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Abstract
The Greenland ice core records show that the overall cold climate of the last glacial period was repeatedly interrupted by
short, rapid warmings. The events, known as Dansgaard – Oeschger (D – O) events, are strongly imprinted in the North Atlantic
marine records suggesting that they were linked to North Atlantic circulation changes. However, the causes of the D – O events
are poorly understood and they represent one of the most intriguing puzzles of the last glacial period. In order to investigate a
possible mechanism we have studied variations in the distribution of benthic and planktonic foraminifera, oxygen isotopes and
ice rafted debris during the last glacial period in eight cores from the North Atlantic and the Nordic Seas taken at mid depth
from 853 to 1760 m. The parameters indicate, in agreement with previous studies, that the circulation system during the
interstadials resembled the present system. Atlantic surface water flowed north into the Nordic Seas, where most of it sank
through convection and, as cold deep water, flowed back into the North Atlantic. During the stadials, a halocline was
established in the Nordic Seas and in the northernmost part of the North Atlantic and the outflow from the Nordic Seas stopped.
However, below the cold, light surface layer, the relatively warm water of the North Atlantic Drift continued to flow across the
North Atlantic and into the Nordic Seas, here warming up the deep-water masses. We suggest that the warm water gradually
made the water column unstable. The pivotal abrupt climate warmings were caused by sudden upwelling of the deep, warm
water masses causing overturning of the entire water column and onset of convection.
D 2004 Elsevier B.V. All rights reserved.
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1. Introduction
The climate of the last glacial period was characterised by strong atmospheric temperature oscillations.
Over a few years high latitude air temperatures could
* Corresponding author. Tel.: +47-7902-3331; fax: +47-79023331.
E-mail addresses: tine.rasmussen@unis.no (T.L. Rasmussen),
erik.thomsen@geo.au.dk (E. Thomsen).
0031-0182/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.palaeo.2004.04.005

increase with more than 12 jC. However, the warmings were short and immediately followed by a stepwise return to cold conditions. The fluctuations are
recorded in the Greenland ice core records (Dansgaard
et al., 1993), and they are generally known as Dansgaard – Oeschger events (D –O events) (Broecker et al.,
1992). Bond et al. (1993) noted that the Dansgaard –
Oeschger events also were reflected in the ocean
records. On the basis of d18O data and the distribution
of planktonic foraminifera they showed that the sea-
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surface temperatures in the North Atlantic varied with
the same pattern and pace as the D – O events. The
results of Bond et al. (1993) also indicated that the
events were bundled into larger oscillations (Bond
cycles) consisting of successively colder events and
ending with a large cold event every 7 to 10 ka. These
large events correlate with the so-called Heinrich
events (Heinrich, 1988; Broecker, 1991), which were
extreme coolings with numerous icebergs released into
the North Atlantic Ocean and Nordic Seas (Fronval et
al., 1995). Later it has been shown that the D – O events
also are imprinted in the benthic oxygen isotopes and
foraminifera records and thus also connected to the
deep ocean circulation (Keigwin and Jones, 1994;
Oppo and Lehman, 1995; Rasmussen et al., 1996a,b,
2003a,b; Labeyrie et al., 1999; van Kreveld et al.,

2000, Sarnthein et al., 2001). The D –O events seem to
be centred on the North Atlantic and on regions
strongly influenced by the North Atlantic changes
(Street-Perrott and Perrott, 1990; Alley et al., 1999;
Leuschner and Sirocko, 2000), and they are generally
believed to be the result of internal processes in the
North Atlantic realm. However, Bond et al. (1997)
argued that the events might be amplifications of
underlying 1 – 2 ka climate oscillations that on a
weaker level persist also through interglacial periods.
It is generally agreed that the circulation pattern
during the warm ‘interstadial’ periods resembled the
modern circulation in the North Atlantic region (Fig.
1). Relatively warm Atlantic surface water flowed
north into the Nordic Seas, where it was convected
to deep water and returned to the North Atlantic

Fig. 1. Map showing major surface- and deep-water currents in the North Atlantic Ocean and Nordic Seas. Extent of Heinrich belt is indicated.
Location of cores investigated in the present study is indicated with dots. The water depths of the core sites are given in Table 1. Cores (31 – 33
and 31 – 37) containing the ‘Atlantic species group’ are marked with an open circle (Jansen et al., 1983).
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(Oppo and Lehman, 1995; Rasmussen et al., 1996a,b;
Moros et al., 1997). During the cold ‘stadial’ periods,
the flow of Atlantic water into the Nordic Seas
apparently stopped. In the most widely accepted
explanations the shift between the two modes of
circulation are regarded to be triggered by oscillations
in the thermohaline circulation in the North Atlantic
possibly related to variations in the input of meltwater
(Broecker et al., 1990; Broecker, 1991, 1994; Paillard
and Labeyrie, 1994; Ganopolski and Rahmstorf,
2001; Clark et al., 2002). This again could be due to
instabilities in the Laurentide ice sheet (MacAyeal,
1993; Schmittner et al., 2002).
An alternative explanation was offered by Rasmussen et al. (1996a,b). On the basis of investigations of a
single core (ENAM93-21) from the southeastern Norwegian Sea they suggested that during stadials and
Heinrich events warm Atlantic water entered the
Nordic Seas below the cold, light surface water. They
further suggested that the dramatic climate shifts at the
stadial –interstadial transitions was caused by a surfacing of this relatively warm water mass.
The aim of the present paper is to further investigate this scenario, and, if possible, to trace the origin
of the warm water mass entering the Nordic Seas
during the stadials. In order to do so, we combine
records from eight cores comprising a wide geographical area across the North Atlantic and the Nordic Seas
taken at mid depth from 853 to 1760 m (Fig. 1). In
addition, to evaluate our interpretations we compare
them with various model experiments, which, in
recent years, have been developed to explore the
glacial, climatic instability. Some of these models
have produced results that show considerable resemblance to our scenario (e.g. Marotzke, 1989; Weaver
and Sarachik, 1991; Wright and Stocker, 1991; Weaver et al., 1993; Winton, 1993, 1997, Paul and Schulz,
2002).

