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Abstract     

Twenty-one glacial ice-volume corrected benthic oxygen isotope records (δ18Ob-ivc) from different water depths in the 
Nordic Seas and the North Atlantic are compared, supported by ice-volume corrected planktonic oxygen isotopes (δ18Op-ivc) 
and benthic carbon isotopes (δ13Ob). During the Last Glacial Maximum (LGM) open-ocean convection produced Glacial 
North Atlantic Intermediate Water (GNAIW) in the Nordic Seas above 1800 m. GNAIW overflowed the Greenland-Scotland 
Ridge, and entrained depths above and at least partly below 2000 m in the North Atlantic. Brine formation along the 
continental margins in the Nordic Seas may have produced deep-water sinking below 1500 m. During the Early Deglaciation 
(ED) brine-enriched intermediate water masses in the Nordic Seas were formed. These may have overflowed the Greenland-
Scotland Ridge, and influenced the North Atlantic water masses down to at least 3700 m. In the Bølling-Allerød (BA) brine 
formation was reduced, and open-ocean convection was "restarted" in the Nordic Seas. The outflow of this open-ocean 
convected water, however, was mainly restricted to east of Iceland. A new period of brine formation during the Younger 
Dryas (YD) is indicated in the water masses at intermediate depths in the Norwegian Sea, but less intensively compared to 
the ED. There may have been some open-ocean convection and meridional overturning in the Nordic Seas during the YD, 
giving overflow across the Greenland-Scotland Ridge, but probably reduced compared to the BA. In the Holocene, 
meridional overturning appears similar to that of today.  

Meridional overturning and bottom water overflow from the Nordic Seas to the North Atlantic probably existed more or 
less continuously, through glacial, deglacial and interglacial times. The mode of overturning was driven by differing 
proportions of brine-release during sea-ice freezing and open-ocean convection. Even if brine formation is to the most likely 
explanation of the periodically low δ18Ob-ivc values in the Nordic Seas, it cannot be excluded that slight temperature increases 
may also be responsible.  
 
 

1. Introduction   
The Nordic Seas and the Greenland-Scotland Ridge 

are important areas for ocean circulation. The inflow of 
warm Atlantic surface/subsurface water into the Nordic 
Seas, the open-ocean convection in the Nordic Seas, and 
the returning overflow across the Greenland-Scotland 
Ridge, form the northern limb of the Atlantic 
Meridional Overturning Circulation (AMOC). The 
strength of the AMOC is today reflected in water mass 
properties, such as temperatures, salinities, and oxygen 
content, both north and south of the Greenland-Scotland 
Ridge. The overflow water mass forms the lower part of 
the North Atlantic Deep Water (NADW) in the North 
Atlantic. Northwardly advected Atlantic Water brings 
heat to Northern Europe, and is, in part, responsible for 
winter air temperatures of the central and eastern Nordic 
Seas being 10-20˚C higher than the zonal mean (Drange 
et al. 2005). The strength of the southward bottom water 
flow across the Greenland-Scotland Ridge may thus 
indirectly influence the climate of the Nordic Seas and 
the surrounding landmasses.  

In the past, the strength of the AMOC and the rate of 
water mass exchanges across the Greenland-Scotland 
Ridge probably changed. These changes should be 
detectable in the water mass properties at different 
depths in the Nordic Seas and the North Atlantic. A 
useful tracer of bottom water mass properties is the 
δ18Ob value of benthic foraminifera, as it is controlled 
by both bottom water temperature and the δ18O of 
seawater (δ18Ow) (Shackleton 1974).  

 Previously published δ18Ob records in the Nordic 
Seas and the North Atlantic oscillate between low and 
high δ18Ob values during the last glaciation and the last 
deglaciation. During cold stadial events anomalously 
low benthic oxygen isotope events are observed 
(Rasmussen et al. 1996; Vidal et al. 1998; Dokken and 
Jansen 1999). These events deviate strongly from the 
global δ18O-ice volume component (Shackleton 1987; 
Fairbanks 1989; Liu et al. 2004). Some authors suggest 
that warming of the intermediate and deepwater masses 
causes these δ18Ob depletions (Rasmussen et al. 1996; 
Bauch et al. 2001; Rasmussen and Thomsen 2004), 
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whereas others suggest that the δ18Ob depletions are 
caused by low-δ18O meltwater in the surface, which 
then sinks to intermediate and deeper water depths 
through sea-ice freezing and brine rejection (Vidal et al. 
1998; Dokken and Jansen 1999; Labeyrie et al. 2005).  

This work aims to study the vertical changes in 
water mass properties through time inside each of the 
two basins. These changes imply the type and degree of 
bottom water mass exchange between these basins. The 
study compares δ18Ob records from the North Atlantic 
and the Nordic Seas (Figure 1a), most of them 
published, from 800 to 3700 m depth (Figure 1b; Table 
1). Thus a useful geographical and vertical coverage in 
both ocean basins is obtained. Benthic δ13C and 
planktonic δ18O records are used to support the 
interpretation of the δ18Ob signals. The work covers the 
time interval from 22 to 6 ka (see Chronology Section 
2.4 for details). 

 
2. Methods and strategy  

 
2.1. Isotope records and bathymetric setting 

Twenty-one benthic δ18Ob records from cores 
located in the Nordic Seas and the North Atlantic, with 
depths ranging from 800 to 3700 m (Figures 1a-b, Table 
1), were studied. All of the cores display a mean 
resolution of at least 1000 years: 3 of them have a mean 
resolution of more than 100 years and 12 of them more 
than 500 years. The resolution varies between different 
time intervals of the deglaciation. Most of the δ18Ob 
records are previously published (Table 1).  

The cores in Figures 1a-b are, for simplicity and 
overview, divided into 5 groups based on depth and 
location. Group 1 (G1) consists of cores from 
intermediate depths (900-1500 m) in the eastern Nordic 
Seas. Group 2 (G2) are cores from intermediate depths 
(800-1900 m) in the western Nordic Seas. Group 3 (G3) 
are cores from depths below 2000 m in the Nordic Seas. 
Group 4 (G4) includes cores from intermediate depths 
(1100-1700 m) in the North Atlantic. Group 5 (G5) 
consists of cores from depths below 2000 m in the 
North Atlantic. See Figure 1 and Table 1 for an 
overview and more detailed information. 

The Greenland-Scotland Ridge makes a sill, dividing 
the G1-G3 cores in the Nordic Seas from the G4-G5 
cores in the North Atlantic.  

 
2.2. Isotope measurements 

The primary evidence will come from δ18Ob of 
Cibicides wuellerstorfi, Cibicides lobatulus, Cassidulina 
teretis, Melonis barleeanum, and Oridorsalis 
umbonatus. Planktonic oxygen isotope measurements 
(δ18Op) were performed on Neogloboquadrina 
pachyderma sinistral and Globigerina bulloides for 
comparison with the δ18Ob-ivc measurements in order to 
interpret similarities and differences in water masses 
between the surface/subsurface and the bottom water. 

