during the transition 
between Stages 3 and 2. The BMF is found at about 
21.5-19 ka on both ends of the transect but not in 
the intervening cores. The QZF then covers most of 
the transect again between 18.5 and 13 ka; a small 
layer of BMF appears in core 23065 at ca. 17 ka. 

Oxygen Isotope Stage 1 
Northern transect. - At the beginning of Stage 1, 
QZF deposition occurs primarily in the western 
portion of the northern transect while DSF sedi- 
ments are deposited mainly in the east (Fig. 3). The 
BMF appears asynchronously at ca. 11 ka in the 
west and ca. 6 ka in the east. The surficial sedi- 
ments are made up of the BMF in every core. 

Souhern transect. - QZF deposition is dominant 
in every core at the beginning of Stage 1 in the 
southern transect (Fig. 3). As is the case in the nor- 
thern transect, the BMF appears asynchronously: 
the first appearance is at ca. 13 ka in cores 23059 
and 23065, then at ca. 11 ka in cores 23342 and 
23062 (the same time as in the western cores of the 
northern transect), with a final appearance at 9.5 ka 
in cores 23357 and 23071. As in the northern trans- 
ect, the surficial sediments are made up of the BMF 
in every core. 

DISCUSSION 
Comparison of IRD facies with Norwegian- 
Greenland Sea lithofacies 
In an attempt to categorise the sediments that 
occur in the Norwegian-Greenland Sea, Henrich 
(1992; Henrich et nl., 1995) presented a classifica- 
tion based on (1) carbonate content, (2) carbonate 
grain size, (3) terrestrial IRD content, (4) terrestrial 
IRD grain size, (5) the presence of planktic and 
benthic foraminifera as well as (6) the presence of 
sediment structures such as dropstones and biotur- 
bation. In this classification are 8 lithofacies which 
point to differing depositional environments and 
the influence of various surface water masses: 
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Lithofacies A and B3, rich in carbonate and 
poor in terrigenous matter, are currently being 
deposited beneath relatively warm Atlantic Water 
and in the transition to Arctic Surface Water. These 
lithofacies indicate that little floating ice existed in 
the NGS during their deposition in earlier periods. 
Lithofacies A and B3 are referred to as "warm 
water" lithofacies. 

Lithofacies 82, 01 and C represent the deposi- 
tional environment beneath Arctic Surface Water 
and cold currents such as the modern East 
Greenland Current. Carbonate and terrigenous 
contents were somewhat lower and higher, respec- 
tively, than in lithofacies A and B3. Icebergs were 
common and sea ice cover dense at times. 
Lithofacies B2, B1 and C are referred to as "cool 
water" lithofacies. 

The diamictons of lithofacies D, E and F are 
related to high instabilities of tidewater glaciers 
which have advanced far out onto the outer 
continental shelf; large numbers of icebergs were 
released by retreating glaciers. Maximum amounts 
of the terrigenous coarse fraction and very low car- 
bonate contents occur in these 3 lithofacies. These 
are referred to as "diamict" lithofacies. 

Table 3 presents the sample depths (in cm) of 
the lithofacies in core 23071 determined by Henrich 
(1992). Also shown are the factor loadings deter- 

grain prcelll 
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mined by factor analysis for the quartz (QZF), dark 
siltstone (DSF) and biogenic matter facies (BMF) 
from this study. As can be seen in this example, 
lithofacies A and 83 are clearly dominated by the 
BMF. Lithofacies Bl/B2 is also BMF-dominated, 
but the QZF is distinctly greater. The QZF rises to 
dominance in the C lithofacies and is clearly domi- 
nant in the diamict lithofacies D, E and F. (The table 
also indicates that four samples appear to be mis- 
identified as C lithofacies by Henrich (1992); they 
are dominated by the BMF with QZF factor load- 
ings of >0.300, and thus are more likely to belong to 
lithofacies Bl/B2.) Taking this comparison into 
account, correlations between the IRD facies and 
the lithofacies of Henrich (1992; Fig. 4) are dis- 
cussed below. 

Oxygen Isotope Stage 6 
The A and B3 lithofacies correlate well wit11 the 
BMF in the penultimate glacial period. The B2/B1 
lithofacies is usually made up of the QZF and DSF 
facies. The C lithofacies is dominated by the QZF 
and the BMF whle  the diamicts D, E and F are 
dominated by the QZF with subsidiary DSF and 
BMF. 

Oxygen Isotope Stage 5 
A positive correlation of the two "warm water" 

23062 
1111//)- 

pnin wrcrnl 

3 3 

Figure 3. Results of the factor analysis of the >I25 pn fraction for the cores examined in this study. The figure shows 
the occurrence of quartz, dark siltstone, chalk, coal, biogenic material and other terrigenous matter; to the right of each 
graph are the lithotypes resulting from factor analysis. Blank areas occur where factor analysis showed statistically 
insipificant results. Cores are displayed west to east. Legend to patterns on following page. 
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Figure 3 (continued). Results of the factor analysis of 
the >I25 pm fraction for the cores examined in this 
study. The figure shows the occurrence of quartz, 
dark siltstone, chalk, coal, biogenic material and 
other terrigenous matter; to the.right of each graph 
are the lithotypes resulting from factor analysis. 
Blank areas occur where factor analysis showed sta- 
tistically insignificant results. Cores are displayed 
west to east. 
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Table 3. Example of comparison of IRD facies vs. litho- 
facies. Shown are the depths (in cm) of the occurrence of 
Henrich lithofacies (left column) vs. the factor loadings 
of the quartz (QZF), dark siltstone (DSF) and biogenic 
matter (BMF) facies for core 23071. Highest factor 
loading is shown in bold print. 

A QZF DSF EMF 

lithofacies A and B3 with the BMF occurs in Stage 
5. Core 23454 continues to show predominance of 
the DSF in these two lithofacies; this indicates both 
a greater supply of terrigenous material to this part 
of the Norwegian-Greenland Sea and a proximity 
to DSF source areas. The B2/B1 lithofacies is donu- 
nated by the QZF or the BMF. The two brief dia- 
micts at the beginning of Stage 5 in cores 23357 and 
23342 are QZF-dominated. 

Oxygen Isotope Stage 2 
The QZF dominates most of Stage 2; the DSF is 
greatly reduced compared to Stage 6. The DSF is 
only prominent in the B3 lithofacies in core 21906. 
The BMF can be seen in the B2/B1 and C lithofacies 
in other cores; since Stage 2 is a glacial era, the pre- 
sence of the BMF in these lithofacies indicates that 
very low amounts of terrestrial material were 
deposited in these cores compared to the Stage 6 
glaciation. 

Oxygen Isotope Stnge 1 
The DSF continues to be uncommon in Stage 1; it is 
found only in the northeast (cores 23454 and 
23456), implying that the northeastern DSF source 
was still being eroded by glaciers during the first 
half of Stage 1. The QZF predominates in the 
"cool" lithofacies C and B2/B1, but the presence of 
the BMF shows that relatively little terrigenous 
matter was being deposited. As usual, the 
"warmer" lithofacies A and B3 (affected by Atlantic 
waters) are BMF-dominated. 

Summary of correlation of IRD facies zoitk 
Henrich lithofacies 
In general, the dark siltstone facies (DSF) appears 
much more frequently in Stages 6 and 5 (the 
penultimate glacial/interglacial cycle) than in 
Stages 2 and 1 (the last such cycle). The core with 
the greatest occurrences of this facies is core 23454, 
which lies off the coast of Svalbard. This implies 
that either Svalbard or the Barents Sea is the largest 
contributor of dark siltstones to the Nonvegian- 
Greenland Sea. Furthermore, greater quantities of 
IRD in general and of the DSF in particular appear 
to have been transported from Svalbard or the 
Barents Sea in the penultimate glacial/interglacial 
cycle than in the later one. 

Generally, the "warm water" lithofacies A and 
B3 are dominated by the biogenic matter facies 
(BMF). The DSF dominates in lithofacies B2/B1 
and C. It does not figure strongly in the diamicts, 
which are usually dominated by the quartz facies 
(QZF). This is surprising, since the diamicts tend to 
be dark in colour, and it was assumed that this 
colouring comes from massive quantities of dark 
siltstones. Figure 5 shows that this does not appear 
to be the case. In this figure, the grain percentages 
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Figure 4. Comparison of Henrich lithofacies and IRD facies determined by factor analysis for the northern (top) and 
southern (bottom) transects. 
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of dark siltstones, chalk and coal are plotted 
against time and compared to the lithofacies of 
Henrich (1992). It can be seen that there are peaks 
in dark siltstone deposition during the deposition 
of the diarnicts. It can also be seen, however, that 
(1) sometimes very few dark siltstones occur in the 
diamicts (e.g. core 23065, ca. 148 ka) and (2) peaks 
in dark siltstone deposition occur in other lithofa- 
cies. Sometimes these dark siltstone peaks are 
higher than the peaks in the diamicts (e.g. core 
23071, diamict at 145 ka vs. dark siltstone peak at 
139 ka). 