2. Material and methods
The present investigation is based on data from
eight cores from the southeastern Norwegian Sea, the
Faeroe –Shetland Channel, the northern Atlantic and
the Labrador Sea (Table 1, Fig. 1). Foraminifera
abundances, Ice Rafted Debris (IRD) counts, oxygen
isotope values, and AMS-14C data from each of these
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Table 1
Position and water depth for cores utilized during the present study
Core

EW9302-2JPC
DS97-2P
ENAM33
DAPC-02
ENAM93-21/MD95-2002
ENAM93-20
NA81-10
NA81-04

Position
Latitude N

Longitude W

Water
depth
(m)

48j47.70V
58j56.327V
61j15.884V
58j58.10V
62j44.00V
62j40.12V
62j58V
62j14V

45j05.09V
30j24.590
11j06.545V
09j36.75V
03j52.92V
03j59.48V
02j22V
02j20V

1251
1685
1217
1709
1020
853
1750
1760

cores have been published separately by Rasmussen et
al. (1996a,b,c, 1999, 2002, 2003a,b), Kuijpers et al.
(1998a,b), Balbon (2000), Prins et al. (2001, 2002),
Knutz et al. (2001), and Witak and Kuijpers (2001).
More full accounts of previous investigations of these
cores are given in the cited papers (see Table 2),
which also present detailed descriptions of the laboratory methods. The parameters used in the present
study comprise planktonic and benthic foraminifera
distributions, planktonic and benthic oxygen isotope
values and IRD content published in Rasmussen et al.
(1996a,b,c, 1999, 2002, 2003a,b) (Table 2). Benthic
and planktonic foraminfera were counted and identified from the >100 Am size fractions except for
EW9302-2JPC, ENAM33 and DS97-2P, where the
>106 Am size-fraction was used. We consider this
small size difference as insignificant. The IRD was
counted in the >150 Am fractions (100 Am fraction in
DS2P).

3. Stratigraphy and age determination
The stratigraphy and age models of the individual
cores are discussed in Rasmussen et al. (1996a,b,c,
1999, 2002, 2003a,b), Kuijpers et al. (1998a,b), Balbon (2000), Prins et al. (2001, 2002), Knutz et al.
(2001), and Witak and Kuijpers (2001). Most of the
investigated parameters oscillate with a pattern that
resembles the d18O curves of the Greenland ice cores,
and the sediment cores and the ice cores can be
correlated with great precision (Figs. 2 and 3). The
validity of this correlation has been confirmed by ash
layers and by numerous AMS 14C datings (Rasmussen et al., 1996b, 1999, 2003a,b; Kuijpers et al.,
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Table 2
Overwiew of previous investigations of the cores used in the present
study and types of data-sets available
Core

References

EW9302-2JPC Rasmussen
et al., 2003a

DS97-2P

ENAM33

DAPC-02

ENAM93-21

MD95-2009

ENAM93-20
NA81-10

NA81-04

Types of data presented

Benthic and planktic foraminifera
faunas, benthic and planktic
oxygen isotopes, IRD counts,
AMS-14C dates.
Prins et al.,
Planktic oxygen isotopes,
2001, 2002
geochemical data, grain size
distributions, magnetic
susceptibility, AMS-14C dates.
Rasmussen
Benthic and planktic foraminifera
et al., 2003b
faunas, IRD counts, accumulation
rates of foraminifera.
Kuijpers et al., Planktic oxygen isotopes, grain
1998a,b
size distributions, benthic and
planktic foraminifera faunas,
AMS-14C dates.
Witak and
Diatom faunas and abundance
Kuijpers, 2001 distributions
Rasmussen
Benthic and planktic oxygen
et al., 2002,
isotopes, benthic and planktic
2003b
foraminifera faunas, IRD counts,
AMS-14C dates.
Knutz et al.,
Benthic and planktic oxygen
2001
and carbon isotopes, planktic
foraminifera faunas, IRD counts
and grain size distributions,
AMS-14C dates.
Rasmussen
Benthic and planktic foraminifera
et al., 2002
faunas
Rasmussen
Benthic and planktic oxygen
et al.,
isotopes, benthic and planktic
1996a,b,c,
foraminifera faunas, magnetic
1998, 1999,
susceptibility, IRD counts, clay
2002
mineralogy, AMS-14C dates.
Balbon, 2000 Benthic and planktic oxygen
isotopes, magnetic susceptibility,
IRD counts, AMS-14C dates.
Rasmussen
Benthic and planktic foraminifera
et al., 1999
faunas, IRD counts, planktic
oxygen isotopes, magnetic
susceptibility.
Rasmussen
Benthic and planktic foraminifera
et al., 2002
faunas, AMS-14C dates.
Rasmussen
Planktic oxygen isotopes, benthic
et al., 1996c, and planktic foraminifera faunas,
2002
grain size distributions,
AMS-14C dates.
Rasmussen
Benthic and planktic foraminifera
et al., 1996c, faunas, grain size distributions.
2002

1998a,b; Prins et al., 2001, 2002; Knutz et al., 2001).
The age models for each core were constructed by
using the ice core ages for the D –O events younger
than 110,000 years BP and the SPECMAP time scale
for events older than 110,000 years (Fig. 3).