The δ13Cb value of the epibenthic Cibicides 
taxonomic group is regarded as a useful tracer of water 

mass properties because of its ability to trace δ13C in 
bottom water masses (Duplessy et al. 1988; Mackensen 
et al. 1993; Curry and Oppo 2005). For the other species 
used, infaunal microhabitats partly exist, and their 
carbon isotope compositions are, to a varying extent, 
influenced by the local pore water composition. 
Therefore, benthic carbon isotopes are not considered 
for the G1 cores or the HM94-34 core in G3, since the 
deglacial and glacial intervals are only poorly, or not, 
covered by δ13Cb measurements of the Cibicides group. 

The isotopic data are reported in ‰ versus PDB. 
δ18Ob and δ18Ob-ivc values are reported on the corrected 
Uvigerina scale (+0.64‰ for Cibicides sp. and O. 
umbonatus, +0.36‰ for M. barleeanum, and +0.00‰ 
for C. teretis (Graham et al. 1981; Jansen et al. 1988)). 

In addition, oxygen isotope measurements were also 
corrected for ice volume:  

 
δ18Ob-ivc (‰ vs. PDB) = δ18Ob - δ18Oice-volume (1) 

 
A similar ice-volume correction was also performed 

for the planktonic oxygen isotopes (δ18Op-ivc). The 
motivation and approach for doing an ice volume 
correction is described in Section 2.3. Other authors 
previously performed most of the oxygen isotope 
measurements, while some are new (see Table 1 for a 
more detailed information). 

 
2.3. Ice volume correction 

It is important to constrain the ice-volume 
component of the oxygen isotopes (δ18Oice-volume), since 
our purpose is to study the combination of bottom 
temperature and δ18Ow reflected in the oxygen isotope 
signal. The δ18Oice-volume can be directly tied to the 
change in global sea level associated with large 
glaciations (Fairbanks 1989). To calculate δ18Oice-volume, 
an ice-volume component of 1.1‰ is used for the LGM. 
This component is a compromise between the 1.2‰ and 
1.0‰ isotope changes suggested by Fairbanks (1989) 
and Schrag et al. (1996), respectively. A LGM sea level 
120 m lower than today is suggested (Fairbanks 1989; 
Liu et al. 2004). The lowered sea level and ice volume 
correction is used together with the sea level curve of 
Liu et al. (2004) (Figure 2) to calculate the ice volume 
component of the oxygen isotope values for different 
time intervals of the deglaciation. Assuming that 120 m 
lowered sea level corresponds to 1.1‰ oxygen isotope 
increase, gives this formula: 

 
δ18Oice-volume = lowered sea level (m) x 1.1‰  

120 m 
(2) 

2.4 Chronology and age control 
The time intervals studied are the Last Glacial 

Maximum (LGM, 22-19 ka), Early Deglaciation (ED, 
19-15 ka), Bølling-Allerød (BA, 15-13 ka), Younger 
Dryas (YD, 13-11.5 ka), the Early Holocene (EH, 11.5-
8 ka) and the Mid Holocene (MH, 8-6 ka). These time 
definitions may be slightly different from other authors, 
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but we mean these ages when we refer to a named time 
interval. 

The age control is based on linear interpolation 
between calendar ages calculated from previously 
published AMS 14C ages, the Younger Dryas Vedde 
Ash (Mangerud et al. 1984), and the Early Holocene 
Saksunarvatn Ash (Mangerud et al. 1986). Age models 
are produced in previous work. However, all age models 
are reprocessed here and produced in a consistent 
manner in this work using the Calib 5.0 software 
(Stuiver and Reimer 1993). The calendar ages based on 
AMS 14C ages are calculated using a calculated global 
reservoir age in Calib 5.0, averaging about 400 years. 
For the YD a reservoir age of 700 years is used, 
following Austin et al. (1995). No other reservoir 
correction has been used, but there may be other 
reservoir ages for different time intervals and cores. 
Waelbroeck et al. (2001) suggest a reservoir age of 1900 
years for the late ED/early BA in core NA87-22. Hagen 
(1999) suggests that the bottom water in the Denmark 
Strait may have a reservoir age of more than 1000 years 
during the deglaciation, based on data from core JM96-
1228. In our study these extended reservoir ages are not 
used, as there is not yet any consistent dataset available 
for the various regions and water depths. 

During the last deglaciation errors in the age model 
may give significant errors when calculating the δ18Ob-

ivc, since the δ18Oice-volume and sea level change 
significantly and abruptly during the deglaciation. We 
assume that the δ18Oice-volume component and our age 
models may be regarded as reasonable. During the YD 
the deposition of the Vedde Ash Layer makes a 
confident age marker. 

In this work, cores containing at least a few AMS 
14C ages, the Vedde ash layer, and resolution higher 
than 500-1000 years were preferred. However, some 
other cores were also included (Table 1) to obtain 
sufficient geographical and depth coverage. Figure 3 
explains how ages were obtained in these cores. Figure 
3 also show all age models used in this study. 

 
2.5 Isotope data and water masses 

The benthic oxygen isotope records, both 
uncorrected and ice-volume-corrected, are shown in 
Figure 5. δ13Cb and δ18Op records are used to support the 
interpretation of the δ18Ob-ivc records. For better 
comparison between the δ18Ob-ivc and δ13Cb records, 
these records are grouped and shown in Figures 6 and 7. 
Different water masses are typically characterised by 
different combinations of δ13Cb and δ18Ob-ivc values 
(Figure 4) (Kroopnick 1980; Oppo and Lehman 1993; 
Dokken and Jansen 1999). The interpretation of the 
water masses based on these criteria is not 
straightforward, and should be read with caution, but 
they are important for helping the interpretation of 
δ18Ob-ivc values. 

 
 
 
 

3. Water mass properties and exchanges - results 
and paleoceanographic interpretations 

 
3.1. Last Glacial Maximum (LGM, 22-19 ka) 

In the Eastern Nordic Seas high δ18Ob-ivc values (3.9-
4.5‰) are observed at depths above 2000 m (Figure 6: 
G1). In the deeper Nordic Seas (> 2000 m) the δ18Ob-ivc 
values are lower (2.7-4.0‰) (Figure 6: G3). We suggest 
that this difference in δ18Ob-ivc is caused by larger 
amounts of brine-rich deepwater being found at depths 
below 2000 m. Brine formation probably occurred near 
the continental margins. This interpretation supports 
investigations by Vorren et al. (1998) and Cofaigh et al. 
(2004), who suggested that submarine channels, 
downslope from the continental margins of Greenland, 
Barents Sea, and northern Norway to > 3000 m depths, 
were formed by dense water originating from brine 
formation. These water masses would have been too 
dense to stabilise at intermediate depths.  