Wagner (1993) found that the diamicts general- 
ly contain sediments with high total organic carbon 
(TOC) contents. While background TOC contents 
average about 0.20-0.30 weight percent (wt.%), dia- 
micts have values of up to 1.04 wt.%. Results of the 
present study show that the same diamict samples 
determined by Wagner (1993) to have high TOC 
values have quartz:dark siltstone grain percent 
ratios of up to 20:1, averaging about 8:l. Although 
not all diamicts have TOC peaks, those that don't 
do not have a lower quartz:dark siltstone ratio than 
those that do. The coarser >500 pm fraction, how- 
ever, has a quartz:dark siltstone grain percent ratio 
of up to ca. 1:2. This means that the coarser fraction 
contains a much higher proportion of dark silt- 

stones; these may be the ones that account for the 
TOC peaks in the studies of Wagner (1993). Dark 
siltstones that were included during diamict depo- 
sition may thus be more TOC-rich or have larger 
grain sizes than dark siltstones deposited at other 
times; this may mean that the dark siltstones in the 
sediment that makes up diamicts originates in a 
different (high-TOC) source region than the dark 
siltstones from other lithofacies. 

The distribution of the sediment lithology 
determined in this study and its relationship with 
the lithofacies determined by Henrich (1992) and 
with palaeoclimates can thus be summarised: 

The dark siltstone facies (DSF) is generally more 
frequent during glacials than in interglacials and 
also occurred more often in the penultimate gla- 
cial/interglacial cycle as opposed to the last one. 
The DSF can therefore be generally viewed as a 
"strong glacial" facies. 

The DSF is most prominent in the northern 
transect than in the southern. 

This appears to implicate Svalbard or regions 
east thereof as sources for the DSF. 

These land sources were suppleinented by 
marine (continental shelf) sources during glacial 
times when glaciers advanced onto the continental 
shelves. The Barents Sea Shelf was probably ano- 

ther source for the DSF (see 
point above). 

The QZF facies was pre- 
dominant during the Stage 
2 glaciation, which was 
weaker than that of Stage 6. 

/ I.ilh<B8rin It was also deposited in 1 (H r#~nrh  IM2J 7 both Terminations 11 and I. 

It can therefore be viewed 
as a "weak glacial" and 

.,,,L. ",,, mo11n2 "deglacial" facies. 
<,I.,<,,,, 1 v,, ,,,,C,,,."> 1 ~ / ~ 1 1  

The BMF was deposited 
cxc,,,\ predominantly in intergla- 

cial periods, although it 
appears sporadically in gla- 
cia1 periods. It signals low 
amounts of terrigenous 
sedimentation and can be 
viewed as an "interglacial" 
facies. 

I CI;LI~ <~II\~<IIIC ~ O S I ~  The "warm water" litho- I 6 q"illll(OLl:l 

1 hlo:un~c nnrauri;lI (OMI.1 ( facies A and B3 correlate 
i ;,,, =,,;,,,,, i,,ll, i with the biogenic matter 

facies (BMF). 
The "cool water" lithofa- 

cies B2/B1 correlate mostly 
with the DSF. 

The diarnict lithofacies D, 
Figure 5: Comparison of Henrich lithofacies (left), makeup of the sediment accor- E and F usually correlate 
ding to the grain percentages of dark siltstone, chalk and coal (middle) and IRD with the QZF, 
facies determined through factor analysis (right) for cores 23065 and 23071. 
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there are some DSF diamicts. The DSF tends to 
show peaks in the diamicts but is still usually sub- 
ordinate to quartz. The DSF lithofacies in the dia- 
micts may contain rocks with higher TOC values 
than those in other lithofacies. 

The lithofacies defined by Henrich (1992) show 
some correlation with the IRD facies presented 
here. Any particular lithofacies can be divided into 
further subdivisions based on IRD facies. To do this 
would refine the ice-rafting history of any particu- 
lar core but differences in the details would result 
in a reduced capability to correlate cores (see 
Bischof, 1991). 

Correlation of IRD facies with accumulation rates 
It would be interesting to know if there is a rela- 
tionship between the IRD facies and the accumula- 
tion rates of coarse ice-rafted debris from the 
Norwegian-Greenland Sea (Goldschmidt, 1995); 
for instance, is the dark siltstone facies (DSF) asso- 
ciated with high accumulation rates? Or is this 
association affected by glacial/interglacial con- 
trasts? The following discussion of Stages 6 and 5 
compares the facies and the accumulation rate data 
(Fig. 6). 

During the transition from the interglacial Stage 
7 to the glacial Stage 6 (186 ka), accumulation rates 
(AR) were ca. 200 mg/cm2/ky in the western NGS 
and ca. 200-450 mg/cm2/ky in the northern and 
eastern NGS (Goldschmidt, 1995). The IRD facies 
indicate that the dark siltstone facies (DSF) was 

deposited only in the north at this time; the bioge- 
nic material facies (BMF) was deposited in the 
south. Thus, terrigenous matter, consisting of the 
DSF, was deposited in significant quantities only in 
the northern NGS. High ARs in the northern NGS 
correlate with this deposition of terrigenous mat- 
ter. But the fact that the ARs in the eastern NGS 
were higher than those in the western NGS is not 
explained by the IRD facies. For Events 6.5-6.2 
(171-135 ka) QZF is predominant in the high accu- 
mulation areas (up to 900 mg/cm2/ky; Gold- 
schmidt, 1994) of the southern transect, especially 
off the Norwegian coast, while the DSF dominates 
the high AR (up to 500 mg/cm2/ky; Goldschmidt, 
1994) sediments in the north. 

During the first 5000 years of Stage 5 (128-123 
ka) there were several high accumulation areas, 
notably off the coast of Norway (up to 700 
mg/cm2/ky; Goldschmidt, 1994) and south of 
Fram Strait (up to 1500 mg/cm2/ky; Goldschmidt, 
1994). The highest AR locations were almost 
invariably associated with the QZF. Supporting 
this is the fact that most of the diamict lithofacies, 
indicative of large-scale ice-calving events, are 
QZF-dominated. During the rest of Stage 5 accu- 
mulation rates were very low (<200 mg/cm2/ky; 
Goldschmidt, 1995) and the BMF dominated in 
most areas. 

There is no particular facies associated with the 
highest accumulation rates in the NGS; this varies 
with location, although the QZF does dominate 

accumulation rate, 
terrigenous coarse fraction, 

Figure 6.  Histories of average accumulation rates of coarse terrigenous matter for Events 7.1-Present in the eastern, 
western and northern Norwegian-Greenland Sea. Accumulation rates from the eastern NGS include data from cores 
23065 and 23071 (plus 3 additional cores); ARs from the western NGS include data from cores 23059,23312 and 23357 
(plus 7 additional cores); ARs from the northern NGS include data from cores 17728 and 21906 (plus 2 additional 
cores). Dark lines indicate approximate levels of background sedimentation. Modified from Goldschrnidt (1995). 
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over the DSF during the Stage 6/5 deglaciation. An 
overall relationship, however, does exist between 
the presence of the biogenic material facies (BMF) 
and low IRD accumulation rates. A transition to the 
BMF from another facies would indicate a decrease 
in the deposition of terrestrial IRD while a transi- 
tion from the BMF to another facies would indicate 
an increase in the deposition of terrestrial IRD. 

Ice cover in the Norwegian-Greenland Sea over 
the last two glacial/interglacial cycles 
Following is a brief discussion of the glacial history 
of the Norwegian-Greenland Sea and its surround- 
ing continents over the past two glacial/intergla- 
cia1 cycles. Results gleaned from this study can be 
compared favourably with certain other investiga- 
tions in the NGS area and unfavourably with 
others. These coinparisons are discussed below. 

Oxygen Isotope Stage 6 
Accumulation rates were generally low (<400 
mg/cm2/ky; Goldschmidt, 1995) throughout the 
Norwegian-Greenland Sea during the transition 
between Stages 7 and 6. The biogenic matter facies 
(BMF) was dominant, indicating minimal ice-raft- 
ing. Coccolith evidence points to seasonal ice cover 
at this time; a brief warming episode occurred just 
before the start of Stage 6 (Baumam, 1990). The 
presence of the dark siltstone facies (DSF) in the 
northern NGS indicates melting icebergs from a 
possible glacier in the Barents Sea or on Svalbard. 