4. Changes in bottom water conditions and
circulation pattern during Dansgaard – Oeschger
events in the North Atlantic and Nordic Seas
Several of the investigated cores come from the
vicinity of the Faeroe – Shetland Channel, a key area
in the water exchange between the Atlantic Ocean
and Nordic Seas (Fig. 1). About one-third of the
deep overflow water crossing the Greenland –Scotland Ridge passes southward through the channel,
while the warm water of the North Atlantic Drift
flows directly above (Hansen and Østerhus, 2000).
The cores from the North Atlantic are located close
to the pathways of the overflow water from the
Nordic Seas (NSOW) and the North Atlantic Deep
Water (NADW) and therefore supposed to reflect
changes in the convection. Furthermore, the North
Atlantic cores are all located within the Heinrich
Belt (Fig. 1).
Main emphasis in the following presentation is on
the ENAM93-21 and ENAM33 cores, which in most
parameters seem to be representative for the development in the SE Norwegian Sea and the central and NE
Atlantic Ocean, respectively. Furthermore, the two
cores are located near the north and south entrances
of the Faeroe –Shetland Channel (Fig. 1) and, thus,
directly reflect changes in the in- and outflow from the
Nordic Seas.
4.1. Interstadial intervals
The description and paleoenvironmental interpretation presented here applies only to the short, initial
peaks of the interstadials. The ‘transitional cooling
phase’, which usually is incorporated in the interstadials (Johnsen et al., 1992), is described separately
below.
In all the investigated cores, the interstadials are
characterized by relatively high planktonic and benthic d18O values, moderate amounts of IRD and
relatively high concentrations of both planktonic and

T.L. Rasmussen, E. Thomsen / Palaeogeography, Palaeoclimatology, Palaeoecology 210 (2004) 101–116

105

Fig. 2. Correlation of core ENAM33 from the North Atlantic and core ENAM93-21 from the SE Norwegian Sea for the last 65 kyr. The
parameters from ENAM93-21 are d18O records of (a) benthic foraminifera Melonis barleeanum and (b) planktonic foraminifera
Neogloboquadrina pachyderma sinistral, (c) percentage of ice rafted debris (IRD), relative abundance of (d) Cassidulina teretis, (e) the
‘Atlantic species group’, (f) benthic foraminifera M. barleeanum plus Islandiella norcrossi, and (g) planktonic foraminifera N. pachyderma s.
The parameters from ENAM33 are d18O records of (h) benthic foraminifera M. barleeanum and (i) planktonic foraminifera N. pachyderma s, (j)
percentage of ice rafted debris (IRD), (k) number of benthic foraminifera per gram dry sediment, and relative abundance of (l) the ‘Atlantic
species group’ and N. pachyderma s. Melonis barleeanum and I. norcrossi shown in (f) are connected to the overflow water from the Nordic
Seas. High abundances of these two species indicate a modern-like circulation system with deep outflow from the Nordic Seas.

benthic foraminifera. The planktonic assemblages
from the SE Norwegian Sea are totally dominated
by Neogloboquadrina pachyderma sinistral, normally
constituting more than 75% of the faunas and often
more than 90% (Fig. 2). Neogloboquadrina pachyderma s is also completely dominating in core
EW9302-2JPC from the SE Labrador Sea (Rasmussen
et al., 2003a). The species is less abundant in
ENAM33 and DS97-2P from the eastern and central
North Atlantic, respectively, here generally making up
less than 40% of the planktonic specimens (Rasmussen et al., 2003b) (Fig. 2). In both of these cores, the
species is mainly replaced by Globigerina bulloides
and Turborotalita quinqueloba (Rasmussen et al.,
2003b) (Fig. 2).

The benthic faunas from the SE Norwegian Sea
vary slightly from core site to core site depending on
water depth. Melonis barleeanum (= Nonion zandamae), Islandiella norcrossi and Cassidulina reniforme
dominate in ENAM93-21 and ENAM93-20 from a
water depth of about 1000 m (Fig. 2). The faunas from
the deeper cores are generally dominated by Cibicidoides wuellerstorfi, Oridorsalis umbonatus and C.
reniforme (Rasmussen et al., 1996c). At each site, the
interstadial fauna is very similar to the modern fauna
(Rasmussen et al., 1996c, 2002).
The composition of the benthic faunas in the cores
from the North Atlantic is more variable with Globocassidulina subglobosa, Trifarina angulosa, Astrononion gallowayi, and Cibicides spp. dominating in
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Fig. 3. Variations in the relative abundance of the ‘Atlantic species group’ in cores from the North Atlantic, the Faeroe – Shetland Channel and
the SE Norwegian Sea set on the SPECMAP age scale and compared to the d18O record of the Grip ice core and variations in the summer
insolation at 65jN. Core locations are shown in Fig. 1. Heinrich events are marked with a grey bar; other stadial events are not marked. The
absence of the ‘Atlantic species group’ from the stadial intervals (except for H1, H6 and H8) in the deepest cores of the Faeroe – Shetland
Channel and Nordic Seas (NA81-04 and NA81-10) is probably due to dissolution, as these intervals are completely barren of foraminifera. This
is in contrast to the abundant foraminifera in the interstadial intervals (Rasmussen et al., 1996c). The summer insolation curve is adapted from
Labeyrie et al. (1999).