Bauch et al. (2001) explain the δ18Ob depletions of 
C. wuellerstorfi in core PS1243 (Figure 6: G3) as if they 
represent short intervals of the LGM when water-mass 
temperatures and food supply resembled more closely 
an interglacial mode. The δ18Ob-ivc difference of ∼1.5‰ 
between the LGM and the Holocene (Figure 6) implies 
a temperature increase of 6˚C compared to Holocene 
periods (Shackleton 1974), an increase that is difficult 
to accept at 2700 m depth in the Norwegian Basin, even 
for short periods. Bauch et al. (2001) argue that the 
higher and more stable oxygen isotope values of O. 
umbonatus reflect long-term changes, while the δ18Ob 
values of C. wuellerstorfi show relatively short-lived 
changes. Based on this argument, our suggestion is that 
dense brine-enriched water intruded the deeper water 
masses in the Norwegian Basin, but possibly not 
continuously. The brine signal may have been diluted 
by open-ocean convection in between. 

Brine-enriched bottom water formed from sea-ice 
freezing along glacial continental margins are mostly 
depleted in δ13C, due to the influence from δ13C-
depleted glacial meltwater (Dokken and Jansen 1999; 
Waelbroeck et al. 2006). However, the δ13Cb values are 
generally high in the deeper Nordic Seas, averaging 1-
1.5‰ (Figure 7: G3), where brine-enriched water is 
suggested. How can these high values in the brine-
enriched deepwater be explained? One explanation is 
that this deepwater contains signatures of GNAIW, that 
reflects δ13Cb values of around 1.5‰ and is formed 
south of the Greenland-Scotland Ridge (Duplessy et al. 
1988; Sarnthein et al. 1994). However, seasonal inflow 
of AW into the Nordic Seas during the LGM is evident 
in many records from the Nordic Seas (Veum et al. 
1992; Hebbeln et al. 1994; Meland et al. 2005), and it is 
logical that this inflow has to be balanced by a bottom 
water outflow in the opposite direction. High epibenthic 
δ13Cb values in HM52-43 (Figure 7: G3) are thought to 
be caused by open-ocean convection (Veum et al. 1992) 
and high planktonic oxygen isotope values suggest that 
the central Nordic Seas may have contained high 
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surface density and potentially suitable conditions for 
convection (Sarnthein et al. 1995; Meland et al. 2005) 
To get δ13C values of 1-1.5‰ in brine-enriched 
deepwater masses in the central Nordic Seas, water 
masses with greater δ13C enrichment should be nearby, 
possibly as a layer in the intermediate water masses 
above. Thus, the high δ13Cb values in the deeper Nordic 
Seas can be reconciled by open-ocean convection in the 
central Nordic Seas causing GNAIW to overlie the 
brine-enriched deepwater. 

The lowest δ18Ob-ivc, approaching values below 2‰ 
in the Nordic Seas are observed in core JM96-1228 at 
1079 m in the Denmark Strait (Figure 6: G2). Hagen 
(1999) suggests that these low values are influenced by 
foraminifera reworked from the Greenland continental 
shelf, carrying a light isotopic signal. The location of 
core JM96-1228 at similar depths as the G1 cores 
should suggest GNAIW here. Formation of a brine-
enriched water mass near Greenland or Iceland, with a 
similar density to GNAIW, may explain a brine-
enriched intermediate water mass in the Denmark Strait. 
It should also be mentioned that the low δ18Ob-ivc values 
correspond to the lowered δ13Cb values in JM96-1228 
(Figures 6 and 7: G2). Therefore we suggest that low 
δ18Ob-ivc values are caused by periods of brine formation 
injected into the intermediate water masses in the 
western Nordic Seas. 

South of the Greenland-Scotland Ridge the δ18Ob-ivc 
values are on average 0.4-0.7‰ higher than in the 
Holocene (Figure 6: G4-G5). This increase corresponds 
to a temperature decrease of 1.5-3˚C compared with 
today (Shackleton 1974). The δ13Cb values are highest 
in the G4 cores (> 1.4‰, Figure 7), suggesting that 
these cores are influenced by GNAIW. Below 2000 m 
in the North Atlantic, a combination of high δ18Ob-ivc 
and low δ13Cb values (Figures 6 and 7: G5) could 
suggest the influence of Southern Ocean Water (SOW), 
in agreement with Boyle and Keigwin (1987), Oppo and 
Lehman (1993) and Curry and Oppo (2005). However, 
Ninnemann and Charles (2002) showed that LGM δ13Cb 
values in the Southern Ocean are on average 1-1.5‰ 
lower than during the Holocene (Figure 4), at depths 
below 2000 m. Thus, the lowered δ13Cb values from the 
Southern Ocean could be responsible for the low δ13Cb 
values at depths corresponding to the modern 
NADW/SOW boundary (3500-4000 m depth), without 
higher SOW influence than today. The glacial δ13Cb 
values below 2000 m in the North Atlantic are only 0.2-
0.7‰ lower than the Holocene values (Figure 7: G5). 
Based on simple linear mixing relation, we should 
expect lower δ13C of waters below 2000 m in the North 
Atlantic if SOW entrained these depths. Thus, we do not 
find any clear evidence that SOW entrained water 
masses from 2000-3000 m in the North Atlantic Ocean. 
We suggest that the GNAIW formed in the Nordic Seas 
was able to cross the Greenland-Scotland Ridge, 
entraining the North Atlantic water masses also below 
2000 m, possibly as deep as the modern NADW/SOW 
boundary. This is in agreement with 231Pa/230Th ratios 

from the deeper North Atlantic (Yu et al. 1996; 
Gherardi et al. 2005), which give no indication of a 
shallower SOW during the LGM. 

 
3.2. Early Deglaciation (ED, 19-15 ka) 

The strong, 1.5-2‰ depletion of δ18Ob-ivc at 
intermediate depths in the southeastern Nordic Seas 
stands out in the records (Figure 6: G1). It is in 
approximate synchrony with the massive iceberg release 
from Laurentide, deposited in the North Atlantic as 
Heinrich Layer 1 (Heinrich 1988; Bond et al. 1993) 
starting at 18-18.5 ka and ending at 15-16.5 ka. If 
temperature alone caused these changes, temperature 
increases of 6-8˚C into the ED are required (Shackleton 
1974), which is highly unlikely. The Barents Sea and 
Scandinavian ice sheets probably deglaciated 
considerably at this time, and would have contributed 
large amounts of melting glacier ice (Elverhøi et al. 
1995; Svendsen et al. 1996; Vorren and Laberg 1996). 
Thus, the cold surface water freshened, potentially 
making the conditions favourable for sea-ice formation. 
We believe the δ18Ob-ivc depletions stem from sea-ice 
formation and brine rejection to intermediate depths, in 
agreement with Vidal et al. (1998) and Dokken and 
Jansen (1999). The good correlation between planktonic 
and benthic oxygen isotope values (Figure 5: G1) 
indicates entrainment of brine-enriched water at the 
eastern margin of the Nordic Seas. The δ18Ob-ivc 
depletions are also significant below 2000 m in the 
Nordic Seas, but of a lower amplitude (Figure 6: G3). 
Lower, but still high δ13Cb values were also found in the 
deep layers (Figure 7: G3). This implies that the brine-
rich water mainly filled the intermediate water depths in 
the Nordic Seas, and only small amounts were sinking 
deeper. The finding of the large submarine channels 
downslope from the continental margins support this, 
since the channels were probably formed by brine 
rejection (Vorren et al. 1998; Cofaigh et al. 2004). We 
suggest that the interpreted brine formation is caused by 
large glacial ice melting starting at 19-18 ka along the 
Greenland and Barents Sea continental margins, in 
agreement with Jones and Keigwin (1988), Nam et al. 
(1995) and Bauch et al. (2001). The timing is consistent 
with dates reported for the retreat of the Barents Sea ice 
sheet from the shelf break (Elverhøi et al. 1995; 
Svendsen et al. 1996; Vorren and Laberg 1996). 

