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ABSTRACT
Using microscopic grain lithology analysis and factor analysis, the composition of coarsegrained sediments in the Norwegian-Greenland Sea (NGS) was investigated for the last two
~lacial/interglacialcycles (oxygen Isotope Stages 6+5 and 2+1). These sediments can be classified 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 northeastern 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 glacier surges and resulting iceberg calving events from the Scandinavian Ice Sheet occurred within 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 sensitive 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 NorwegianGreenland Sea (NGS) during the last two glacial/
interglacial cycles. The sediments in this investigation are studied
to identify ice-rafted debris within the sediments;
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 investigation of ice-rafted debris to marine and continental 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/interglacial 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 glacial/interglacial cycles are not as well sampled.
The cores analysed in this investigation have also
been studied for several parameters including carbonate contents (Henrich, 1992), subpolar planktic
and benthic foraminifers (Henrich, 1992), the
chronological occurrence of sediment pellets
(Goldschmidt, 1994),changes in organic geochemistry (Wagner, 1993; Wagner & Henrich, 1994),accumulation rates of coarse sediments (Goldschmidt,
1995) and bottom current velocities (Michels, 1994).
Together with similar studies in the same geographic area (Bischof, 1991, 1994) as well as lithological 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 climate change with an eye toward comprehending
the changes that are occurring today.
Introduction to the study area
The Norwegian-Greenland Sea is the only significant 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 610°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 NorwegianGreenland Sea. Locations of cores investigated in this
st~tdyare 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 sediments, 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 palaeoclimates and of glacial advances and retreats. Due
to the processes by which sediments are incorporated into glaciers vs. those through which sediments
are entrained into sea ice, glacial (iceberg-deposited) 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 p m 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 glaciers, 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.
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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 (2413.6 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.
MATERIAL AND METHODS
60 ka and ca. 25 to ca. 0 ka.
Determining the lithology of sediment samples
An approximately 2-5 cm3 sample was used for
Sarnple selection
carbonate measuremei~ts; these provided a
Cores selected for sampling of sediments for lithological studies are show11 in Table 1 and Figure 1.
preliminary stratigraphy. Sediment samples collected from the same depth as the carbonate samples
The layout of the cores defines two transects, one
r u ~ u u n gnorthwest-southeast across the central
were dried, weighed and washed in a hydrogel1
peroxide solution to disintegrate aggregates. The
Norwegian-Greenland Sea and the other striking
sediment mixture was then washed through a 63
west-east between Greenland and southern
PI sieve to separate the coarse from the fine fracSvalbard. These cores were chosen because their
tion. The coarse fraction was then dried and
location can provide both detailed information for
the transects tl~einselvesand general information
weighed; the fine fraction was not used ill this
for the Norwegian-Greenland Sea as a whole.
investigation and will not be further described.
Bioturbatioi~in these cores is generally low for the
After weighing, the coarse subsample was clr! investigated time period, allowing an increased
sieved into the following fractions: 63-125 run, 125250 pm, 250-500 pn, 560-1000 prn and >I000 run.
accuracy for the dating of the cores. Furthermore, a
These fractions were then weighed to determine
large database for comparison already exists for
the percentages of the weights of the various fracmost of these cores (Henrich e f nl., 1989, 1995;
Bischof et nl., 1990; Bischof, 1991, 1994; Henrich,
tions in regard to the coarse and the total sample
1992; Wagner, 1993; Michels, 1994; Wagner &
weights.
Henrich, 1994; Goldschmidt, 1995); this makes it
The lithology of ice-rafted sediment was deterpossible to correlate various parameters of the
mined by investigating two groups of sediinent
fractioi~s:the 125-500 pm and the >500 p m fsacsame cores and to refine palaeoceanographic intertions. Both fractions were analysed identically. At
pretations. Two new, unstudied cores (23454 and
23456) were included to broaden the database for
least 300 grains per fraction (equals >600 grains per
the northern transect.
sample) were examined under a reflecting light
Samples of ca. 1 cm thickness were taken from
microscope. Occasionally the >500 vim fraction
each of the cores on board ship. The sampling
consisted of fewer than 300 grains; in this case all
the existing grains were counted. Slight statistical
interval was 5-10 cm, which eventually led to a
temporal resolution of up to ca. 200 years, depenerrors may occur when there are fewer than 300
ding on the sedimentation rate. The samples that
grains (see Watkins et al., 1982). The grains were
classified into 22 lithological classes ~ l u one
s for bioTable 1. Parameters concerning investigated cores
genic grains (which consists almost exclusively of
Core
Ship*
Cruise
Latitude
Longitude
the shells of the planktic
Depth (rn)
foraminifera
Neogloboqltndrilm pnclyi'errrra sin.);
these classes are shown in
Table 2. A si~nilars t ~ t d y
(Bischof, 1991) found tllnt
a inore detailed analysis
(106 classes), while providing information about
more specific rock types,
could not be usecl in analysing
spatial and tempokl
23454
M
XX114
76"45 1'N
0832.6'E
2144
3.61
variations; the great num23456
XXV4
M
7 7 3 4 O'N
06Y0.5'E
21 82
6 34
ber of classes made it
impossible to make ~ t i ~ i "Ships: M = Meteol; P = Polarstern
forin correlations between
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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 program (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
nlicn
nlajc mii~ernls
snizdstone
dnrk siltstoize
Iigllt siltstone
red siltstone
spiclilitic chert
other chert