Glaciers grew rapidly at the start of Stage 6, 
especially in Scandinavia, resulting in a peak ( ~ 6 0 0  
mg/cm2/ky; Goldschmidt, 1995) in accumulation 
rates (AR) in the eastern NGS. Dark siltstones were 
deposited in diamicts in the eastern NGS; these 
may have come from northward drifting icebergs 
from the Scandinavian Ice Sheet or from south- 
ward drifting icebergs from the Barents Sea Ice 
Sheet. Numerous authors have postulated that 
dark siltstones originate in the Barents Sea/eastern 
Svalbard region or further eastward (e.g. Hebbeln, 
1991; Kubisch, 1991; Spielhagen, 1991; Kuhlemam 
et nl., 1993). Unfortunately, since dark siltstones 
crop out both in the Barents Sea and on the 
Norwegian continental slope, deciding between 
northward- or southward-oriented currents in the 
eastern NGS is impossible without more detailed 
analyses of the dark siltstones. Some investigators 
have found isotopic evidence that glacial currents 
flowed in a clockwise direction rather than the pre- 
sent anticlockwise pattern (Bischof et nl., 1990; 
Weinelt ct al., 1991, 1992; Sarnthein et nl., 1992). If 
currents were clockwise, a significant and long- 
lasting eddy would have to be imposed in the 
southern Fram Strait area to account for the dark 
siltstone facies in the northeasternmost cores. The 
clockwise reconstruction of Bischof et al. (1990) was 

based in part on the diminishing quantity of coal 
clasts in the ~ 5 0 0  p m  fraction from north to south 
in the eastern NGS. These coal clasts were coil- 
sidered to have come from more northern areas 
such as Franz Josef Land or the Siberian shelf. 
Wagner (1993) disputed this reconstruction based 
on the geochemical properties of coal samples froin 
the NGS sea bottom in comparison with in sit11 coal 
from the Siberian shelf. It should be noted, how- 
ever, that Wagner (1993) analysed only one sample 
from the Siberian Shelf; he also warned of the pos- 
sible inaccuracy of using coal as a tracer because of 
its rather uniform geochemical properties tl~rougll- 
out the Arctic realm. This leaves the questions of a 
Siberian origin for the coal from the NGS and of the 
possibility of a clockwise gyre during deglaciations 
still unanswered. 

The presence of scattered chalk dropstones in 
the easternmost core (23071; Fig. 5; Henrich, 1992) 
indicates a northward drift from the North Sea area 
to the eastern NGS by around 175 ka and thus 
counterclockwise circulation. By this time, the 
quartz facies (QZF) had become the most domi- 
nant facies to be deposited in the NGS. 
Accumulation rates remained relatively high in the 
eastern and northern NGS. An increase in AR ( ~ 6 0 0  
mg/cm2/ky; Goldschmidt, 1994) occurred at 141 
ka in the northern NGS, indicating an increase in 
the number of melting icebergs in this area. Based 
on the geochemical properties of dark siltstones in 
cores 23065 and 17728 and of in sit11 dark siltstoncs, 
Wagner (1993) reconstructed a westward and then 
southward ice drift from northern Norway and the 
Barents Sea. The AR evidence from the northern 
NGS does not appear to support the results of 
Wagner (1993). 

The interpretation of relatively warm condi- 
tions during isotopic Events 6.5 and 6.3 (171 and 
141 ka) is supported by the deposition of lithofacies 
A and the appearance of coccoliths in the Fram 
Strait (Hebbeln, 1991; Henrich, 1992). Although the 
climate was relatively warm for these parts of 
Stage 6, biogenic matter was not dominant, indica- 
ting that ice-rafting of terrigenous sediments was 
still strong at this time. Higher accumulation rates 
of coarse IRD (up to 900 mg/cm2/ky; Gold- 
schmidt, 1994) appear throughout the NGS during 
both events, indicating the increasing instability of 
ice margins and the melting of icebergs in the NGS. 
These increased ARs are supported by the increase 
in TOC-rich sediments (Wagner, 1993). The inter- 
vening Event 6.4 (157 ka) is marked by lower ARs 
(ca. 150-500 mg/cm2/ ky; Goldschmidt, 1994) 
throughout the NGS, indicating more stable ice 
margins and the reduced release of icebergs. 

Oxygen Isotope Events 5.5.3-5.5.1 
During the first 5000 years of the interglacial Stage 
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5 (Stage 5.5 = the Eemian; Mangerud et nl., 1979; 
Mangerud, 1989) accumulation rates (AR) were 
high (up to 1500 mg/cm2/ky; Goldschmidt, 1995) 
in the northern and eastern NGS. During this time, 
the biogenic matter facies (BMF) began to domi- 
nate the sediments, indicating warmer climates 
and decreasing ice-rafting. By this time, warm 
Atlantic water had penetrated into the eastern 
NGS. This is supported by the deposition of the 
"warm water" lithofacies A and B3 in the NGS, by 
the deposition of the biogenic matter facies (BMF), 
by oxygen isotope records, by a strong peak in the 
amount of coccoliths and by the decrease in the 
TOC content of the sediments (Henrich et nl., 1989; 
Baumam, 1990; Henrich, 1992; Baumann et nl., 
1993; Wagner, 1993). 

Oxygen Isotope Events 5.4-5.0 
The combination of low accumulation rates (<ZOO 
mg/cin2/ky; Goldschmidt, 1995) and the domi- 
nance of the biogenic matter facies (BMF) indicate 
that the remainder of Stage 5 was relatively warm. 
It was not, however, as warm as during Event 5.5.1; 
this is supported by the decrease in deposition of 
carbonate sediments (Henrich, 1992). The NGS 
may have been at least seasonally covered with sea 
ice during portions of Stage 5 (Belanger, 1982; 
Hebbeln, 1991), but icebergs were rare. The dark 
siltstone facies (DSF) is more prominent in the 
northern NGS, indicating that the Sval- 
bard/Barents Sea region was ice-covered at this 
time. Carbonate and biogenic data point to a brief 
warming of the NGS during Events 5.3 and 5.1 and 
cooling in Event 5.2 (103,79 and 90 ka respectively; 
Baumam, 1990; Gard & Backman, 1990; Hebbeln, 
1991; Henrich, 1992); TOC contents (Wagner, 1993) 
and accumulation rates for coarse IRD 
(Goldschmidt, 1995) are uniformly low at this time, 
hindering any interpretations of palaeoenviron- 
ments based on these data. 

IRD accumulation rates began to increase (>ZOO 
mg/cm2/ky; Goldschmidt, 1994) after Event 5.1 
(79 ka). Carbonate evidence shows a relatively cool 
NGS; by this time the biogenic matter facies (BMF) 
had been replaced in some cores by the quartz 
facies (QZF). 

Oxygen Isotope Stages 2 and 1 
During Stage 2, ice sheets and sea ice became wide- 
spread for the last time. This is indicated by the 
combination of high accumulation rates (500-800 
mg/cm2/ky; Goldsclunidt, 1994) and the general 
domination of the quartz (QZF) and, to a lesser 
degree, the dark siltstone facies (DSF) over the bio- 
genic matter facies (BMF). A complete ice cover like 
that seen in the CLIMAP reconstruction (CLIMAP 
Project Members, 1976; Kellogg, 1980; Kellogg ct 
nl., 1978) is unlikely due to the sedimentation rates 

in the NGS at this time; a complete ice cover would 
reduce sedimentation rates drastically. The Barents 
Sea, Svalbard and Scandinavian Ice Sheets all 
expanded to the continental shelf edge (Vorren cf 
nl., 1984, 1988; Hald et nl., 1989; Haflidasoil & 
Sejrup, 1992; Baumann et nl., 1995). 

The nearly continuous presence of chalk in core 
23071 during Stage 2 points to a northward drift of 
icebergs in the eastern NGS and thus to an 
anticlockwise circulation pattern in the NGS as a 
whole. This chalk can be traced from the North Sea 
area northward along western Norway and up into 
the Fram Strait (Schacht, 1991; Spielhagen, 1991; 
Henrich, 1992). 

Peaks in the accumulation rates of IRD can bt. 
seen between 26 and 12 ka in the Frain Strait 
(Hebbeln, 1991; Mangerud, 1992); these may be de- 
rived from the melting of icebergs from Svalbard. 
Most studies point to a rapid deglaciation of the 
Scandinavian and Barents Sea Ice Sheets a r o ~ u ~ d  
15-13 ka (Ruddiman & McIntyre, 1981a and b; 
Vorren et al., 1988; Hald ct nl., 1989; Jones & 
Keigwin, 1989), although some investigators see 
some glacier melting at 18-22 ka (Grousset & 
Duplessy, 1983; Lehman et nl., 1991; H. Hatlidason, 
pers. comm., 1993). Deglaciation was driven 
mainly by iceberg calving (Hughes, 1992). Svalbard 
may not have begun deglaciation before 10 ka 
(Hebbeln, 1992; Mangerud, 1992; Mangerud & 
Svendsen, 1992). This seems to be supported by the 
delayed appearance of the biogenic matter facies 
(BMF; ca. 5 ka vs. ca. 10 ka) in the northeaster11 
NGS. 

At ca. 15 ka, a rise in dark siltstoi~es occurred in 
the eastern NGS (Figs. 4 and 5) .  Bischof (1991,1994) 
found evidence of clastic sedimentary rock deposi- 
tion (such as dark siltstones) for the eastern NGS at 
this time. Based on geochemical properties of the 
sediments, he attributed the origin of the sedimen- 
tary rock to the Barents Sea region, thus revealing a 
possible reversal in current directions in the 
eastern NGS. A complete change from anticlock- 
wise to clockwise NGS circulatioi~ did not take 
place, however; currents in the western NGS con- 
tinued to flow southward. In Figs. 4 and 5, it can be 
seen that chalk deposition comes to an abrupt halt 
at this time in core 23071; this may indicate that the 
heretofore prevailing northward flow of ice off 
Norway, carrying chalk from the North Sea region, 
suddenly was replaced by a southward flow which 
carried the siltstones from the Barents Sea. This 
may be a result of the deglaciation of the Barents 
Sea Ice Sheet (see also Sarnthein et nl., 1992). 