In the North Atlantic, a δ18Ob-ivc decrease is 
observed, but it is more gradual and fluctuating 
compared to intermediate depths in the eastern Nordic 
Seas (Figure 6: G1). This indicates that the Nordic Seas 
influence the North Atlantic. Another feature is a 
corresponding, marked δ13Cb decrease in the ED in the 
cores above 2200 m (Figure 7: G4 and NA87-22 in G5). 
We suggest that these lowered δ13Cb and δ18Ob-ivc values 
are due to the influence of meltwater-induced 
intermediate and deepwater masses from the Nordic 
Seas, in agreement with Waelbroeck et al. (2006). The 
Laurentide Ice Sheet, which produced large ice armadas 
during the ED (deposited as Heinrich Layer 1), may also 
contribute to this δ18Ob-ivc depletion. However, since the 
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most striking δ18Ob-ivc and δ13Cb decreases are observed 
in the easternmost cores in the North Atlantic (Figures 6 
and 7), we suggest that a Nordic Seas influence is the 
most probable. 

Below 2500 m in the North Atlantic, the δ18Ob-ivc-
depletion corresponds with low δ13Cb (Figure 7: G5). 
The δ13Cb values are, on average, not lowered compared 
to the LGM. A δ13Cb increase in the Southern Ocean 
(Ninnemann and Charles 2002) without any δ13Cb 
increase in the North Atlantic (Figure 7: G5) indicates 
that SOW or brine may be responsible for the low δ13Cb 
values. However, the meltwater events identified in 
Southern Ocean cores are centred around 14 ka, 24 ka, 
and older ages (Kanfoush et al. 2000), and thus have a 
different timing to the Heinrich events and the low-
δ18Ob-ivc and δ13Cb events recorded in the G5 cores. The 
influence from SOW may thus have no large 
significance at depths below 2000 m in the North 
Atlantic. Instead, we suggest that brine-enriched 
intermediate and deepwater formed in the Nordic Seas 
did entrain depths below 2500 in the North Atlantic in a 
significant way. 

 
3.3 Bølling-Allerød (BA, 15-13 ka) 

There is an overall tendency for increased δ18Ob-ivc 
values in the BA in the Nordic Seas, together with 
increased δ13Cb values (Figures 6 and 7: G1-G3). The 
δ18Ob-ivc values at intermediate water depths in eastern 
Nordic Seas (Figure 6: G1) indicate that large meltwater 
events and brine formation ceased along the European 
margin.  

A marked increase of δ18Ob-ivc is noted below 2000 
m in the Nordic Seas (Figure 6: G3), together with 
increased δ13Cb values (Figure 7: G3). We suggest that 
this combination reflects the transition to a higher 
degree of open water convection, marking the "turn-on" 
of open-ocean convection in the Nordic Seas along with 
a stronger AMOC. This "turn-on" is synchronous with, 
or possibly slightly leading, a general warming trend 
and a marked increase in sea level (Figure 2). 

In the Iceland Sea, at 1079 m depth, a δ18Ob-ivc 
increase is also observed, but the values are fluctuating, 
and the increase is not obvious overall (Figure 6: JM96-
1228 in G2). A similarity between the δ18Ob-ivc and 
δ13Cb changes (Figure 7: JM96-1228 in G2) indicates 
continuing changes between brine-influenced and 
convective bottom water in this period. A similar 
tendency is also seen west of Iceland, at 1683 m (Figure 
6: JM96-1225 in G4). Since the isotopic changes are 
largest in JM96-1228, we suggest that bottom water of a 
brine-enriched form in periods flowed from the Nordic 
Seas to the North Atlantic via the Denmark Strait. 

In the North Atlantic a similar tendency towards 
increased δ18Ob-ivc values is observed (Figure 6: G4-G5). 
However, the response is delayed and smoothed 
compared to that in the Nordic Seas (Figure 6: G1-G3). 
A δ13Cb increase is, on average, observed in the BA 
(Figure 7: G4-G5), indicating a larger influence of 
NADW, but, compared to the Holocene, the average 

δ13Cb values in the G5 cores are significantly lower. The 
δ13Cb difference between the BA and the Holocene is 
not so obvious in most of the G2-G4 cores. We propose 
that NADW with modern characteristics did not entrain 
depths below 2000 m in the North Atlantic in similar 
amounts as during the Holocene. SOW or brine-
enriched water have probably occupied the majority of 
the water masses below 2000 m. The observed δ18Ob-ivc 
decreases in the North Atlantic may be caused by a 
combination of warming and a larger influence of 
brine/SOW, with the latter dominating below 2000 m. A 
large meltwater pulse from the Antarctica at ∼14 ka 
(Kanfoush et al. 2000) may have caused enhanced brine 
formation there and promoted transport of brine-
enriched SOW entraining depths below 2000 m in the 
North Atlantic.  

Later during the BA (14-13 ka), we suggest that a 
reduced flow of brine-enriched SOW make the δ18Ob-ivc 
values to increase again in the North Atlantic below 
2000 m (Figure 6: G5). A temperature decrease may 
also have occurred, since this period is synchronous 
with a cooling at the end of the BA. A transition to more 
NADW-influenced bottom water in the North Atlantic 
is supported by higher δ13Cb values than in the ED 
(Figure 7: G4-G5), and by previous investigations 
(Boyle and Keigwin 1987; Jansen and Veum 1990; 
Charles and Fairbanks 1992). 

 
3.4 Younger Dryas (YD, 13-11.5 ka) 

The main trend seen during the YD is a decrease in 
δ18Ob-ivc (Figure 6). At intermediate depths in the eastern 
Nordic Seas this decrease is very marked, about ∼1‰ 
(Figure 6: G1). A parallel planktonic isotopic decrease 
is observed in the three southernmost G1 cores (Figure 
5: ENAM93-21, HM79-6/4 and MD99-2284 in G1). 
The depleted δ18Ob-ivc values may either be due to brine 
water influence, or to a warm intermediate water mass 
from the south (Rasmussen et al. 1996; Rasmussen and 
Thomsen 2004). If the latter is the case, then the values 
indicate a temperature increase of 4˚C. We find it 
unrealistic that an intermediate water mass can be 
rapidly warmed in this way and still remain dense 
enough to stay at 1 km or more. Further, we suggest that 
the parallel planktonic δ18Op decreases are due to 
fresher surface water, not surface warming, particularly 
as the YD is associated with northern hemisphere 
cooling.  