chalk
coal
q~~artzite
rilica schist
phyllite
crysknlline schist
light crystnlline rock
dark crystalline rock
red cyslalline rock

lactor loading

the University of Kiel using the procedures described 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 without isotopic data were dated by comparing characteristic 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 significance) 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 understandable 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 presentation at left. Restricting the results to factor loadings > 0.700 results in the presentation in the middle; this is better tl~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 biogenic 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 occurrence of the biogenic material facies (BMF) appears
in the westernmost core (21906); the amount of terrestrial material is low enough in this core that biogenic material dominates during this period and,
indeed, through nearly the entire core. At around
177-168 ka a n 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 appearances 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 predominant 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 deposited 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 interlayering of the QZF and the DSF overwhelms the
biogenic matter.
Southern transect. - The entire southern transect 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-
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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 deposition in the Stage 2 glaciation was m u c l ~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 interspersed 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 sediments 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 sediments 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 northern 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 transect, the surficial sediments are made up of the BMF
in every core.
DISCUSSION
Comparison of IRD facies with NorwegianGreenland Sea lithofacies
In an attempt to categorise the sediments that
occur in the Norwegian-Greenland Sea, Henrich
(1992; Henrich et nl., 1995) presented a classification 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 bioturbation. 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 depositional environment beneath Arctic Surface Water
and cold currents such as the modern East
Greenland Current. Carbonate and terrigenous
contents were somewhat lower and higher, respectively, 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 carbonate 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-

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 dominant in the diamict lithofacies D, E and F. (The table
also indicates that four samples appear to be misidentified as C lithofacies by Henrich (1992); they
are dominated by the BMF with QZF factor loadings 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 discussed 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 w h l e 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//)ll I l l

grain prcelll
lY,lC
211 XI 10 i n i i l -0811 'XIIIXI
7-1

pnin wrcrnl
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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 statistically insignificant results. Cores are displayed
west to east.
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Table 3. Example of comparison of IRD facies vs. lithofacies. 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 donunated by the QZF or the BMF. The two brief diamicts 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 presence 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 NonvegianGreenland 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 lithofacies. 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 generally contain sediments with high total organic carbon
(TOC) contents. While background TOC contents
average about 0.20-0.30 weight percent (wt.%), diamicts 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, however, 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 deposition 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 glacial/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 another source for the DSF (see
point above).
The QZF facies was predominant during the Stage
2 glaciation, which was
weaker than that of Stage 6.
/
I.ilh<B8rin
It was also deposited in
( H r # ~ n rI h
M2J
both Terminations 11 and I.
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Figure 5: Comparison of Henrich lithofacies (left), makeup of the sediment according to the grain percentages of dark siltstone, chalk and coal (middle) and IRD
facies determined through factor analysis (right) for cores 23065 and 23071.