A diamict deposited at 13.5-13.2 ka in core 
23071 contains coal and chalk fragments (Henrich, 
1992), indicating that the northward drift in the 
eastern NGS had reasserted itself by this time. 
High TOC values in the diainict appear to indicate 



132 

a source on the Norwegian continental shelf 
(Wagner, 1993). 

Carbonate and diatom data indica te tha t the 
first intrusion of Atlantic Water occurred at 13-10 
ka (Henrich, 1992; Ko<;: Karpuz & Jansen, 1992). The 
biogenic matter facies (BMF) began to be deposited 
at ca. 12-10 ka (ca. 5 ka in the northeastern NGS), 
indicating a decrease in IRD and the return to 
warmer climates. The transition to Holocene 
climates after the Younger Dryas is marked by an 
increase in carbonate deposition and by the re
placement of the C and Bl lithofacies by the A and 
B3 lithofacies 8-6 ka (Henrich, 1992). The depo
si tion of modern coccoliths and diatoms began at 
about this time (Ba umann, 1990; Baumann & 
Matthiessen, 1992). ARs of coarse IRD have 
genera lly been <200 mg/cm2/ky for the last 5000 
years (Goldschmidt, 1995). 

Comparison to Heinrich events 
In recent yea rs much research has been devoted to 
"Heinrich layers" in the northern North Atlantic 
(Heinrich layers must not be confused with 
Henrich lithofacies). Heinrich layers appear to 
have been caused by massive discharges of ice
bergs from the Laurentide Ice Sheet in North 
America during at leas t the last ca. 70 ka. These 
layers are marked by peaks in terrestrial coarse 
IRD and in fossil detri tal carbonate (Heinrich, 1988; 
Bond et ai., 1992a-c). It appears that they occurred 
when the Laurentide Ice Sheet, centred on the 
crystall ine rocks of the Canadian Shield, advanced 
onto the softer carbonate rocks further eastward. 
The grea ter erodability of the carbonate rocks led 
to an increase in the veloci ty of the ice sheet and its 
consequent destabilisa tion. This brought about the 
calving of grea t numbers of icebergs and the preci
pitous retrea t of the ice shee t (Alley & MacAyeal, 
1994; MacAyeal, 1993). The icebergs carried glacial 
sediment into the northern North Atlantic Ocean 
(be tween latitudes 40-65°N); this sediment was 
deposited as fa r east as the Canary Islands off the 
northwest coast of Africa. 

The origin of Heinrich layers and those of the 
diClmict lithofacies D, E and F of Henrich (1992) are 
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remarkably similar: both are assumed to have been 
ca used by rapid diSintegration of an ice sheet, the 
Laurentide for the Heinrich layers and the 
Scandinavian for Henrich lithofacies. Heinrich 
events occurred in the northern North Atlantic at 
ca. 69 (Heinrich layer 6 = H6), 52 (H5), 41 (H4), 28 
(H3), 21 (H2) and 14.3 (HI ) ka (Bond et ai., 1992c). 

Only sediments with ages of 190-60 ka and 25-0 
ka were analysed in the present study, so tha t cor
relations can be made only with layers H6, H2 and 
HI . Heinrich layers do not correlate well with the 
diamic ts of Henrich (1992). In core 23071 a diamict 
occurs at 14.3 ka, the same time as HI (see Henrich 
et al . (1995) for further discussion). No other dia
micts have the same ages as Heinrich layers. But 
Table 4 lists some intriguing comparisons between 
Heinrich layers and the results of the present study. 
About 1000 years before the deposition of H6 a 
peak in the amount of dark silts tones occurred in 
the northern transect; 500 years la ter (500 years 
before H6) a quartz peak occurred . Similarly, peaks 
in dark siltstones occurred ca. 300 yea rs before HI 
while quartz peaks occurred ca. 1100 years before 
H2 and 200-300 yea rs before HI. Peaks soon after 
the deposi tion of Heinrich layers are not as com
mon: a dark silts tone peak appears 100 yea rs after 
(essentially the same time as) H2 while a quartz 
peak occurs 200 years after the deposition of HI. 

This, coupled with the fact that accumulation 
rates at the times of deposition of the Heinrich lay
ers are generally increaSing or high (see Table 4), 
indicates that there is some correlation between 
deposi tion of sediments in the Norwegian
Greenland Sea and of Heinrich layers further 
south. SpeCifically, it appears tha t a peak in the 
deposition of dark silts tones or of quartz in the 
NGS occurs within 1000 yea rs of the deposition of 
Heinrich layers. This would indica te that sudden 
glacier surges and resulting iceberg ca lving events 
from the Scandinavian Ice Sheet occurred within 
1000 years of those from the Laurentide Ice Sheet. 

However, since the method used for dating the 
Norwegian-Greenland Sea cores is genera lly not 
more accurate than 1000 years (more accura te AMS 
dates exist only for Stages 1 and 2 in cores 23065 

Tab le 4. Correlation of sediment cha racteristics from the Norwegian-G reenland Sea for the deposi tion times of 
Heinrich layers H6, H2 and HI. 

SOUTHERN TRANSECT NORTHERN TRANSECT 

H6 (69 ka) H2 (21 ka) H1 (14.3 ka) H6 (69 ka) H2 (21 ka) H1 (14.3 ka) 
Lithotype BMF QZF QZF QZF BMF QZF 
Accumulation Rate increasing high high increasing low high 
qtz peak before --- ca. 1100 y ca. 300 y ca. 500 y --- ca. 200 y 
qtz peak after --- --- ca. 200 y --- --- ca. 200 y 
dss peak before --- --- ca. 300 y ca. 1000 y --- ca. 300 y 
dss peak after --- --- --- --- ca. 100 Y ---
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and 23071), it cannot be resolved whether sedi
mentation peaks preceded, fo llowed or occurred 
simultaneously with the deposition of Heinrich 
layers, only that they occurred within 1000 years of 
each other. Simila r correla tions between peaks in 
terrigenous IRD and Heinrich layers were obser
ved in the Greenland Sea by Baumann et al . (1993). 

CONCLUSIONS 
• Coarse (>125 pm) sediments fo und on the floor 
of the Norwegian-Greenland Sea can be classified 
into three facies: that dominated by quartz (QZF), 
that dominated by dark silts tones (DSF) and tha t 
dominated by biogenic material (BMF). Other 
facies occur, but they do not cross the correlation 
coefficient = 0.7 boundary of statis tical signifi
cance. 
• The DSF occurs in Norwegian-Greenland Sea 
cores m.ainly in Stage 6 and is thus a "strong gla
cial" facies. The main source for the DSF appears to 
lie east and south of Svalbard; additional sources 
are the Norwegian continental shelf and north
eastern Greenland. The QZF predominated the 
IRD in Stages 5.5 to 1; beca use the Stage 2 glacia
tion was much weaker than the previous one, the 
QZF is considered to be a "weak glacial" IRD 
facies; it is also a "deglacial" facies, being the pre
dominant facies deposi ted during both 
Terminations II and I. Because the QZF consists of 
broken-down crystalline rocks, source areas could 
lie anywhere in the Arctic realm. 
• Comparisons with IRD accumulation ra tes show 
tha t the presence of the BMF generally ties in with 
low accumulation rates. A transition to the BMF 
from another facies would therefore indica te a 
decrease in the deposition of terrestrial IRD whi le a 
transition from the BMF to another facies would 
indica te an increase in the deposition of terrestrial 
IRD. 
• A one-to-one relationship between facies and the 
lithofacies of Henrich (1992) was not seen; rather, it 
was shown that most lithofacies consist of a variety 
of fac ies tha t correlate chronologically. An attempt 
to further subdivide the lithofacies according to the 
facies should not be made; although it would give 
more precise sedimentological data for anyone 
core, correla tion to neighbouring cores would 
prove difficult. 
• Lithofacies A and B3, wh.ich are considered to be 
"warm water" facies, are dominated by the bio
genic matter facies (BMF). The DSF occurs mainly 
in the lithofacies B2 / Bl and C; it does not figure 
strongly in the diamicts, which a re usually domi
na ted by the quartz facies (QZF). Although peaks 
in dark silts tone deposi tion often occur during the 
deposition of the diamicts, quartz dominates over 
dark silts tones in almost every diamict by a factor 
of about 8 to 1. Yet the dark silts tones have enough 

10 - Po1noroy AUanlyk 

total organic carbon to crea te the TOC peaks fo und 
by Wagner (1993) in the diamicts. These dark silt
stones may occur mainly in the coarser (>500 pm) 
fractions. 
• A peak in the deposition of dark silts tones or of 
quartz in the NGS genera lly occurs within 1000 
yea rs of Heinrich layers deposited further south in 
the North Atlantic Ocean. This, coupled with the 
fact that accumulation rates a t the times of deposi
tion of the Heinrich layers are generally increasing 
or high, indica tes that there is a possibility tha t 
sudden glaCier surges and resulting iceberg calving 
events from the Scandinavian Ice Sheet occurred 
within 1000 years of those from the Laurentide Ice 
Sheet. 