the NE Atlantic (Fig. 2) (Rasmussen et al., 2002,
2003b), G. subglobosa, T. angulosa and Pullenia spp.
dominating on the Reykjanes Ridge (Rasmussen et
al., 2003b), and Melonis barleeanum and Islandiella
norcrossi dominating in the Labrador Sea (Rasmussen
et al., 2003a). In the North Atlantic, as in the Norwegian Sea, the interstadial and modern faunas are
generally fairly similar.
4.1.1. Interpretation
The high concentrations of planktonic foraminifera
and the intermediate percentages of Neogloboquadrina pachyderma s indicate fairly good and warm
surface water conditions in the central and northeast-

ern Atlantic. However, the temperatures were somewhat below the present-day averages as indicated by a
higher proportion of N. pachyderma s. The total
dominance of N. pachyderma s in the cores from
the Norwegian Sea indicates that the sea-surface
temperature here was significantly lower than in the
Atlantic and probably rarely exceeded 3 –6 jC (e.g.
Kellogg, 1976; Weinelt et al., 1996; Rasmussen et al.,
1996b).
The general resemblance of the interstadial and
modern biological and physical parameters at each of
the investigated core sites suggests, in agreement with
previous studies (Oppo and Lehman, 1995; Rasmussen et al., 1996a,b, 2002, 2003b; Moros et al., 1997)
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that the interstadial circulation system in the North
Atlantic region was fairly similar to the modern
system (Fig. 4). Thus, during the interstadials, relatively warm Atlantic surface water flowed north into
the Nordic Seas, where cold, deep water was created
during the winter through thermohaline convection.
The deep water flowed south across the Greenland –
Scotland Ridge into the North Atlantic here forming
the North Atlantic deep water (NADW). The benthic
faunas from the vicinity of the Faeroe Islands indicate
that current velocities and food supply at intermediate
water depth was high on both sides of the ridge and
probably comparable to the modern conditions (Rasmussen et al., 1996a,b).
4.2. Transitional cooling intervals
The Greenland ice core records reveal that the
warm peak of the interstadials was very short (Johnsen et al., 1992; Dansgaard et al., 1993). Many of
them probably lasted less than 50 to 100 years. The
peaks were followed by a relatively long unstable
period with gradually worsening climates ending in an
abrupt plunge into the extreme stadial cold. A similar
pattern can be seen in the high-resolution marine
records of ENAM93-21 (Rasmussen et al., 1996a,b),
illustrated, for example, by the increasing content of
IRD in the cooling intervals (Rasmussen et al., 1996a,
1999; Moros et al., 2004) (Fig. 2). The unstable
transitional cooling periods are particularly well illustrated by D –O events 12 to 7 in ENAM93-21 (Fig. 5).
It is characteristic for this core that the benthic signals
mirror the ice core records much more closely than the
planktonic signals. The planktonic records show a
considerably more irregular pattern (Fig. 5).
4.2.1. Interpretation
The total dominance of Neogloboquadrina pachyderma s in the transitional periods of the ENAM93-21
core indicates that the conditions in the SE Norwegian
Sea were polar with sea surface temperature generally
well below 4 jC (e.g. Bé and Tolderlund, 1971;
Johannessen et al., 1994) (Fig. 4b). In the early part
of the transitional periods the sea surface temperatures
were considerably higher (7 – 9 jC; see Bé and
Tolderlund, 1971) in the Northeast Atlantic than in
the SE Nordic Seas, as indicated by the lower percentage of N. pachyderma s in ENAM33 (Fig. 2), and
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there must have been a fairly sharp temperature
gradient across the Iceland– Shetland shelf. Apparently, the polar front was situated close to the Faeroe
Islands. In the Atlantic, the sea surface temperatures
gradually fell to about 4– 5 jC in the later part of the
transitional periods as indicated by the increasing
percentages of N. pachyderma s (Fig. 2), and it is
probable that the polar front was moving south of the
Faeroe Islands. The strongly fluctuating d18O values
that characterize the planktonic parameters of the
transitional periods in ENAM93-21 probably reflect
shifts in the distribution and activity of the convection
in the Nordic Seas. The benthic faunas are poor with
low species diversity and indications of dissolution
(Rasmussen et al., 1996b), a clear sign of deteriorating bottom water conditions and in concordance with
the planktonic evidence of a weaker and shallower
convection in the Nordic Sea. Probably the main site
for convection followed the position of the polar front
and moved south of the Faeroe Islands at the transition to the stadials (Fig. 4b).
In ENAM93-21, the benthic d18O values decrease
gradually during the transitional cooling phases (Figs.
2 and 5) suggesting that the density of the intermediate depth water in the Norwegian Sea was decreasing.
In ENAM33 from the NE Atlantic the exact opposite
trend can be observed (Fig. 2) and it is likely that the
density here was increasing. These isotope changes in
the intermediate depth water are consistent with a
southward shift in the convection site from the Nordic
Seas to the North Atlantic such as proposed above, as
deep water generated by convection is generally both
cold and dense.
The small ameliorations observed in several D – O
oscillations at the end of transitional period and before
the abrupt temperature drop into the cold stadials are
puzzling (Fig. 5). They are seen in the ice core records
and in the benthic records of ENAM93-21 and the
climatic warming is apparently correlated with a slight
increase in the convection in the Nordic Seas (Rasmussen et al., 1996a). Perhaps the warming increased
the supply of meltwater, thereby amplifying the speed
of the final climatic collapse or even triggering it.
4.3. Stadial intervals and Heinrich events
The biological and physical parameters of the
stadials and Heinrich events are very different from
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Fig. 5. Comparison of D – O events 7 – 13 in ENAM93-21 with equivalent events in ENAM33 and GRIP ice core. The warm peaks at the
beginning of the interstadials and the short ameliorations at the end are marked p and a, respectively. These short episodes are not visible in the
low-resolution core ENAM33. The parameters from ENAM93-21 are (a) d18O records of benthic foraminifera Melonis barleeanum on a
reversed scale, relative abundance of planktonic foraminifera, (b) Turborotalita quinqueloba and (c) Neogloboquadrina pachyderma s. Relative
abundance of benthic foraminifera (d) the ‘Atlantic species group’ and (e) Cassidulina teretis. The parameters from ENAM33 are (f) the relative
abundance of the ‘Atlantic species group’, (g) d18O record of benthic foraminifera M. barleeanum on a reversed scale and (h) the relative
abundance of planktonic foraminifera N. pachyderma s.