It can therefore be viewed
as a "weak glacial" and
"deglacial" facies.
The BMF was deposited
predominantly in interglacial periods, although it
appears sporadically in glacia1 periods. It signals low
amounts of terrigenous
sedimentation and can be
viewed as an "interglacial"
facies.
The "warm water" lithofacies A and B3 correlate
with the biogenic matter
facies (BMF).
The "cool water" lithofacies B2/B1 correlate mostly
with the DSF.
The diarnict lithofacies D,
E and F usually correlate
with the QZF,

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

there are some DSF diamicts. The DSF tends to
show peaks in the diamicts but is still usually subordinate to quartz. The DSF lithofacies in the diamicts 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 particular 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 relationship between the IRD facies and the accumulation rates of coarse ice-rafted debris from the
Norwegian-Greenland Sea (Goldschmidt, 1995);
for instance, is the dark siltstone facies (DSF) associated with high accumulation rates? Or is this
association affected by glacial/interglacial contrasts? 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 biogenic 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 matter. 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 accumulation areas (up to 900 mg/cm2/ky; Goldschmidt, 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 accumulation 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 transition from the BMF to another facies would indicate
an increase in the deposition of terrestrial IRD.
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based in part on the diminishing quantity of coal
clasts in the ~ 5 0 0p m fraction from north to south
in the eastern NGS. These coal clasts were coilsidered 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 sit11coal
from the Siberian shelf. It should be noted, however, that Wagner (1993) analysed only one sample
Ice cover in the Norwegian-Greenland Sea over
from the Siberian Shelf; he also warned of the posthe last two glacial/interglacial cycles
sible inaccuracy of using coal as a tracer because of
Following is a brief discussion of the glacial history
its rather uniform geochemical properties tl~rougllof the Norwegian-Greenland Sea and its surroundout the Arctic realm. This leaves the questions of a
ing continents over the past two glacial/interglaSiberian origin for the coal from the NGS and of the
cia1 cycles. Results gleaned from this study can be
possibility of a clockwise gyre during deglaciations
compared favourably with certain other investigastill unanswered.
tions in the NGS area and unfavourably with
The presence of scattered chalk dropstones in
others. These coinparisons are discussed below.
the easternmost core (23071; Fig. 5; Henrich, 1992)
indicates a northward drift from the North Sea area
Oxygen Isotope Stage 6
Accumulation rates were generally low (<400
to the eastern NGS by around 175 ka and thus
counterclockwise circulation. By this time, the
mg/cm2/ky; Goldschmidt, 1995) throughout the
Norwegian-Greenland Sea during the transition
quartz facies (QZF) had become the most domibetween Stages 7 and 6. The biogenic matter facies
nant facies to be deposited in the NGS.
(BMF) was dominant, indicating minimal ice-raftAccumulation rates remained relatively high in the
eastern and northern NGS. An increase in AR ( ~ 6 0 0
ing. Coccolith evidence points to seasonal ice cover
mg/cm2/ky; Goldschmidt, 1994) occurred at 141
at this time; a brief warming episode occurred just
ka in the northern NGS, indicating an increase in
before the start of Stage 6 (Baumam, 1990). The
the number of melting icebergs in this area. Based
presence of the dark siltstone facies (DSF) in the
northern NGS indicates melting icebergs from a
on the geochemical properties of dark siltstones in
possible glacier in the Barents Sea or on Svalbard.
cores 23065 and 17728 and of in sit11 dark siltstoncs,
Wagner (1993) reconstructed a westward and then
Glaciers grew rapidly at the start of Stage 6,
especially in Scandinavia, resulting in a peak ( ~ 6 0 0 southward ice drift from northern Norway and the
mg/cm2/ky; Goldschmidt, 1995) in accumulation
Barents Sea. The AR evidence from the northern
NGS does not appear to support the results of
rates (AR) in the eastern NGS. Dark siltstones were