ACKNOWLEDGEMENTS 
I would like to thank Jarn Thiede for the allocation 
of the funds for this projec t and the adv ice 
throughout. Labora tory work w as facilitated 
through the help of Katja Mellenthin, Birger 
Schli.inz, Marion Wetzel and especially Susanne 
Schultz. An anonymous reviewer made useful 
comments on a previous version of this manu
script. This study was supported by a grant to the 
Sonderforschungsbereich 313 by the Deutsche 
Forschungsgemeinschaft. This is publica tion num
ber 306 of the Sonderforschungsbereich 313, 
University of Kiel. 

REFERENCES 
Alley, R.B. & MacAyeal, D.R. Ice-rafted debris associated 

with binge/ purge oscillations of the La urentide ice 
sheet, Pareoceanography, 9,503-512. 

Baumann, K-H. 1990. Veranderlichkeit der Coccoli thn
phoridenflora des Europaischen Nord meeres im 
Jungguartar (Changes in the coccoli thophorid flora of 
the Norwegian-Greenland Sea in the Late 
Qua terna ry). -Berichte ails dem SonderJorsc!l/Ings/Jereich 
313, 22,1-146. 

Baumann, K-H., Lackschewitz, KS., Erlenkeuser, 1-1., 
Henrich, R. & Ji.inger, B. 1993. Late Quaternary ca l
cium carbonate sed imenta tion and terrigenous input 
a long the East Greenland continental ma rg in . Marine 
Geology, 114, 13-36. 

Baumann, K.-H. , Lackschewitz, K S., Mangerud, J., 
SpieUlagen, R. F., Wolf, T.c.w. & Henrich, R. 1995. 
Reflection of Scandinavian lee Sheet fluctuations in 
Norwegian Sea sed iments d uring the las t 150,000 
years. Qllaternary Research, 43, 185-197. 

Baumann, K.-H. & Matthiessen, J. 1992. Variations in sur
face watermass cond itions in the Norwegian Sea: 
Evidence from Holocene coccol ith and dinoflagellate 
cyst assemblages. Marine Micropaleontology, 20, 129-
146. 

Be langer, PE. 1982. Paleo-ocea nography of the 
Norwegian Sea during the last 130,000 yea rs: 
Coccoli thophorid a nd foraminiferal data. Boreas, 11, 
29-36. 

Bischof, J. 1991. Dropstones im Europaischen ordmeer: 
Indikatoren fi.ir Meeresstromungen in den letzten 
300 000 Jahren (Drops tones in th e No rwegian
Greenland Sea : Indicators for ocean cu rrents in the 
last 300,000 years). Berichte ails dem Sonrle'forsc!/Ilngs-



134 

/Icreic/z 313, 30, 1-203. 

Bischof, J. 1994. The decay of the Barents Ice Sheet as 
documented in nordic seas ice-rafted debris, Manne 
Geology, 117, 35-55. 

Bischof, L Koch, L Kubisch, M., Spielhagen, R.F. & 
Thiede, J. 1990. Nordic seas surface ice drift recon
structions- Evidence from ice rafted coal fragments 
dunng oxygen Isotope stage 6. In: Dowdeswell, J.A. 
& Scourse, J.D. (eds.), Glacimarine environments: 
Processes and sediments, Geological Society Special 
Publication 53, 235-251, London. 

Bj0rrlykke, K., Bue, B. & Elverh0i, A. 1987. Quaternary 
sediments in the northwestern part of the Barents Sea 
and their relation to the underlying Mesozoic 
bedrock. Sedimentology, 25, 227-246. 

Bond, G., Broecker, W., Lotti, R. & McManus, J. 1992a. 
Abrupt color changes in Isotope Stage 5 in North 
Atlantic deep sea cores: lmplicatlons for rapid change 
of climate-driven events. In: Kukla, GJ. & Went, E. 
(eds.), Start of a glacial, 185-205, Springer Verlag, 
Berlin. 

Bond, G, Broecker, W.s., McManus, J. & Lotti, R. 1992b. 
Circulation changes on century and. millennial time 
scales in the northern North Atlantlc. In: Sarnthem, 
M., Thiede, J. and Zahn, R. (eds.), FOllrtlz International 
Confcrmce 011 Pal!'oc!'anograpizy, P~ogra/'IL & Abstracts, 
72-73, Druckerei Fotosatz Nord, Klel 

Bond, G., Heinrich, H., Broecker, W.s., Labeyrie, L., 
McManus, L Andrews, L Huon, S., Jantschik, T., 
Clasen, S., Simet, c., Tedesco, K., Klas, M., Bonani, G. 
& Tvy, S. 1992. Evidence for massive discharges of ice
bergs into the North Atlantlc Ocean dunng the last 
glacial period. Natllre, 360,245-249. 

Bugge, T., Knar.ud, R. & M~rk, A. 1984. Bedrock geology 
on the mid-NorwegIan contmental shelf. [n: 
Norwegian Petroleum Society (ed.), Petroleum geology 
of the North European Margin, 271-283, Graham & 
Trotman, London. 

Churkin, M. Jr. & Trexler, J.H. Jr. 1981. Continental plates 
ilIld accreted oceanic terranes in the Arctic. In: Nairn, 
A.E.M. (ed.), The ocean basin and margins 5: The Arctic 
Ocean, 1-20, Plenum Press, London. 

Churkin, M. Jr., Soleimani, G., Carter, G. & Robinson, R. 
1981. Geology of the Soviet Arctic: Kola Peninsula to 
Lena River. In: Nairn, A.E.M. (ed.), Tlze ocean basl11 and 
lI1argins 5: Tile Arctic Occan, 331-375, Plenum Press, 
London. 

Clark, D.L. & Hanson, A. 1983. Central Arctic Ocean 
sediment texture: A key to ice transport mechanisms. 
in: Molnia B.F. (ed.), Glacial-marine sedimentation, 301-
330, Plenum Press, London. 

CLIMAP Project Members 1976. The surface of the ice 
age Earth. Science, 191,1131-1137. 

Dibnel~ Y.D. & Krylova, N.M. 1965. Stratigraphic po
sition and material composition of coal measures 111 

Franz Josef Land. international Geology Review, 7, 1030-
1038. 

Dowdeswell, E.K. 1988. The Cenozoic stratigraphy and 
tectonic development of the Barents Shelf. In: 
Harland, W.B. & Dowdeswell, E.K. (eds.), Geological 
evolution of t/ze Barents Sllelf region, 109-130, Graham 
and Trotman, London. 

Edwards, M.B. 1975. Gravel fraction on the Spitsbergen 
Bank; NW Barents Shelf, Norges Geologiske 
Undersakelse, 316, 205-217. 

Elverh0i, A. (ed.), 1992. CLAMD R!'port (Correlation Land
Continental Margin-Deep Sea), Abstracts of the Polar 
North Atlantic Margins: Late Cenozoic EvolutIOn 
(PONAM) Third Annual Workshop, 32 p. 

Elverh0i, A. & Lauritzen, 0. 1984. Bedrock geology of 

Peter M. Goldschmidt 

the northern Barents Sea (west of 35° E) as inferred 
from the overlying Quaternary deposits, Norsk 
Polarinstitlltt Skrifter, 180, 5-] 6. 

Elverh0i, A. & Solheim, A. 1983. Surface sediment distri
bution, Norsk Polarinstitlltt Skriftl.'r, 179, 3-23. 

Emery, K.O. 1963. Organic transportation of marine sedi
ments. In: Hill, M.N. (ed.), The Sea 3, 776-789, 
Interscience Publishers, New York. 

Frisch, T. & Trettin, H.P 1991. Precambrian successions 
in the northernmost part of the Canadian Shield. Ill: 
Trettin, H.P (ed.), Geology of tile ilJl1llitian Oro,\('/1 and 
Arctic Platform of Canada and Greenland, Geology ot 
Canada vol. 3, Geol. Surv. Canada, pp. 103-108. 

Funder, S. 1989.Tntroduction to the Quaternary geology 
of the ice-tree areas and adjacent shelves of 
Greenland. In: Fulton, R.J. (ed.), (Juat!'rnary geoloxy of 
Canada and Greenland, Geology of Canada vol. 1, 744-
749, Geol. Surv. Canada. 

Gard, G & Backman, J. 1990. Synthesis of arctic and sub
arctic coccolith biochronology and history of North 
Atlantic drift water influx during the last 500,000 
years. In: Bleil, U. & Thiede, J. (eds.), Geologic history of 
the polar oceans: Arctic versus Al1tarct~c, NATO ASI 
Series C 499-518, Kluwer AcademiC PublIshers, 
Amsterdam. 