those of the interstadials. The d18O values are consistently low and the amount of IRD high (Fig. 2). The
concentration of benthic foraminifera is low, and
foraminifera are totally absent from the stadial intervals in the deeper cores from north of the Faeroe –
Shetland Channel (NA81-10 and NA81-04) except for
H1, H6 and H8 (see also Rasmussen et al., 1996c).
Benthic foraminifera are also almost completely absent from the cold intervals in core EW9302-1JPC
from 2527 m water depth in the SE Labrador Sea
(Rasmussen et al., 2003a) (Fig. 1). In all the investi-

gated cores, the planktonic faunas are dominated by
Neogloboquadrina pachyderma s making up between
60% and 95% of the specimens. The highest percentages are found in the cores from north of the Iceland –Scotland Ridge.
The composition of the benthic faunas is much
more uniform in the stadials than in the interstadials.
In the cores from the Atlantic Ocean the stadials are
dominated by an association of species, which we
previously have termed the ‘Atlantic species group’
(Rasmussen et al., 1996a, see below) (Fig. 3). The

Fig. 4. Schematic SSW – NNE cross-sections of the North Atlantic and Nordic Seas showing temperature and salinity estimates and simplified
reconstructions of circulation pattern of the surface- and intermediate-depth water masses during (a) interstadials, (b) transitional cooling
intervals, and (c) stadials. North Atlantic sea surface temperature estimates are based on Cortijo et al. (1997). The salinities of the water masses
are modified from modern salinities in the North Atlantic realm. During the glacial period the global salinities were probably up to one per mil
higher than today (Cortijo et al., 1997; van Kreveld et al., 2000). However, this would not seriously influence the circulation model.
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group may constitute 40– 50% of the benthic faunas
(Figs. 2 and 3). In ENAM33, the relative abundance
of the group increases gradually through the stadials
and the maximum abundance is generally found
immediately below the stadial – interstadial shifts
(Fig. 2). The decrease in the following interstadials
is normally also gradual. In the Faeroe – Shetland
Channel and in the SE Norwegian Sea, the cold
intervals are dominated by Cassidulina teretis (Fig.
2) but the ‘Atlantic species group’ is also present. As
in ENAM33, the maximum abundance of the ‘Atlantic species group’ generally occurs just below the
stadial – interstadial shifts. The decreases are very
abrupt as opposed to the gradual decreases in
ENAM33. In the Norwegian Sea, the ‘Atlantic species group’ is particularly abundant in H11, H8, H6,
and H1.
4.3.1. Interpretation
The total dominance of the polar Neogloboquadrina pachyderma s and the increase in the amount of
IRD in all the investigated cores indicate polar surface
water conditions with abundant icebergs. The strong
surface depletion of 18O is probably due to a higher
input of meltwater (cf. Bond et al., 1993) and it is
likely that the fresher surface acted as a lid preventing
thermohaline convection in the Nordic Seas (see e.g.
Bond et al., 1993; Broecker, 1991, 1994; Broecker et
al., 1990, 1992; Paillard and Labeyrie, 1994; Ganopolski and Rahmstorf, 2001). A decoupling between
the surface and bottom environments is also indicated
by the high surface production and low benthic
production that characterize the stadial intervals of
the Norwegian Sea (Rasmussen et al., 1996a,b).
The increase in the relative abundance of the
‘Atlantic species group’ during stadials and Heinrich
events was first described from ENAM93-21 from the
SE Norwegian Sea (Rasmussen et al., 1996a,b). The
present study shows that the group has a similar
distinctive regional distribution in the Northern Atlantic Ocean at mid depth, although the overall
abundance of the group is much higher here than in
the Norwegian Sea (Figs. 2 and 3). In the Atlantic, it
may also occur in high numbers in the interstadial
intervals (Figs. 2 and 3). The unique distribution of
the ‘Atlantic species group’ clearly gives this fauna a
central role in understanding the bottom conditions
and deep-water circulation during the stadials. We