Wagner (1993).
deposited in diamicts in the eastern NGS; these
may have come from northward drifting icebergs
The interpretation of relatively warm condifrom the Scandinavian Ice Sheet or from southtions during isotopic Events 6.5 and 6.3 (171 and
ward drifting icebergs from the Barents Sea Ice
141ka) is supported by the deposition of lithofacies
A and the appearance of coccoliths in the Fram
Sheet. Numerous authors have postulated that
dark siltstones originate in the Barents Sea/eastern
Strait (Hebbeln, 1991; Henrich, 1992).Although the
climate was relatively warm for these parts of
Svalbard region or further eastward (e.g. Hebbeln,
1991; Kubisch, 1991; Spielhagen, 1991; Kuhlemam
Stage 6, biogenic matter was not dominant, indicating that ice-rafting of terrigenous sediments was
et nl., 1993). Unfortunately, since dark siltstones
still strong at this time. Higher accumulation rates
crop out both in the Barents Sea and on the
Norwegian continental slope, deciding between
of coarse IRD (up to 900 mg/cm2/ky; Goldnorthward- or southward-oriented currents in the
schmidt, 1994) appear throughout the NGS during
eastern NGS is impossible without more detailed
both events, indicating the increasing instability of
analyses of the dark siltstones. Some investigators
ice margins and the melting of icebergs in the NGS.
have found isotopic evidence that glacial currents
These increased ARs are supported by the increase
flowed in a clockwise direction rather than the prein TOC-rich sediments (Wagner, 1993). The intersent anticlockwise pattern (Bischof et nl., 1990;
vening Event 6.4 (157 ka) is marked by lower ARs
Weinelt ct al., 1991, 1992; Sarnthein et nl., 1992). If
(ca. 150-500 mg/cm2/ ky; Goldschmidt, 1994)
currents were clockwise, a significant and longthroughout the NGS, indicating more stable ice
lasting eddy would have to be imposed in the
margins and the reduced release of icebergs.
southern Fram Strait area to account for the dark
siltstone facies in the northeasternmost cores. The
Oxygen Isotope Events 5.5.3-5.5.1
clockwise reconstruction of Bischof et al. (1990)was
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 dominate 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 dominance 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 Svalbard/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 palaeoenvironments 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 widespread 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 biogenic 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 derived 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~esoccurred in
the eastern NGS (Figs. 4 and 5). Bischof (1991,1994)
found evidence of clastic sedimentary rock deposition (such as dark siltstones) for the eastern NGS at
this time. Based on geochemical properties of the
sediments, he attributed the origin of the sedimentary rock to the Barents Sea region, thus revealing a
possible reversal in current directions in the
eastern NGS. A complete change from anticlockwise to clockwise NGS circulatioi~did not take
place, however; currents in the western NGS continued 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
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a source on the Norwegian continental shelf
(Wagner, 1993).
Carbona te 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
warm er climates. The transition to Holocene
climates after the Younger Dryas is marked by an
increase in carbonate deposition and by the replacement of the C and Bl lithofacies by the A and
B3 lithofacies 8-6 ka (Henrich, 1992). The deposi tion of modern coccoliths and diatoms bega n at
about this time (Ba umann, 1990; Baumann &
Matthiessen, 1992). ARs of coarse IRD have
genera ll y 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 mu st not be confused with
H enrich lithofacies). H einrich layers appear to
have been ca used by massive discharges of icebergs from the La urentide 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
crystalline rocks of the Canadian Shield, advanced
onto the softer carbonate rocks further eastward.
The grea ter erodability of the ca rbonate 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 precipitous 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 la yers and those of the
diClmict lithofacies D, E and F of Henrich (1992) are