Goldschmidt, PM. 1994. The ice-rafting history in the 
Norwegian-Greenland Sea for the last two 
glacial/interglacial cycles. Bcrichte 17l1S dOli Sonde/"
.torsc/llIngsliereich 313, 50, 1-103. 

Goldschmidt, PM. 1995. Accumulation rates of coarse
grained terrigenous sediment il~ the Norw~g~an
Greeniclnd Sea: Signals ot contmental glaCIatIOn. 
Marine Gcology. 128, 137-151. 

Goldschmidt, P.M., Pfirman, S.L., Wollenburg, T. & 
Henrich, R. 1992. Origin of sediment pell~ts from the 
Arctic seafloor: Sea ice or icebergs?, Deep-Sea Research, 
39, S539-S565. 

Grousset, F. & Duplessy, J.-c. 1983. Early deglaciation of 
the Greenland Sea during the last glacial to intergla
cial transition, Marine Geology, 52, Mll-M17. 

Haflidason, H. & Sejrup, H.P. 1992, Paleotempera~ure 
and productivity. variations in the Norw,egJaI~
Green1and Sea dunng the last 20 kyr: An east-west 
transect. in: Sarnthein; M., Thiede, J. & Zahn, R. (eds.), 
FOllrth int!'rnational Conference on Pl1lcocfanography, 
Pro,\ralll & Abstracts, 134, Druckerel Fotosatz Nord, 
Kiel. 

Hald, M., Danielsen, T.K. & Lorentzen, S. 1989. Late 
Pleistocene-Holocene benthic foraminiferal distribu
tion in the southwestern Barents Sea: Paleoenviron
mental implications, Boreas, 18, 367-388. 

Hancock, J.M. 1984. Cretaceous. In: Glennie, K.W. (ed.), 
introduction to the petrolelml geology of the North Sca, 
133-150, Blackwell Science Publishing, Oxford. 

Hebbeln, D. 1991. Spatquartare Stratigraphie und 
Palaozeanographie in der Fram StrafSe (Late 
Quaternary stratigraphy and palaeoceanography 1ll 

the Fram Strait), Bericht!' aus dem Fac/lbcrClc/1 
Geowissenschaftell del' Universittit Ere/IICI'l, 22, 1-174. 

Hebbeln, D. 1992. Weichselian glacial history of the 
Sva Ibard area: Correlating the marine and terrestrial 
records. Boreas, 21, 295-304. 

Heinrich, H. 1988. Origin and consequences of cyclic ice 
rafting in the northeast Atlantic Ocean during the past 
130,000 years. Q1Iaternary R!'searc17, 29, 142-152. 

Henrich, R. 1992. Beckenanalyse des Ellroptiischen 
Nordmeer!'s: Pelagisc/le lmd glaziomarine Scdil1lentfliisse 
im Zeitralllli 2.6 Ma bis Rezent (Basin analysis of the 
Norwegian-Greenland Sea: Pelagic and glaciolllarinc sedi
ment inflllences 111 the penod 1..6 Ma to Recent). 344p, 



Ice-rafting in the NGS for the last two glacial/interglacial cycles 135 

unpublished Habilitation thesis, Christian-Albrechts
Universihit, KieL 

Henrich, R., Kassens, H., Vogelsang, E. & Thiede, J. 1989. 
Sedimentary facies of glacial-interglacial cycles in the 
Norwegian Sea during the last 350 ka. Marine Geology, 
86,282-319. 

Henrich, R, Wagner, T., Goldschmidt, p, & Michels, K. 
1995. Depositional regimes in the Norwegian
Greenland Sea: The last two glacial to interglacial 
transitions, Geologisclze RlIndsclu11l, 84, 28-48. 

Herman, Y. 1974, Arctic Ocean sediments, microfauna 
and the climatic record in Late Cenozoic time. In: 
Herman, Y. (ed.), Marine geology and oceanography of the 
Arctic Seas, 283-348, Springer-Verlag, New York. 

Hodgson, D.A 1989. Introduction to the Quaternary 
geology of the Queen Elizabeth Islands. In: Fulton, 
RJ, (ed.), Quaternary geolo{>,ry of Canada and Greenland, 
Geology of Canada voL 1, 443-448, Geological Survey 
of Canada. 

Hopkins, D.M. & Herman, Y. 1981. Ice-rafting, an indica
tion of glaciation? (Reply). Science, 214, 688. 

von Huene, R, Larson, E & Crouch, J. 1973. Preliminary 
study of ice-rafted erratics as indicators of glacial 
advances in the Gulf of Alaska. [11: Kulm, L.D., von 
Huene, R el al., Initial reports of tile Deep Sea Dri11ing 
Project, 18, 835-842, U.S. Government Printing Office, 
Washington, D.C.. 

Hughes, T. 1992. Abrupt climatic change related to 
unstable ice-sheet dynamics: Toward a new para
digm. Palaeogeogmphy, Palaeoclimatology, Palaeoecology 
(Global and P1anetary Change Section), 97,203-234. 

Imbrie, J., Hays, J.D., Mart~nson, D.C., Mc~ntyre, A., Mix, 
AC., Morley, J.J., Plslas, N.G., I rell, WL. & 
Shackleton, N.J. 1984. The orbital theory of Pleistocene 
climate: Support from a revised chronology of the 
marine 818"0 record. In: Berger A et al. (eds.), 
Milankovitch and climate, 269-305, D. Reidel, Dord
recht. 

Imbrie, J. & Kipp, N.G. 1971. A new micropaleontologic 
method for quantitative paleoclimatology: 
Application to a Late Pleistocene Caribbean core. In: 
Turekian, KK. (cd.), Tile late Cenozoic glacial ages, 71-
191, Yale University Press, New Haven. 

Jones, G.A & Keigwin, L.D. 1989. Evidence from Fram 
Strait (78°N) for early deglaciation. Natllre, 336, 56-59. 

Kane, E.K. 1857. Arctic explorations: The second Grinnell 
expedition in search of SIT John Franklin 1853, '54, '55. 
Volume 2, 464 p, Childs and Peterson, Philadelphia. 

Kellogg, T.B. 1980. Paleoclimatology and paleoceanogra
phy of the Norwegian-Greenland Sea: Glacial-inter
glacial contrasts. Boreas, 9, 115-137. 

Kellogg, T.B., Duplessy, J.-c. & Shackleton, N,J. 1978. 
Planktonic foraminiferal and oxygen isotope strati
graphy and paleoclimatology of Norwegian Sea deep
sea cores. Boreas, 7, 61-73. 

Kelly, RA. 1988, Jurassic through Cretaceous stratigra
phy of the Barents shelf, In: Harland, WB. & 
Dowdeswell, EK. (eds.), Geological evolution of the 
Barents SJlelj regiol1, 109-130, Graham & Trotman, 
London. 

Kent, D., Opdyke, N.D. & Ewing, M. 1971. Climate 
change in the North Pacific using ice-rafted detritus as 
a climatic indicator, Geological Society of America 
BIIlletin, 82, 2741-2754. 

Klovan, J.E. & Imbrie, J. 1971. An algorithm and FORT
RAN IV program for large-scale Q-mode factor analy
sis and calculation of factor scores. Journal of the 
International Association of Mathematical Geology, 3, 61-
77. ' 

KoC; Karpuz, N. & Jansen, E. 1992. A high-resolution dia-

tom record of the last deglaciation from the SE 
Norwegian Sea: Documentation of rapid climate 
changes, Paleoceanography, 7, 499-520. 

Kubisch, M. 1991. Die Eisdrift im Arktischen Ozean 
wahrend der letzten 250.000 Jahre (Ice drift in the 
Arctic Ocean during the last 250,000 years). Geo11lar 
Report 16, 1-100. 

Kuhlemann, J., Lange, H. & Paetsch, H. 1993. 
Implications of a connection between clay mineral 
variations and coarse grained debris and lithology in 
the central Norwegian-Greenland Sea. Marine Geology, 
114,1-11. 

Lehman, S.J., Jones, G.A., Keigwin, L.D., Andersen, E.s., 
Butenko, G. & 0stmo, S.R 1991. Initiation of 
Fennoscandian ice-sheet retreat during the last degla
ciation, Nature, 349, 513-516. 

MacA yeal, D.R 1993. Growth! purge oscillations of the 
Laurentide ice sheet as a cause of the North Atlantic's 
Heinrich Events. Paleoceanography, 8, 775-784. 

Mangerud, J. 1989. Correlation of the Eemian and the 
Weichselian with deep sea oxygen isotope stratigra
phy. Quaternary International, 3/4, 1-4, 

Mangerud, J. 1992, Glacial history of Europe throygh the 
last interglacial-glacial cycle, in Geirsd6ttir, A. et al. 
(eds.), Abstracts, 4, 20. Nordiska Geologiska Vinterll/iilct. 