have therefore examined the present distribution of
the species referred to the group. The most abundant
species are Sigmoilopsis schlumbergeri, Eggerella
bradyi/Tosaia hanzawaya, Alabaminella weddellensis/Epistominella decorata, Bulimina costata, Sagrina
subspinescens, Anomalinoides minimus, Gyroidinoides neosoldanii, G. umbonata, and various miliolid species (Discospirina italica, Sigmoilina tenuis,
Spirophthalmidium acuticosta a.o.). None of them
occur at intermediate water depth in the Nordic Seas
today (Rasmussen et al., 1996a,b, 2002) and they are
apparently connected to relatively warm intermediate
waters (Rasmussen et al., 1996a,b). In the eastern
Atlantic they occur at mid-depth in moderate numbers
on the Rockall Plateau and the Reykjanes Ridge (Fig.
3). They are abundant in the Mediterranean, along the
West European seaboard, in the Gulf of Mexico and
in the Labrador Sea (see references in Rasmussen et
al., 1996b, 2002, 2003b). Thus, the species have a
definite southern affinity. To our knowledge they
have not been recorded from waters with temperatures below 2 jC and are most commonly found
above ca. 3.5 jC.
Rasmussen et al. (1996a,b) suggested that the
occurrence of Cassidulina teretis and the ‘Atlantic
species group’ in the Nordic Seas during stadials
reflected the presence of a relatively warm Atlantic
water mass below the cold, low-saline surface water,
thus indicating an inverted temperature gradient as
compared to the interstadials. They further suggested
that the inversed gradient was the result of a reversed
circulation pattern across the Iceland –Scotland Ridge
with intrusion into the Nordic Seas of relatively warm,
intermediate-depth water from the Atlantic water
below the low-saline surface water. A warming of
the deep ocean at high latitudes had previously been
suggested for the glacial period (Duplessy et al., 1975)
and Termination I (Jansen and Erlenkeuser, 1985),
and it has recently been proposed also for Termination
II (Rasmussen et al., 1999; Bauch et al., 2000).
The results from the ENAM93-21 are confirmed
by the new data from the Nordic Seas and from the
ENAM33, DAPC-02, DS97-2P, and EW9302-2JPC
from the North Atlantic (Figs. 1 and 3). In all of these
cores the ‘Atlantic species group’ shows a large
increase in the relative abundance during the stadials
clearly indicating that the temperatures at the intermediate-depth level across the North Atlantic were
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increasing and clearly higher than during the interstadials (Fig. 3).
The only likely source of this warm water is the
North Atlantic Drift (NAD), which we suggest continued to spread below the cold surface water of the
Heinrich belt, although probably flowing slower and
reaching greater depths than today (Figs. 1 and 4c).
That the NAD was flowing during the cold events is
consistent with the distribution of IRD in the Heinrich
layers of the North Atlantic. Iceberg trajectories
reconstructed from IRD provenance (Bischof, 2000;
Grousset et al., 2000; Scource et al., 2000) clearly
indicate that the icebergs from the Laurentide icesheet,
in the western Atlantic, were caught by northeastward
flowing currents and carried toward England, following the main direction of the present-day NAD flow.
Today, the NAD reaches a depth of more than 1000
m south of the Iceland –Scotland ridge at temperatures
of 7 –8 jC. Approaching the ridge, the base of the
current is deflected upwards away from the bottom by
the cold overflow water from the Nordic Seas. We
hypothesise that during the stadial events, when
reaching the Heinrich belt, the warm NAD was
subducted below the fresher surface water, and with
no outflow across the Iceland – Scotland ridge it could
unobstructed enter the Nordic Seas crossing the Iceland – Scotland ridge (Fig. 4c). The NAD would be
fairly salt and dense and able to replace the cold, but
less saline intermediate-depth water of the Nordic
Seas. During larger Heinrich events (H1, H6 and
H8, and probably also H11), the warm water, as
indicated by the distribution of the ‘Atlantic species
group’ reached down to a water depth of at least 1760
m (Figs. 1 and 3).
The penetration of warm intermediate-depth water
into the Nordic Seas below a cold, lighter surface water
can be compared to the present situation in the Fram
Strait, where warm, saline water (temp. f 2.5 jC, sal.
f 34.9 x) derived from the Norwegian current is
subducted below the icy surface water of the east Arctic
Ocean (temp. f 1.7 jC, sal. f 32 – 33 x) (Aagaard
et al., 1985; Rudels et al., 1994). In the Eurasian Basin,
the surface and deep-water masses are separated by a
strong halocline at a depth of ca. 150 m. The halocline
is partly maintained by an extraordinary large contribution of fresh river water to the Arctic ocean (Prange
and Gerdes, 1999; Prange and Lohman, 2003), and it is
probable that the stratification of the Nordic Seas

111

during cold events was considerably weaker than the
present stratification of the Arctic Ocean.
A reversed circulation model can also account for
the benthic 18O depletions that are a characteristic
feature of the stadials over most of the Nordic Seas
and the North Atlantic (Figs. 2 and 5). These depletions are generally attributed to down transportation
of 18O depleted surface water by brines (Veum et al.,
1992; Vidal et al., 1998; Dokken and Jansen, 1999;
Sarnthein et al., 2001; van Kreveld et al., 2000).
However, as also indicated by Schulz et al. (2002),
it seems more likely that the depletions are caused by
subsurface warming. Thus, we suggest that the faunal
and isotopic changes have a common cause and
reflect a northward intrusion of relatively warm
Atlantic intermediate-depth water (se also Duplessy
et al., 1975). In ENAM93-21, the difference between
the maximum values of the interstadials and the
minimum values of the succeeding stadials vary from
0.54 x to 0.89 x (Table 3). The depletions between
Table 3
Maximum depletions of benthic d18O for D – O cycles 2 – 13 in core
ENAM93-21 calculated by subtracting maximum values of
interstadials from minimum values of the subsequent stadial
D – O event

IS-S no.

d18O

D–O 2

S2 (H1)
IS2
S3 (H2)
IS3
S4
IS4
S5 (H3)
IS5
S6
IS6
S7
IS7
S8
IS8
S9 (H4)
IS9
S10
IS10
S11
IS11
S12
IS12
S13 (H5)
IS13
S14
IS14

3.63
5.60
4.32
5.38
4.92
5.32
3.81
5.28
4.69
5.37
4.65
5.19
4.24
5.13
3.92
5.00
4.32
5.21
4.47
5.09
4.24
5.09
4.03
4.99
4.12
4.74