remarkably similar: both are assumed to have been
ca used by rapid diSintegration of an ice sheet, the
Laurentid e fo r the Heinrich layers and the
Sca ndinavian 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 correlations 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 diamicts have the sam e ages as Heinrich layers. But
Table 4 lists some intriguing comparisons between
H einrich layers and the results of the present study.
About 1000 years before the deposition of H6 a
peak in the amount of dark siltstones occurred in
the northern transect; 500 years la ter (500 years
before H 6) 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 ti on of Heinrich layers are not as common: a dark siltstone peak appears 100 yea rs after
(essentially the same time as) H2 while a quartz
peak occ urs 200 years after the deposition of HI.
This, co upled with the fact that accumulation
rates at the times of deposition of the Heinrich layers are generally increaSing or high (see Table 4),
indicates that there is some correlati on between
d ep osi tion of sediments in the NorwegianGreenland Sea and of H einrich layers further
south. SpeCifically, it appears tha t a peak in the
deposition of dark siltstones or of quartz in the
NGS occurs w ithin 1000 yea rs of the deposition of
H einrich 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.
H owever, 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. Correlatio n of sediment cha racte ristics 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

Accumu lation Rate
qtz peak before
qtz peak after

increasing

high
ca. 1100 y

high

---------

-------

dss peak before
dss peak after

increasing
ca. 500 y

low

ca. 300 y
ca. 200 y

---

ca. 300 y

ca. 1000 y

-----

high
ca. 200 y
ca . 200 y
ca. 300 y

---

---

ca. 100 Y

---

---
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and 23071), it canno t be resolved whether sedimentation peaks preceded, fo llowed or occurred
simultaneo usly with the deposition of H einrich
layers, only that they occurred within 1000 years of
each other. Simila r correla tions between peaks in
terrigeno us IRD and Heinrich layers were observed in the Greenland Sea by Baumann et al. (1993).
CONCLUSIONS
• Coarse (>125 pm) sediments fo und on the floor
of the Norwegian-Greenland Sea ca n be classified
into three facies: that dominated by quartz (QZF),
that dominated by dark siltstones (DSF) and tha t
d omina ted by biogenic ma terial (BMF). Other
facies occur, but they do no t cross the correlation
coefficient = 0.7 bounda ry of statistical significa nce.
• The DSF occ urs in Norwegian-Greenland Sea
cores m.ainly in Stage 6 and is thus a "strong glacial" facies. The main source for the DSF appears to
lie east and so uth of Svalbard; additional sources
are the Norwegian continental shelf and northeastern Greenland. The QZF predominated the
IRD in Stages 5.5 to 1; beca use the Stage 2 glaciati on was much wea ker than the previous one, the
QZF is considered to be a "weak glacial" IRD
facies; it is also a "deglacial" facies, being the pred eposi ted during bo th
d omina nt facies
Terminations II and I. Because the QZF consists of
broken-down crystalline rocks, source areas co uld
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 ano ther facies would therefore indica te a
decrease in the deposition of terrestrial IRD whi le a
tra nsition from the BMF to another facies would
indica te a n 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 show n that m ost 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
m ore precise sedimentological data for anyone
core, correla tion to neighbo uring cores would
prove difficult.
• Lithofacies A and B3, wh.ich are considered to be
"wa rm water" facies, are dominated by the biogenic 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 domina ted by the quartz facies (QZF). Although peaks
in dark siltstone deposi tion often occur during the
deposition of the diamicts, quartz dominates over
dark silts tones in almost every diamict by a factor
of abo ut 8 to 1. Yet the dark siltstones have enough
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total organic carbon to crea te the TOC p ea ks fo und
by Wagner (1993) in the diamicts. These d ark siltstones may occur mainly in the coarser (>500 pm)
fracti ons.
• A peak in the dep osition of dark siltstones or of
quartz in the NGS genera lly occ urs within 1000
yea rs of H einrich layers deposited further south in
the North Atlantic Ocean. This, coupled with the
fact that accumulation rates a t the times of deposition of the Heinrich layers are generally increasing
or hig h, indica tes that there is a possibility tha t
sudden glaCier surges and resulting iceberg ca lving
events from the Scandinavian Ice Sheet occurred
within 1000 years of those from the La urentide Ice
Sheet.
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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.
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Appendix. (cont.) 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 1mbrie et nl., 1984 and Martinson e/ nl. ,
1987) are underlined.
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465

~

485
495
505

118. 10
123.50
125.75
128.72
135.25
138.87
149.74
153.36
156.99
160.61
164.23
171.48
175.10
178.72
182 .35
lll..6.....Q.Q
191.59
197.17
202 .76

30'
57
67
76

14.03
ll...9..Q
15.78
19.22
23 . 11

.6..5.