In the Iceland Sea only core JM96-1228 has a 
sufficient δ18Ob-ivc resolution from the G2 records for 
the YD. A lower and more gradual δ18Ob-ivc decrease 
compared to the decrease in the G1 cores is observed 
here, parallel with a gradual δ18Op-ivc decrease (Figure 5: 
JM96-1228 in G2) and generally high δ13Cb values 
(Figure 7: JM96-1228 in G2). Our suggestion is that at 
least some open-ocean convected water, that was 
formed somewhere in the Nordic Seas, flowed 
southwards through the Denmark Strait, with brine 
formation contributing at least partly to the oxygen 
isotope signature of the water mass. Decreased δ18Op 
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values suggest that brine formation occurred nearby, 
possibly along the Greenland and/or Iceland margins. 
Compared to the ED, the δ18Ob-ivc values are higher 
overall, suggesting reduced brine formation here 
compared to the ED. This is supported by the 
depreciation of turbidity current activity in the 
submarine channels east of Greenland before the YD 
(Cofaigh et al. 2004). 

We think that brine formation allowed the low-δ18O 
meltwater to sink to intermediate depths in the 
southeastern Nordic Seas, but not to the same extent as 
during the ED. Cold winters probably abetted the 
sinking of brine-enriched water along the continental 
margins, and some open-ocean convection with surface 
cooling influenced the deepwater formation in the 
Nordic Seas, giving an enriched δ13C and slightly 
diluted δ18Ob-ivc signal. The brine formation was 
possibly strongest along the eastern margins in the 
Nordic Seas, and the brine-enriched water probably did 
not sink below 2000 m in large amounts, thereby 
explaining the higher δ18Ob-ivc values found in the G3 
cores (Figure 6). The δ18Ob-ivc values suggest reduced 
brine formation during the YD compared to the ED.  

The δ13Cb values in the deeper Nordic Seas are high 
(Figure 7: G3), indicating formation of at least some 
convective deepwater, in accordance with Jansen and 
Veum (1990) and Veum et al. (1992). 

At intermediate depths in the North Atlantic δ18Ob-ivc 
depletions may be found in the two shallowest cores 
(Figure 6: G4) and definitely in the southernmost core, 
JM96-1225, at ∼1700 m. This suggests a southwardly 
outflow of brine-enriched intermediate water through 
the Denmark Strait.  

Below 2000 m in the North Atlantic, there are 
tendencies towards a weak δ18Ob-ivc depletion (Figure 6: 
G5) parallel with an increase in δ13Cb values (Figure 7: 
G5). We suggest that the weak δ18Ob-ivc depletions are 
diluted forms of the δ18Ob-ivc signals observed in the 
Nordic Seas, caused by a flow of brine-enriched 
intermediate water from the Nordic Seas crossing the 
Greenland-Scotland Ridge, and mixing with water 
below 2000 m in the North Atlantic.  

If δ13Cb is regarded as reflecting the strength of 
ventilation and meridional overturning, the Younger 
Dryas cold spell cannot easily be explained by an abrupt 
reduction in the AMOC, in agreement with Jansen and 
Veum (1990) and Sarnthein et al. (1995). However, 
south of 40˚N, below 3000 m depth, benthic δ13Cb 
values (Boyle and Keigwin 1987; Skinner and 
Shackleton 2005) and sediment 231Pa/230Th ratios 
(McManus et al. 2004; Gherardi et al. 2005) indicate a 
reduced NADW flow compared to the Bølling-Allerød 
and the Holocene. The increased δ13Cb values that we 
observed during the YD might not necessarily be a 
result of a more vigorous AMOC. By not well 
understood reasons, planktonic δ13C values of N. 
pachyderma (sin.) increased on average ∼0.3‰ from the 
BA to the YD in the Nordic Seas and the northern North 
Atlantic (Sarnthein et al. 1995). Our data (Table 1) 

indicates that δ13C values of benthic foraminifera 
increased with only ∼0.03‰ on average from the BA to 
the YD. If open-ocean convection during the YD still 
was as vigorous as during the BA, one should expect a 
higher increase in δ13Cb, possibly similar to the 
planktonic δ13C increase of ∼0.3‰. Thus, we do not 
think that increased δ13Cb values are due to an increased 
strength of the AMOC during the YD. Instead, we 
suggest that the AMOC was significantly reduced 
during the YD, and that brine formation contributes 
more to the slightly weakened δ18Ob-ivc values in the 
deeper Nordic Seas and North Atlantic. The δ13Cb 
values in the G5 cores (Figure 7) are slightly lower than 
for the Holocene. This indicates that a SOW-mass partly 
may have occupied the water column below 2000 m in 
the North Atlantic, and that NADW flow is reduced 
compared with today.  

 
3.5. Early and Mid Holocene (EH and MH, 11.5-6 ka) 

The start of this time interval is marked by the 
sudden end of the last glaciation and the transition into 
the Holocene, where a temperature increase of more 
than 5˚C is thought to have occurred during 
approximately 50 years, based on ice cores from 
Greenland (Grootes et al. 1993). 

Higher δ18Ob-ivc values at the YD-EH transition 
(11.5-11 ka) are, on average, registered in the Nordic 
Seas (Figure 6: G1-G3). We suggest that the 
intermediate and deepwater was less influenced by brine 
rejection during this transition, because of the warmer 
climate and reduced sea-ice formation at the continental 
margins. At the start of the Holocene the deepwater 
properties resemble more the modern conditions. 

A δ18Ob-ivc and δ13Cb increase is also observed in the 
deep North Atlantic cores at the YD-EH transition 
(Figures 6 and 7: G5), probably attributable to a larger 
influence of NADW to at least 3700 m depth, and 
possibly reaching modern characteristics. 

Around 11-9 ka, a return to lower δ18Ob-ivc values is 
observed mainly in the G1 cores (Figure 6). This 
decrease is paralleled by SST coolings during Preboreal 
time (Karpuz and Jansen 1992; Hald and Hagen 1998), 
which could enhance brine formation. A large meltwater 
event, caused by the drainage of the Baltic Sea (Hald 
and Hagen 1998), may contribute significantly to this 
δ18Ob-ivc decrease. 

After this event, an overall δ18Ob-ivc increase into the 
MH in the Nordic Seas cores and partly in the North 
Atlantic (Figure 6) is observed. The δ18Ob-ivc values 
seem also to be higher than during the last 6 ka, even 
though some authors regard the MH to be warmer than 
the later parts of the Holocene (Koc et al. 1993; Nesje 
and Dahl 1993; Andersen et al. 2004). We suggest that 
the high δ18Ob-ivc values here are due to decreased brine 
influence from the Arctic Ocean compared to the 
Modern (warmer conditions and less sea-ice formation 
in the Arctic). 