Mangerud, J., S0nstegaard, E & Sejrup, H.-P. 1979, 
Correlation of the Eemian (interglacial) Stage and the 
deep-sea oxygen-isotope stratigraphy. Nature, 277, 
189-192. 

Mangemd, J. & Svendsen, J.I. 1992. The last interglacial
glacial period on Spitsbergen, Svalbard. QlIaternan/ 
Scie11ce Reviews, 11, &,13-664. 

Martinson, D.G., Pisias, N.G., Hays, J.D., Imbrie, J., 
Moore, T.C. Jr. &, Shackleton, N.]. 1987. Age dating 
and the orbital theory of the ice ages: Development of 
a high-resolution ° to 300,000-year chronostratigra
phy. Quaternary Research, 27, ]-29. 

Michels, K. 1995. Str6mungssortierung guartarer 
Sedimente des Europiiischen Nordmeeres: Analyse 
von Sinkgeschwindigkeits-Verteilungen (Current 
sorting of Quaternary sediments in the Norwegillil
Greenland Sea: Analysis of sinking velocity distli
butions). Beriellie ails dem Sonderforsell1tngsbereiclt 313 
55,1-123. 

Molnia, B.E 1983. Distal glacial-marine sedimentation: 
Abundance, composition, and distribution of North 
Atlantic Ocean Pleistocene ice-rafted sediment. Ill: 
Molnia, B.E (ed.), Glacial-marine sedimentation, 593-
626, Plenum Press, London. 

Mullen, RE., Darby, D.A. & Clark, D.L 1972. 
Significance of atmospheric dust and ice rafting tor 
Arctic Ocean sedimentation. Geological Society of 
America Bulletin, 83,205-211. 

Nurnberg, D., Wollenburg, L, Dethleff, D., Eicken, H., 
Kassens, H., Letzig, T., Reimnitz, E. & Thiede, J. 1994. 
Sediments in Arctic sea ice - implications for entrain
ment, transport and release. Marine Geology, 119, 185-
214. 

Ruddiman, W.F. & McIntyre, A. 1981a. Oceanic mechan
isms for amplification of the 23,OOO-year ice-volume 
cycle. Science, 212, 617-627. 

Ruddiman, WE & McIntyre, A ]981b. The North 
Atlantic Ocean during the last deglaCiation. 
Palaeogeography, Palaeoclimatology, Palaeoecolo,l,ry, 35, 
145-214. 

Sarnthein, M., Jansen, E., Arnold, M., Duplessy, J.-C, 
Erlenkeuser, H., Flat0\,'{ A., Veum, T., Vogelsang, E. & 
Weinelt, M.s. 1992. 8roO time-slice reconstruction of 
meltwater anomalies at Termination I in the North 
Atlantic between 50 and 80oN. 111: Bard, E. & Broecker 



136 

W.s. (eds.), The last des;laciation: Absolute and radiocar
/Jon chronologies, NATO ASI Series 12, 183-200, Kluwer 
Academic Publishers, Amsterdam. 

Schacht, R. 1991. Paliio-ozeanograplliscile Entwlckhmg des 
Gebietes der Gran/arid Fractllre Zone wiihrend der vers;all
genen 350 ka (Palaeoceanographic development oj the 
Greenland Fracture Zone region 111 the last 350 ky). 
Master's Thesis, Christian-Albrechts-Universitiit, 
Kiel, 121pp .. 

Spielhagen, R. 1991. Die Eisdrift in der FramstralSe 
wiihrend der letzten 200.000 Jahre drift in the 
Fram Strait during the last 200,000 years), GEOMAR 
Report 4, 1-137. 

Spjeldnaes, N. 1981. Ice-rafting, an indication of glacia
tion? (Discussion) Science, 214, 687-688. 

Swift, J.H. 1986. The Arctic waters. In: Hurdle, B.G. (ed.), 
The Nordic Seas, 129-153, Springer-Verlag, Berlin, 

Tarr, R.S. 1897. The Arctic sea ice as a geological 
American JOllrnal of Sciellce, 3, 223-229. 

Trettin, H.P. (ed.). 1991. Geology of the 1111111itiall OrogcH 
and Arctic Platforlll of Canada ana Green/and, Geology of 
Canada, vol. 3, Geo'logical Survey of Canada, 569 pp. 

Vorren, 1'.0., Hald, M. & Lebesbye, E. 1988. Late 
Cenozoic environments in the Barents Sea, 
PalcocemlOgraplly, 3, 601-612. 

Vorren, T.O., Hald, M. & Thomson, E. 1984. Quaternary 
sediments and environments on the continental shelf 
off northern Norway, Marine Geology, 57, 229-257. 

Wagner, T. 1993. Organisches Material in pelagischen 
Sedimenten: Glaziale/interglaziale Variationen im 
Europiiischen Nordmeer (Organic material in pelagic 
sediments: Glacial! interglacial variations m the 
Norwegian-Greenland Sea). Berichte ails dem 
Sonder{01"sc/llmgsbercich 313, 42, 1-138. 

Peter M. Goldschmidt 

Wagner, T. & Henrich, R. 1994. Organo- and lithofacies of 
glacial/interglacial deposits of the Norwegian
Greenland Sea: Responses to paleoceanographic and 
paleoclimatic changes. Marine Geology, 120, 335-364. 

Watkins, N.D., Ledbetter, M.T. & Huang, 'I:c. 1982. 
Antarctic glacial history using spatial and temporal 
variations of ice-rafted debris in abyssal sediments of 
the Southern Ocean. In: Craddock, C. (ed.), Antarctic 
geoscience, 1013-1016, University of Wisconsin Press, 
Madison, WI. 

Weber, j.R. & Roots, E.F. 1990. Historical background: 
Exploration, concepts and observations, In: Jolmson, 
G.L. et al. (eds.), Tite Arctic Ocem1 res;ion, Geological 
Society of America, 5-36, DNAG Vol. L, Boulder, CO, 

Weinelt, M.s., Sarnthein, M., Arnold, M., Erlenkeuser, H. 
& Jansen, E. 1992. Meltwater episodes in the 
Norwegian-Greenland Sea during the last 60,000 
years, In: Samthein, M., Thiede, J. and Zahn, R. (eds.), 
Fourth In terna tiollal Conference 011 Paleoceanograp/IY, 
Program & Abstracts, 287-298, Druckerei Fotosatz 
Nord, Kiel. 

Weinelt, M.s., Sam thein, M., Vogelsang, E. & 
Erlenkeuser, H. 1991. Early decay of the Barents Shelf 
ice sheet- spread of stable isotope signals across the 
eastern Norwegian Sea, Norsk Geologisk Tidsskriti, 71, 
137-140. 

Winn, K., Sarnthein, M. & Erlen keuser, H. 1991. () [HO 
stratigraphy and chronology of Kiel sediment cores 
from the East Atlantic. Berici1te-Reports, Geologisch
Paliiol1tologiscites Institllt der Ul1iversitiit Kid, 45, 1-99. 

Wollenburg, I. 1991. Sedimenttransport durch das arkti
sche Meereis: Die rezente lithogene und biogene 
Materialfracht. Berichte zltr Po/arforschullg, 127, 1-150, 

------~.-~-------



Ice-rafting in the NGS for the last two glacial/interglacial cycles 137 

Appendix. Ages of samples examined in this study. Stars indicate short box cores that sample the surface sediments 
with less disruption than long gravity cores. Stratigraphic events (see Imbrie et al., 1984 and Martinson et al., 1987) are 
underlined. 

0 0.00 0 0.00 20 6.51 0.5* 2.09 
5 6.00 5 8.60 40 15.84 3.5* 4.15 

10 12.00 10 9.98 50 18.63 6.5* 6.20 
15 14.41 15 11.35 70 24.21 9.5* 8.26 
20 16.81 20 12.73 80 12.5* 8.98 
25 19.22 25 14.11 90 15.0* 9.35 
30 21.62 30 15.49 17.5* 9.72 
45 29.86 35 16.86 140 46.89 21.0* 10.68 

40 18.24 150 50.21 24.0* 12.43 
100 65.00 50 31.33 160 68.08 28.0' 14.25 
105 68.00 .111. 30.5* 15.02 
11Q 71.00 160 50.21 190 33.0' 15.63 
130 103.50 165 57.61 196 99.38 36.0' 16.35 
150 117.20 170 65.00 212 122.56 39S 17.20 
155 119.60 79.25 220 125.19 80.0 ZLQQ 
~ 128.00 85.10 228 129.59 
175 131.04 185 90.95 238 140 46.89 
185 134.08 195 105.09 249 1 150 50.21 
195 144.62 110.79 257 139.36 160 64.09 
200 148.25 113.73 270 142.28 177 74.40 
205 151.88 210 116.68 280 147.43 190 85.10 
210 155.50 215 119.62 290 152.58 202 94.88 
220 162.75 220 122.56 301 164.94 210 99.38 
230 170.00 225 123.44 310 175.05 220 115.13 
240 174.32 230 124.31 .a6..4 m.&I 230 125.56 
245 176.49 235 125.19 240 127.30 
250 178.65 240 127.17 250 128.77 
260 182.97 245 129.15 260 129.95 
265 185.96 250 131.14 268 133.92 
275 193.87 255 133.12 295 135.25 

~ ~ 304 137.01 
270 142.28 316 138.78 
280 157.64 328 140.10 
285 162.70 337 141.13 
290 167.76 344 149.25 
295 172.83 365 150.80 
300 177.89 369 155.06 
305 182.95 380 158.92 
310 188.01 390 166.66 
~ 193.07 410 172.07 
320 200.57 424 174.40 

430 178.26 
440 182.13 
450 186.00 
460 195.33 



138 Peter M. Goldschmidt 

Appendix. (cont.) Ages of samples examined in this study. Stars indicate short box cores that sample the surface sedi
ments with less disruption than long gravity cores. Stratigraphic events (see 1mbrie et nl., 1984 and Martinson e/ nl. , 
1987) are underlined. 