2L.Q.Q

1li

90
100

195
205
215
226
235
245
255
264
275
285
295
305

30.56
37.67

.6..5....22

1..2..5...QQ.
131.22
137.67
144.11
151 .20
157.00
163.44
169.89
175.69
182.78
189.82
197.45
205 .09

-
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Appendix. (cont.) Ages of samples examined in this study. Sta rs indica te short box cores tha t sa mple the surface sed iments wi th less disruption than long g ravity cores. Stra tjgraphic events (see Imbrie ct aI., 1984 and Martinson 1'/ a/. ,
1987) are underlined.
23454 (cont.)

23454

23456 (cont.)

23456

ages from

ages from

Goldschmidt (1994)

Goldschmidt (1994)

depth
age
depth
age
(cm),_ _ _\(!!;
ka
~J)~__ (cm)_ _ _...,( ka)<-_ _- '=

o
10
15
20
25
30
35
40
45
50

0.00
1.23
2.47
3.71
4 .94
6.18
7.72
8.65
9.89
11.13
12.36

~

ll&Q

60
65
70
75
80

13.82
14.03
14.25
14.47
14 .68
14.90
17.72
20 .95
23 .98

5

a.5.
90
95
100
1Q.5.
110
115
120
300
305
310

.2LQQ
28 .06
29.13
30 .20

320

68.84
69.56
70.28
71.00
75. 12

.32.5.

~

330
335
340
345
350
355
360

~

370

84.88
90.52
97.03
103.54
105.36
107. 17
108.98
110.79
116.58

3.Z.5.

~

380
385
390
395

123.04
123.69
124.34
125.00

~

400
~

410
415
420
425
430
435
440
445
450
455
460
465
470
475
480
485
490
495
500
505
510
515
520
525
530
535
540
545
550
555
560
565
570
575
580
585
590
595
600
605
610
615
620
End of core

126.50
.12..8.",QQ
129.15
130.30
131.45
132.60
133.75
134.90
136.05
137.20
138.35
139.50
140.66
141 .8 1
142.96
144.11
145.26
146.41
147.56
148.71
149.86
151 .01
152.16
153.31
154.46
155.61
156.76
157.91
159.06
160.21
161.36
162.51
163.66
164.81
165.96
167.12
168.27
169.42
170. 57
171.72
172.87
174.02
175.17
176.32
177.47

,___,=

o

90
95
100
105
110
115
120
125

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

~

~

135
140
145
150
155

17.94
20 .97
24.00
25.02
26 .06

345
350
355

65.18
66.21
68 .6

~

.IL.QQ

365
370
375
380
385
390
395
400

77.42
83.84
90.26
96.67
103.10
109 .53
11 5.96
122 .38

5
10
15
20
25
30
35
40
45
50

55
60
65
70
75
80
~

depth

age
(!< a)

405
410
415
420
425
430
435
440

123.00
123.62
124 .25
124 .88
125 .50
126 .12
126 .75
127.38
.12!.LQQ
129.70
131.41
133.1 2
134.82
136.53
138.24
139.94
141 .64
143.35
145.06
146.76
148.47
150.18
151.88
153.59
155.30
157.00
158.70
160.41
162. 12
163.82
165.53
167.24
168.94
170.65
172.36
174.06
175.76
177.47
179.18
180.88
182.58
184.29

_____,-"-cm
= .>

~

450
455
460
465
470
475
480
485
490
495
500
505
510
515
520
525
530
535
540
545
550
555
560
565
570
575
580
585
590
595
600
605
610
Q.15.
620
End of core

~

187.71