The 8.2 ka cold event, found in the δ18O record from 
the Greenland ice core GISP2 (Stuiver et al. 1995), does 
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not stand out in our isotope records, except in the core 
MD95-2011 at the Vøring plateau (Figure 5: G1). 
Possibly this is due to low Early Holocene resolution in 
the other cores, since the extreme part of the record is 
restricted to a period of about 70 years, interpreted from 
planktonic oxygen isotopes of MD95-2011 
(Risebrobakken et al. 2003). 

 
4. Bottom water overflow across the Greenland-
Scotland Ridge: implications for ocean circulation 
and climate changes 

In this section we give a summarized interpretation 
of the bottom water overflow between the Nordic Seas 
and the North Atlantic, based on the discussion in 
Section 3. 

During the LGM, high δ18Ob-ivc and δ13Cb values 
(Figures 6-7: G1-G3) suggest a convection cell in the 
Nordic Seas, allowing intermediate water (GNAIW) in 
the Nordic Seas to sink to depths above 1500-1800 m. 
This GNAIW probably flowed southwards across the 
Greenland-Scotland Ridge, and entrained depths above 
2000 m in the North Atlantic, probably explaining the 
high δ13Cb values in the G4 cores (Figure 7). This water 
mass also partly entrained depths down to at least ∼3700 
m. We do not believe that the deep SOW mass 
penetrated as shallow (∼2000 m) and as far north 
(∼60˚N), as previously suggested by Boyle and Keigwin 
(1987), Oppo and Lehman (1993) and Curry and Oppo 
(2005). If it did, it must have been considerably mixed 
with the GNAIW formed in the Nordic Seas.  

During the ED intensive brine formation along the 
continental margins of the Nordic Seas lead to sinking 
of brine-enriched water that filled intermediate depths. 
This suggestion is supported by the δ18Ob-ivc depletions 
in the intermediate water cores (Figure 6: G1-G2). 
Depths below 2000 m were also periodically influenced 
(Figure 6: G3). The brine-enriched intermediate waters 
probably crossed the Greenland-Scotland Ridge, and 
extended southwards into the North Atlantic. Water 
depths above 2200 m in the North Atlantic were 
intruded by significant amounts, as reflected by a 
lowering of δ18Ob-ivc and δ13Cb and in the G4 cores and 
NA87-22 (Figures 6-7). Below 2200 m in the North 
Atlantic, the combination of periodically low δ18Ob-ivc 
and low δ13Cb values also suggests periodic impulses of 
brine-enriched water, probably from the Nordic Seas, in 
agreement with Waelbroeck et al. (2006).  

The BA seems to be a period with a circulation 
system like today, though possibly less vigorous. The 
combination of high δ18Ob-ivc, δ13Cb and δ18Op values in 
the Nordic Seas suggest that open-ocean convection 
may have "restarted" then. A southward outflow of 
convective overflow water across the Iceland-Scotland 
Ridge was likely, as indicated by the δ18Ob-ivc increases 
in both the North Atlantic and the Nordic Seas, with the 
increases in the Nordic Seas being greater. The 
interpreted open-ocean convection in the Nordic Seas 
may have been important for renewed NADW in the 
North Atlantic. The outflow of convected water through 

the Denmark Strait was probably significantly weaker 
than today. If an outflow existed here, the water was 
brine-enriched, at least in periods, as shown by the low 
δ13Cb and δ18Ob-ivc values. Probably the NADW was less 
dominant below 2000 m in the North Atlantic compared 
with today. Instead, brine-enriched SOW may have 
more or less occupied the water column, in synchrony 
with a meltwater event near Antarctica (Kanfoush et al. 
2000). 

During the YD, some open-ocean convection and 
meridional overturning in the Nordic Seas may have 
existed, as supported by high δ13Cb values in both the 
Nordic Seas and the North Atlantic (Figure 7). Brine 
formation along the continental margins in the Nordic 
Seas supplied the intermediate waters and, partly, 
waters below 2000 m depths, indicated by δ18Ob-ivc 
depletions (Figure 6: G1). In the North Atlantic, δ18Ob-

ivc depletions are partly found in a diluted form (Figure 
6: G4-G5), as well as high δ13Cb values (Figure 7: G4-
G5). This combination indicates meridional overturning 
and southward overflow across the Greenland-Scotland 
Ridge. However, since a weakened, but still active 
AMOC is interpreted by others further south in the 
North Atlantic (McManus et al. 2004; Gherardi et al. 
2005), we suggest that open-ocean convection and 
meridional overturning is reduced in the Nordic Seas, 
compared to the BA. The high δ13Cb values were 
probably caused by some open-ocean convection of 
surface water enriched in δ13C, the latter deduced from 
the enhanced δ13C values of N. pachyderma (sin.) in the 
Nordic Seas and the North Atlantic during the YD 
(Sarnthein et al. 1995). 

In the Holocene, brine formation was likely reduced 
as indicated by δ18Ob-ivc increases near the eastern 
margins in the Nordic Seas (Figure 6: G1). During the 
period 8-6 ka (MH), the δ18Ob-ivc values were also 
higher than today, indicating less brine formation in the 
Arctic and possibly warmer conditions than for later 
parts of the Holocene. Slight δ13Cb and δ18Ob-ivc 
increases in the three easternmost G5 cores after the 
YD-EH transition suggest a more vigorous branch of 
NADW along the bottom in eastern parts of the North 
Atlantic (Figures 6-7: G5). Larger amounts of NADW 
now penetrated the deeper North Atlantic, in agreement 
with McManus et al. (2004) and Gherardi et al. (2005). 
Large contributions of this NADW flow probably came 
from the Nordic Seas. 

In summary: Intermediate and deepwater formation 
through open ocean-convection and/or brine formation 
may have existed more or less continuously in the 
Nordic Seas during the time interval 22-6 ka. These 
mechanisms have given meridional overturning and 
southward overflow across the Greenland-Scotland 
Ridge. The strength of the overturning and overflow 
seems to have varied. 

The study implies that cold periods like the ED and 
the YD cannot entirely be explained by an abrupt 
reduction in the strength of the AMOC, since our 
investigations indicate a more or less continuing 



 8 

meridional overturning. The strength of the AMOC was 
probably lower during cold periods than today, giving 
less inflow of warmer surface/subsurface water from the 
south. If meridional oceanic overturning is responsible 
for the climate oscillations during the Last Deglaciation, 
including the rapid shifts to warm conditions, only weak 
changes in the strength of the AMOC and in the strength 
of the inflow of Atlantic Water is required to explain 
large climate oscillations or that more factors are 
involved.  