D–O 3
D–O 4
D–O 5
D–O 6
D–O 7
D–O 8
D–O 9
D – O 10
D – O 11
D – O 12
D – O 13
D – O 14

Depletion (IS-S)
1.97
1.06
0.40
1.47
0.68
0.54
0.89
1.08
0.89
0.62
0.85
0.96
0.62
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the interstadials and the Heinrich events are larger
varying from 0.96% to 1.97 x (Table 3, Fig. 2). The
benthic 18O depletions in ENAM93-21 correspond to
a maximum temperature increase in the bottom water
of up to 2 –4 jC during stadials and up to 4 –8 jC
during the Heinrich events when compared to the
preceding interstadial. As the salinity and thus the
d18O content probably was higher in the incoming
Atlantic water than in the bottom water in the Nordic
Seas the estimated temperature increases should be
considered as minimum values. A similar interpretation has also been proposed to explain decreases in
the benthic d18O values of 0.5– 0.9 x at the beginning of Heinrich event H1 and the Younger Dryas in
two cores from intermediate depth taken southeast of
Grenada and off the coast of Angola, respectively
(Rühlemann et al., 2003, 2004). These authors found
that the major proportion of the shifts must be
attributed to warming as both sites were situated
remote from direct influence of isotopically, light
meltwater. Warming of the intermediate-depth water
at low latitudes during stadials and Heinrich events is
also indicated in several model experiments (see
Section 5.1), and it would certainly provide additional
heat to the deeper parts of the Gulf Stream and the
NAD and thus contribute to the warming of the
intermediate-depth water in the Nordic Seas. Another
possible source of heat and salt to the NAD is an
increase in the intensity of the Mediterranean Outflow
Water during cold stadials and Heinrich events
(Cacho et al., 2000).
In ENAM33 from the North Atlantic, the first
temperature rise in the bottom water is marked by
the increase in the ‘Atlantic species group’ and the
simultaneous decrease in the d18O values (Figs. 2 and
5). In ENAM93-21 from the SE Norwegian Sea, the
temperature increase is marked by the abrupt rise in
Cassidulina teretis and also by a decrease in the d18O
values. The increase in C. teretis indicates presence of
relatively cold NAD and a rise in deep-water temperature to >0 jC (e.g. Rasmussen et al., 1996a,b; Hald et
al., 1999, 2001; Kocß et al., 2002). In both ENAM33
and ENAM21-93, the relative abundance of the ‘Atlantic species group’ increases throughout the stadial
intervals suggesting that the warming of the bottom
water continued until the stadial – interstadial transitions. In the Nordic Seas, the bottom-water temperatures dropped abruptly at the beginning of the

interstadials as indicated by the sudden decline in C.
teretis and the ‘Atlantic Species group’ (Figs. 2 and
5). The more gradual decrease in the abundance of the
‘Atlantic species group in ENAM33 suggests that
cooling of the bottom water was slower in the Atlantic
(Figs. 2 and 5).