23065 23071 23342 23357 
ages from ages from ages from ages from 

Vogelsang (1990) Vogelsang (1990) Henrich (1992) Henrich (1992) 
1- - -depth age depth age depth age depth age 

(em} (ka) ~} _(ka) (cm} (ka) (em) (ka) 

OS 2.55 OS 1.50 0' 2.50 0' 2.50 
22 .0 4 .85 3.5' 2.57 3' 3.20 3' 4.53 
6.5' 6 .37 9.5' 4.72 6' 3.90 10 5.21 
17.5' 9.72 12.5' 5.79 9' 4.60 6' 6.57 
20.5' 10.45 15.5' 6.73 12' 5.30 9' 8.60 
23.5' 12.55 18.0' 6 .97 15' 6 .00 12' 9 .50 
26 .5' 14.09 21.0' 7 .27 18' 8 .60 15' 10.98 
29.5' 15.16 23.5' 7.51 8 9.26 2.1: .u&Q 
32.5' 16.74 26 .5' 7 .80 21' 10.10 30' 14.03 
36.5' 18.85 32 .5' 8.39 25 10.88 1li ll...9..Q 
39.5' 20.42 35.5' 8 .69 30' 11.76 57 15.78 
59.0 22.30 38.5' 8 .98 45 14.25 67 19.22 
77.0 29.30 41.5' 9.27 55 16.00 76 23 .11 

55.0 9.62 75 20.40 .6..5. 2L.Q.Q 
140 54.03 63.0 10.40 85 22.60 90 30.56 
150 59.12 70.0 11 .08 95 24.80 100 37.67 
.1.22. ~ 80.0 12.06 1M 2L.Q.Q 
180 74 .37 89.0 13.15 115 48 .33 
190 79.46 94.0 13.82 195 61.49 ~ ~ 
2..QQ .1.!&...5.4 101.0 14.57 215 67.14 ~ .6..5....22 
209 106.80 106.0 15.07 245 89.32 145 78.34 
218 110.06 113.0 15.72 255 96.52 155 93.02 
229 117.74 121.0 16.46 265 103.71 165 107.70 
248 125.41 130.0 16.99 ZN 1..1.Q.TI .in ~ 
256 126.24 140.0 17.75 285 118.10 1.6..5. 1..2..5...QQ. 
2U .1.2.8....Q.Q. 151.0 18.55 295 123.50 195 131.22 
28 1 129.36 160.0 18.79 305 125.75 205 137.67 
292 130.87 170.0 20.11 317 128.72 215 144.11 
299 131.93 180.0 21.43 335 135.25 226 151 .20 
311 133.74 184.0 21.66 345 138.87 235 157.00 
32.Q ll5....1.Q 193.0 22.18 375 149.74 245 163.44 
332 137.68 210.0 23.15 385 153.36 255 169.89 
342 139.83 221.0 23.80 395 156.99 264 175.69 
~ ill....3.3. 230.0 24.41 405 160.61 275 182.78 
363 148.23 240.0 25.09 415 164.23 285 189.82 
370 151.68 251.0 25.84 435 171.48 295 197.45 
.3.8.1 .1..5L..1Q 260.0 26.45 445 175.10 305 205 .09 
390 159.90 270.0 27.13 455 178.72 
395 161.45 274.0 27.41 465 182 .35 
405 164.56 280.0 27.82 ~ lll..6.....Q.Q 
420 169.22 485 191.59 
430 172.33 490 64 .09 495 197.17 
437 174.50 499 66.53 505 202 .76 
452 179.16 510 69.5 
458 181.03 520 72.21 
470 184.76 530 74.92 
480 187.86 536 76.54 
490 190.97 544 78.71 
500 194.08 558 92.00 

567 94.37 
575 96.48 
584 98.85 
596 103.77 
604 107.28 
610 109.91 
620 113.27 
634 117.6 
644 120.7 
654 123.09 
660 123.87 
670 125.19 
680 127.67 
690 130.15 
694 131.14 
701 132.87 
l.1.Q. .u.s.J.Q. 
722 138.07 
730 140.05 
738 142.19 
743 143.45 
748 144.68 
756 146.74 

End of core 763 148.55 
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Appendix. (cont.) Ages of samples examined in this study. Sta rs indica te short box cores tha t sample the surface sed i
ments wi th less disruption than long gravity cores. Stra tjgraphic events (see Imbrie ct aI., 1984 and Martinson 1'/ a/. , 
1987) are underlined. 

23454 
ages from 

Goldschmidt (1994) 

23454 (cont.) 23456 
ages from 

Goldschmidt (1994) 

23456 (cont.) 

depth age depth age depth age 
(!<a) (cm), ___ \(!!;ka~J)~__ (cm) ___ ...,(ka)<-__ -'= , ___ ,= _____ ,-"-cm=.> 

o 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 

~ 
60 
65 
70 
75 
80 

a.5. 
90 
95 
100 
1Q.5. 

110 
115 
120 

300 
305 
310 

~ 
320 

.32.5. 
330 
335 
340 
345 
350 
355 
360 

~ 
370 

3.Z.5. 
380 
385 
390 
395 

0.00 
1.23 
2.47 
3.71 
4.94 
6.18 
7.72 
8.65 
9.89 
11.13 
12.36 

ll&Q 
13.82 
14.03 
14.25 
14.47 
14.68 
14.90 
17.72 
20.95 
23.98 

.2LQQ 
28.06 
29.13 
30 .20 

68.84 
69.56 
70.28 
71.00 
75.12 

~ 
84.88 
90.52 
97.03 
103.54 
105.36 
107.17 
108.98 
110.79 
116.58 

~ 
123.04 
123.69 
124.34 
125.00 

400 126.50 

~ .12..8.",QQ 
410 129.15 
415 130.30 
420 131.45 
425 132.60 
430 133.75 
435 134.90 
440 136.05 
445 137.20 
450 138.35 
455 139.50 
460 140.66 
465 141 .81 
470 142.96 
475 144.11 
480 145.26 
485 146.41 
490 147.56 
495 148.71 
500 149.86 
505 151 .01 
510 152.16 
515 153.31 
520 154.46 
525 155.61 
530 156.76 
535 157.91 
540 159.06 
545 160.21 
550 161.36 
555 162.51 
560 163.66 
565 164.81 
570 165.96 
575 167.12 
580 168.27 
585 169.42 
590 170.57 
595 171.72 
600 172.87 
605 174.02 
610 175.17 
615 176.32 
620 177.47 

End of core 

o 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 
65 
70 
75 
80 

~ 
90 
95 

100 
105 
110 
115 
120 
125 

~ 
135 
140 
145 
150 
155 

345 
350 
355 

~ 
365 
370 
375 
380 
385 
390 
395 
400 

0.00 
0.80 
1.60 
2.40 
3.20 
4.00 
4.80 
5.60 
6.40 
7.20 
8.00 
8.80 
9.60 
10.40 
11.20 
12.00 
12.80 
13.60 
13.74 
13.88 
14.03 
14.18 
14.32 
14.46 
14.61 
14.76 

~ 
17.94 
20.97 
24.00 
25.02 
26.06 

65.18 
66.21 
68 .6 

.IL.QQ 
77.42 
83.84 
90.26 
96.67 

103.10 
109.53 
11 5.96 
122.38 

405 123.00 
410 123.62 
415 124 .25 
420 124.88 
425 125.50 
430 126.12 
435 126.75 
440 127.38 
~ .12!.LQQ 
450 129.70 
455 131.41 
460 133.1 2 
465 134.82 
470 136.53 
475 138.24 
480 139.94 
485 141 .64 
490 143.35 
495 145.06 
500 146.76 
505 148.47 
510 150.18 
515 151.88 
520 153.59 
525 155.30 
530 157.00 
535 158.70 
540 160.41 
545 162. 12 
550 163.82 
555 165.53 
560 167.24 
565 168.94 
570 170.65 
575 172.36 
580 174.06 
585 175.76 
590 177.47 
595 179.18 
600 180.88 
605 182.58 
610 184.29 
Q.15. ~ 
620 187.71 

End of core 