 
5. Conclusions 

1. During the LGM a well-ventilated intermediate 
water mass in the Nordic Seas is interpreted, indicated 
by high δ18Ob-ivc and δ13Cb values. This water mass had 
the characteristics of GNAIW and was layered at depths 
above 1500-1800 m. It crossed the Greenland-Scotland 
Ridge and entrained depths in the North Atlantic above 
2000 m, and at least partly down to ∼3700 m. The 
GNAIW mass was probably not dense enough to sink 
further in large amounts in the Nordic Seas, and was 
more or less replaced by brine-enriched water deeper 
than 1500 m. Brine formation occurred along the 
continental margins in the Nordic Seas.  

2. During the ED intensive brine formation lead to 
large-scale sinking of δ18O-depleted meltwater to 
intermediate depths in the Nordic Seas. The most 
intensive period for brine formation was during 17-15 
ka, in approximate synchrony with the massive iceberg 
release from Laurentide, deposited in the North Atlantic 
as Heinrich Layer 1 (Heinrich 1988; Bond et al. 1993). 
The brine-enriched intermediate water crossed the 
Greenland-Scotland Ridge and was able to intrude the 
North Atlantic down to at least ∼3700 m.  

3. The BA was a period of open-ocean convection in 
the Nordic Seas, leading to formation of NADW. This 
water outflowed across the Iceland-Scotland Ridge. The 
outflow was probably reduced in the Denmark Strait 
compared with today. If overflow existed in the 
Denmark Strait, it seems like it was influenced by brine 
formation along the Greenland and/or Iceland margins. 
It is uncertain if the NADW during the BA reached 
deeper than 2000 m in the North Atlantic. If it did, it 
probably mixed with brine-enriched SOW. 

4. The YD is associated with drastic northern 
hemisphere cooling and seasonality higher than today, 
implying extreme cold winters. This cooling cannot be 
entirely explained by a drastic decrease in the strength 
of the AMOC and the NADW, and is contrary to the 
high δ13Cb values. At least some open-ocean convection 
probably existed in the Nordic Seas. This deep-water 
mixed with brine-enriched water formed along the 
margins of the Nordic Seas during the cold winter 
season. However, enhanced δ13C values in the surface 
water in the Nordic Seas and the North Atlantic may 
explain partly the high δ13Cb values observed, thus 
explaining a weaker circulation in the YD compared to 
the BA and the Holocene. The convected and brine-
enriched water flowed southward and crossed the 
Greenland-Scotland Ridge. Below 2000 m the amounts 

of NADW was reduced compared with today, in a 
similar way as during the BA. 

5. An overall δ18Ob-ivc increase at the Younger 
Dryas-Holocene transition suggests that brine formation 
ceased in the Nordic Seas. NADW flow became 
vigorous. The deepwater in the North Atlantic below 
2000 m showed increased δ13Cb values, indicating that 
the water below 2000 m and to at least ∼3700 m had 
modern characteristics of NADW. Some cores at 
intermediate depths in the eastern Nordic seas indicate a 
meltwater event at ∼10 ka. This was possibly a 
meltwater pulse, originating from the last ice melting in 
Scandinavia, and/or the final drainage of the Baltic Sea. 

6. Our conclusion that the marked δ18Ob-ivc 
depletions in the Nordic Seas mainly are caused by 
brine-enriched meltwater seems fairly robust. However, 
it cannot be excluded that a slight temperature increase 
can also cause a lowering of the δ18Ob-ivc values. If other 
geochemical proxies, for instance benthic foraminiferal 
Mg/Ca ratios, are able to produce precise temperature 
estimates in the range of -1 to +5˚C, the temperature 
component can be sorted out with larger confidence. 

7. Other geochemical proxies, like 231Pa/230Th in the 
sediment and Cd/Ca of benthic foraminifera, may help 
interpretation of the bottom water properties and the 
strength of the AMOC. 

8. Based on our conclusions it seems like that only 
small changes in the rate of meridional overturning and 
inflow of Atlantic Water to the Nordic Seas are required 
to explain the abrupt climate changes that happened 
during the last deglaciation. Brine formation during cold 
periods may be a trigger for increasing the net salinity 
flux to the north by moving warm and high-salinity 
upper water stored in the subtropical North Atlantic.  
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Table 1
Core positions, water depths, bottom temperatures, salinities, sources of stable isotope records, and sources of radiocarbon measurements and ash layers.
See text in Section 2.1 for information about the group belongings.

Core Group Lon. Lat.
Water 

depth (m)
Tbottom (˚C) 

JAS
Sbottom (˚C) 

JAS

Reference 
benthic 
isotopes

Reference 
planktic 
isotopes

Benthic 
species 

measured

Planktic 
species 

measured

Laboratory source 

δ18O, δ13C

Reference 

AMS 14C

Vedde Ash 
identified 

by:
Saksunar Ash 
identified by:

Time 
interval 
studied

HM79-6/4 G1 2.55 63.10 900 -0.6 34.91 1 1 CT NPS UOB 13 13 13 6-17 ka
ENAM93-21 G1 -4.00 62.74 1020 -0.7 34.91 18 18 MB NPS GIF 17 17 17 8-22 ka
MD95-2011 G1 7.64 66.97 1048 -0.4 34.91 19 19 CT NPS UOB 19 8 n.i. 6-14 ka
MD95-2010 G1 4.56 66.68 1226 -0.4 34.91 6 6 CT NPS UOB 6 6 n.i. 10-22 ka
MD99-2284 G1 -0.98 62.37 1500 -0.9 34.92 5 5 CT NPS UOB 5 5 n.i. 6-22 ka

PS2644 G2 -21.77 67.87 778 -0.6 34.91 22 24 CL NPS UOK 24 24 n.i. 10-22 ka
JM96-1228 G2 -26.10 67.03 1079 -0.8 34.92 9 9 CL NPS UOB 9 9 n.i. 10-22 ka
HM80-60 G2 -11.86 68.90 1869 -0.9 34.91 1 21 CW NPS UOB n.d. 21 n.i. 6-22 ka

M23062 G3 0.10 68.43 2286 -0.9 34.92 25 25 CW NPS UOK 25 n.i. n.i. 6-21 ka
PS1243 G3 -6.55 69.37 2711 -0.9 34.91 2 2 CW/OU NPS UOK 2 2 n.i. 6-22 ka
HM52-43 G3 0.73 64.26 2781 -1.0 34.91 23 23 CW NPS UOB 23 23 n.i. 6-22 ka
HM94-34 G3 -2.54 73.77 3004 -1.1 34.91 1 21 CW/OU NPS UOB 21 21 n.i. 6-22 ka

BOFS17K G4 -16.50 58.00 1150 5.2 35.07 15 15 CW NPS/GB GL n.d. n.i. n.i. 6-22 ka
M23419 G4 -19.74 54.97 1491 3.9 34.96 12 12 CW NPS/GB UOK n.d. n.i. n.i. 8-22 ka
JM96-1225 G4 -29.29 64.91 1683 3.6 34.96 9 10 CW NPS UOB 9 10 n.i. 8-22 ka