5. A hypothesis for the causes of the
Dansgaard –Oeschger events: comparison with
model experiments
The extremely rapid climatic warmings at the
stadial – interstadial transitions are undoubtedly the
most astonishing aspect of the glacial climatic fluctuations. Huge amounts of energy were suddenly
released to the atmosphere and the deposition of
IRD stopped almost immediately. The warmings are
generally attributed to a renewal of the thermohaline
convection in the Nordic Seas. However, it seems
surprising that this process alone, over a few years,
should be able to transform the Nordic Seas from an
ice-covered, polar sea with a permanent halocline
and intense iceberg rafting to an open, relatively
warm ocean with no iceberg rafting. We suggest that
the onset of thermohaline convection played only a
secondary role in the initial, abrupt phase of the
interstadial warmings. Our results indicate that during the stadials, the North Atlantic Drift was subducted and continued to flow below the cold, low
saline surface water (Fig. 4c). With no deep outflow
across the Greenland – Scotland ridge the NAD could
enter the Nordic Seas here warming the deeper water
masses. We hypothesise that the warming slowly
decreased the density of the intermediate-depth water
to the point where the water column would be
destabilised and the halocline broken. It is quite
possible this process was alleviated by a slight,
gradual increase in the density of the surface water.
The main factors involved here would be a decrease
in the delivery of freshwater from glaciers and/or a
reduction in the output of icebergs (Broecker et al.,
1990; Bond et al., 1993). However, whereas most
explanations of the Dansgaard – Oeschger events focus on a decrease in the supply of meltwater to break
the halocline, we suggest that the most important
factor was an increase in the temperature of the
intermediate-depth water.
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Once the halocline was broken, the warm Atlantic
water would rise to the surface releasing enormous
amount of energy to the atmosphere. The thermohaline convection would be activated, further increasing
the surface warming of the Nordic Seas (Fig. 4a).
However, the changes in the benthic faunas show that
the effects of the warming lasted only shortly. Decreasing numbers of benthic foraminifera indicate
rapidly deteriorating bottom conditions and a slowdown of the thermohaline convection (Rasmussen et
al. 1996a,b). The increase in the IRD content signifies
a growing number of icebergs and probably also an
increase in the delivery of meltwater in agreement
with several previous studies (Broecker, 1994; Ganopolski and Rahmstorf, 2001; Schmittner et al., 2002).
However, the formation of a halocline and ultimate
ice-closure of the Nordic Seas after each overturning
event is probably due to the general cold conditions
under the glacial period.
5.1. Comparison with model experiments
Our scenario shows considerable resemblance to
the results of several model experiments from recent
years (e.g. Marotzke, 1989; Weaver and Sarachik,
1991; Wright and Stocker, 1991; Weaver et al.,
1993; Winton, 1997; Weaver, 1999; Paul and Schulz,
2002). In these experiments, the high latitude thermohaline convection becomes unstable by the addition of
small amounts of fresh water or simply by climate
cooling (Winton, 1997; Paul and Schulz, 2002). This
can result in thermohaline oscillations involving periodic failure and re-establishment of deep overturning,
which accompanies the formation and removal of a
high latitude halocline (Winton, 1993), and the oscillations are often referred to as deep-decoupling oscillations (Winton and Sarachik, 1993; Paul and Schulz,
2002). Marotzke (1989), Weaver and Sarachik (1991),
Wright and Stocker (1991), Winton (1997) and Paul
and Schulz (2002) found that during stadial periods,
when the deep circulation and convections at high
latitudes are switched off, the deep water at low
latitudes experiences a significant warming either
through vertical diffusion or downwelling. This results
in a horizontal northward transportation of warm,
saline deep water either by diffusion, advection or
under wind forcing (Marotzke, 1989; Weaver and
Sarachik, 1991). In the experiments of Paul and Schulz
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(2002), convection never ceases completely, but as the
halocline progresses, it is shifting southward and
becomes shallower. In the experiments of Winton
(1997), the intermediate and deep-water temperatures
at high latitudes increase gradually during the stadial
intervals with about 3 jC. When the deep water
becomes sufficiently warm, the water column becomes
unstable. In other experiments, the deep ocean warms
up to 9 jC before instability is detected (Weaver et al.,
1993). The end result is a rapid overturning or ‘flush’
(Marotzke, 1989) during which the ocean loses all the
heat it had accumulated over hundreds to thousands of
years in a matter of a few decades (Marotzke, 1989;
Weaver and Sarachik, 1991; Wright and Stocker, 1991;
Winton, 1993; Weaver, 1999).
Our data strongly supports that the changes simulated in these models could be close to what really
happened. Like in the paleo-records, the models
indicate a gradual decrease in convection activity
during the interstadials ending in an abrupt stop and
a plunge into the cold stadials (Winton, 1993, 1997).
The gradual warming during the stadials of the
intermediate and deep water at high latitudes, produced in some models (Winton, 1997), is also quite
similar to our results. There is also great similarity
between the extremely rapid flushing events of the
models and the abrupt paleoceanographic changes at
the stadial – interstadial transitions indicated in our
records.
The driving mechanism sketched in the present
paper for the glacial D –O events can probably only
function under cold conditions as also indicated in the
model experiments of Winton (1997). The Younger
Dryas and similar climatic events occurring during
deglaciations and interglacials are cooling episodes
occurring under general warm conditions. They are
therefore very different in origin from the glacial D –
O events, which are warming events under cold
conditions.
We see the millennial scale fluctuations as principally self-sustained. However, the fact that the largest
and longest Heinrich events (viz. H11, H8, H6 and
H1) seem to coincide with periods of relatively high
summer insolation indicates that the fluctuations were
sensible to solar forcing (Fig. 3). It can therefore not
be ruled out that the D – O events are amplifications of
an underlying 1 –2 ka climate oscillations such as
proposed by Bond et al. (1997).
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6. Conclusions
The overall cold climate of the last glacial period
was repeatedly interrupted by rapid warmings. The
warmings were caused by violent overturnings of
warm water derived from the North Atlantic Drift,
which penetrated into the Nordic Seas below the cold
surface water and destabilised the water column here.
After the halocline was broken, the North Atlantic
Drift rose to the surface and convection started.
However, the climatic amelioration was short due to
the low summer insolation and general cold conditions. Possibly enhanced by meltwater, the sea ice
began to spread and a halocline was re-established
within a few hundred years. Once the production of
overflow water stopped, warm water could again
penetrate into the Nordic Seas.
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Rasmussen, T.L., Bäckström, D., Heinemeier, J., Klitgaard-Kristensen, D., Knutz, P.C., Kuijpers, A., Lassen, S., Thomsen, E.,
Troelstra, S.R., van Weering, T.C.E., 2002. The Faeroe – Shetland Gateway: Late Quaternary water mass exchange between
the Nordic seas and the northeastern Atlantic. Mar. Geol. 188,
165 – 192.
Rasmussen, T.L., Oppo, D.W., Thomsen, E., Lehman, S.J., 2003a.
Deep-sea records from the SE Labrador Sea: ocean circulation
changes and ice-rafting events during the last 160,000 years.
Paleoceanography 18 (1), 1018 (doi: 1029/2001PA000736).
Rasmussen, T.L., Thomsen, E., Troelstra, S.R., Kuijpers, A., Prins,
M.A., 2003b. Millennial-scale glacial variability versus Holocene stability: changes in planktic and benthic foraminifera
faunas and ocean circulation in the North Atlantic during the
last 60,000 years. Mar. Micropaleontol. 47, 143 – 176.
Rudels, R., Jones, E.P., Anderson, L.G., Kattner, G., 1994. On the
intermediate depth waters of the Arctic Ocean. In: Johannessen,
O.M., Muench, R.D., Overland, J.E. (Eds.), The Polar Oceans
and their role in shaping the global environment. Geophys.
Monogr., vol. 112. AGU, Washington, DC, pp. 33 – 46.
Rühlemann, C., Mulitza, S., Lohmann, G., Paul, A., Prange, M.,
Wefer, G., 2003. Abrupt warming of the intermediate-depth
Atlantic Ocean in response to thermohaline circulation slowdown during the last deglaciation. Pages News 11 (1), 17 – 19.
Rühlemann, C., Mulitza, S., Lohmann, G., Paul, A., Prange, M.,
Wefer, G., 2004. Intermediate depth warming in the tropical
Atlantic related to weakened thermohaline circulation: combining paleoclimate and modeling data for the last deglaciation.
Paleoceanography 19 (doi:10.1029/2003PA000948).
Sarnthein, M., Stattegger, K., Dreger, D., Erlenkeuser, H., Grootes,
P., Haupt, B., Jung, S., Kiefer, T., Kuhnt, W., Pflaumann, U.,
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