NA87-22 G5 -14.57 55.50 2161 3.5 34.91 20 7 CW NPS GIF 7, 26 n.i. n.i. 6-22 ka
M17051 G5 -31.98 56.17 2300 3.1 34.97 12 12 CW NPS UOK 12 n.i. n.i. 6-22 ka
V23-81 G5 -16.14 54.03 2393 3.1 34.91 11 11 CW NPS UOB 3, 4 11 n.i. 6-22 ka
V29-202 G5 -21.00 60.00 2658 3.0 34.96 16 16 CW GB WOOD 16 n.i. n.i. 6-22 ka
M17049 G5 -26.73 55.28 3331 2.9 34.97 12 12 CW NPS UOK 12 12 n.i. 6-22 ka
M17045 G5 -16.65 52.43 3663 2.9 34.96 12 12 CW NPS UOK 12 12 n.i. 6-22 ka

Notes on Table 1:

0

0.2

0.4

0.6

0.8

1

1.2

0 2

1: this work, 2: Bauch et al. (2001), 3: Bond et al. (1993), 4: Broecker et al. (1988), 5: Dokken (unpublished data), 6: Dokken and Jansen (1999), 7: Duplessy et al. (1992), 8: Grønvold et al. (1995), 9: Hagen (1999), 
10: Hagen and Hald (2002), 11: Jansen and Veum (1990), 12: Jung (1996), 13: Karpuz and Jansen (1992), 14: Manighetti et al. (1995), 15: Maslin (1992), 16: Oppo and Lehman (1995), 17: Rasmussen et al. (1996), 
18: Rasmussen et al. (1998), 19: Risebrobakken et al. (2003), 20: Sarnthein et al. (1994), 21: Sarnthein et al (1995), 22: Sarnthein et al. (1999), 23: Veum et al. (1992), 24: Voelker (1999), 25: Vogelsang (1990), 26: 
Waelbroeck et al. (2001). 

GL = Godwin Laboratory, Cambridge, GIF = Laboratoire mixte CNRS-CEA, Gif sur Yvette, UOB = University of  Bergen, UOK = University of Kiel, WOOD = Woods Hole Oceanographic Institution

N.d. = not dated, n.i. = not identified. 

Foram. species: CL = C. lobatulus, CT = C. teretis, CW = C. wuellerstorfi, GB = G. bulloides, MB = M. barleeanum, NPS = N. pachyderma (sin.), OU = O. umbonatus



Figure captions 
Figure 1. a) Map of the Nordic Seas and the northern 

North Atlantic with ocean currents and fronts. The 
studied cores are shown as red circles. b) 
Bathymetry of the Nordic Seas and the northern 
North Atlantic. The studied cores are shown as white 
circles. 

Figure 2. Stepwise postglacial sea-level rise, after Liu et 
al. (2004). The left Y-axis denotes the lowered sea 
level compared to the Modern. The right Y-axis 
denotes the inferred global ice-volume component of 
δ18O compared to the Modern, calculated from 
Equation 2 in text. 

Figure 3. Age models for all cores, reconstructed in this 
study. The symbols of calendar ages reflect the 
calculated ages, based on published AMS 14C 
datings (see Table 1 for references). The minimum 
calendar ages point to the lower end of the 1 sigma 
range, calculated using Calib 5.0 (Stuiver and 
Reimer 1993), and the maximum calendar ages point 
to the higher end of the 1 sigma range. The cores 
HM80-60, BOFS17K and M23419 do not contain 
AMS 14C datings. HM80-60 is correlated to HM94-
34 in the Nordic Seas and the other cores to 
BOFS5K in the North Atlantic, using planktonic 
oxygen isotopes. The symbols for age in these three 
cores therefore points to correlation points. The 
numbers G1-G5 refer to the group definition 
described in Section 2.1 and Table 1. The numbers 
to the right of the core numbers refer to the 
respective water depths in meters.  

Figure 4. Typical δ18Ob-ivc and δ13Cb values for 
epibenthic foraminifera with respect to different 
water masses. The horizontal and vertical lines mark 
the approximate ranges for each of the water masses. 
The δ18Ob-ivc values are corrected for +0.64‰ 
(Graham et al. 1981; Jansen et al. 1988). 
Abbreviations: GNAIW = Glacial North Atlantic 
Intermediate Water, NADW = North Atlantic Deep 
Water, NSDW = Norwegian Sea Deep Water, SOW 
= Southern Ocean Water, LGM = Last Glacial 
Maximum. The water masses NADW, NSDW and 
SOWmodern represent modern conditions, while the 
other water masses represent glacial conditions. The 
ranges should be considered as approximate with 
reference to isotope data from Vogelsang (1990), 
Dokken and Jansen (1999), Hagen and Hald (2002), 
Curry and Oppo (2005) and this work. The question 
marks mean that the δ13Cb ranges for brine-enriched 
water is not well known yet. 

Figure 5. δ18O and δ13Cb records of planktonic and 
benthic foraminifera from the cores shown in Figure 
1. The records in the right panels are ice-volume 
corrected using Equation 1 in text. The calendar age 
scales are deduced from the core depths using the 
age models of Figure 3. Single vertical black lines in 
the left panels denote the Vedde Ash Layer 
(Mangerud et al. 1984), and double vertical black 
lines denote the Saksunarvatn Ash Layer (Mangerud 
et al. 1986). The triangles in top of each plot on the 

left side denote the positions of AMS 14C ages from 
Figure 3. Horizontal grey lines in the right panels 
denote the average of δ18Ob-ivc records covering the 
'Modern' (0-6 ka), as long as data from this time 
interval exist. The vertical lines in the right panels 
denote the boundaries between the different time 
intervals. The headers (Group 1-5) denote the "group 
belonging" of the different cores, with reference to 
Section 2.1 and Table 1. See Section 2.4 for details 
about the abbreviations of the time intervals. The 
cores HM80-60, BOFS17K and M23419 do not 
contain AMS 14C datings. HM80-60 is correlated to 
HM94-34 in the Nordic Seas and the other cores to 
BOFS5K in the North Atlantic, using planktonic 
oxygen isotopes.  

Figure 6. Ice-volume corrected benthic oxygen isotope 
records. The curves are the same as the benthic 
oxygen isotope curves in the right panels of Figure 
5. The records are grouped based on the group 
definition described in Section 2.1 and Table 1. 
Abbreviations: CW = C. wuellerstorfi, OU = O. 
umbonatus. See Section 2.4 for details about the 
time interval abbreviations. 

Figure 7. Benthic carbon isotope records. The curves are 
the same as the benthic carbon isotope curves of 
Figure 5. The records are grouped based on the 
group definition described in Section 2.1 and Table 
1. See Section 2.4 for details about the time interval 
abbreviations. Due to the lack of epibenthic δ13Cb 
records in the G1 cores, these records are not shown 
here. 
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