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Abstract. Four sediment cores from the central and northern
Greenland Sea basin, a crucial area for the renewal of North
Atlantic deep water, were analyzed for planktic foraminiferal
fauna, planktic and benthic stable oxygen and carbon iso-
topes as well as ice-rafted debris to reconstruct the environ-
mental variability in the last 23 kyr. During the Last Glacial
Maximum, the Greenland Sea was dominated by cold and
sea-ice bearing surface water masses. Meltwater discharges
from the surrounding ice sheets affected the area during the
deglaciation, influencing the water mass circulation. During
the Younger Dryas interval the last major freshwater event
occurred in the region. The onset of the Holocene interglacial
was marked by an increase in the advection of Atlantic Wa-
ter and a rise in sea surface temperatures (SST). Although the
thermal maximum was not reached simultaneously across the
basin, benthic isotope data indicate that the rate of overturn-
ing circulation reached a maximum in the central Greenland
Sea around 7 ka. After 6–5 ka a SST cooling and increas-
ing sea-ice cover is noted. Conditions during this so-called
“Neoglacial” cooling, however, changed after 3 ka, probably
due to enhanced sea-ice expansion, which limited the deep
convection. As a result, a well stratified upper water column
amplified the warming of the subsurface waters in the central
Greenland Sea, which were fed by increased inflow of At-
lantic Water from the eastern Nordic Seas. Our data reveal
that the Holocene oceanographic conditions in the Green-
land Sea did not develop uniformly. These variations were
a response to a complex interplay between the Atlantic and
Polar water masses, the rate of sea-ice formation and melting
and its effect on vertical convection intensity during times of
Northern Hemisphere insolation changes.

1 Introduction

The Nordic Seas are an important region for the global
oceanic system. First of all, they are the main gateway be-
tween the Arctic and North Atlantic oceans (Hansen and
Østerhus, 2000). They also play a fundamental role in the
overturning circulation being one of the deep water forma-
tion regions (Marshall and Schott, 1999). Paleoceanographic
studies in this area are crucial to improve our understanding
of the pace and amplitude of natural variability during the
last glacial–interglacial transition and within the Holocene.
While a significant number of detailed studies focuses on
the eastern part of the region, along the North Atlantic Cur-
rent (NAC) flow (e.g., Hald et al., 2007; Risebrobakken et
al., 2011), less effort has been devoted to its central and
western parts (e.g., Fronval and Janssen, 1997; Bauch et al.,
2001). Problems with the accessibility due to the ice cover
and low sedimentation rates (Nørgaard-Pedersen et al., 2003;
Telesínski et al., 2013), which do not allow high resolution
studies, are among the main reasons here.

Recently, Telesínski et al. (2013) presented a new record
from the central Greenland Sea that allowed studying the
oceanographic changes since the late glacial (22.3 ka) in
a relatively high temporal resolution. That study revealed
significant variability of the oceanic environment on mul-
ticentennial to multimillennial timescales. Although the
record was generally in agreement with earlier studies, it
also revealed some unusual features such as, e.g., an ex-
treme freshwater-related planktic low-δ18O spike during the
deglaciation and microfossil evidence for a late Holocene
warming. Here we now correlate and compare that record
with three other sediment cores from the northern Green-
land Sea and with other paleoceanographic archives from the
Nordic Seas to reconstruct the paleoceanography on a larger
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regional scale. Furthermore, subsurface temperature recon-
structions and a first high-resolution benthic stable isotope
record from the Greenland Sea are presented and allow as-
sessing the spatial range of variability found in the central
Greenland Sea and the history of the overturning circulation
in the area.

2 Study area

The Nordic Seas constitute the only deep-water connection
between the North Atlantic and the Arctic oceans (Fig. 1).
Relatively warm and saline (T ∼ 6–11◦C, S > 35) Atlantic
Water (AW) flows north along the Norwegian, Barents Sea
and Svalbard continental margins and enters the Arctic
through the Fram Strait and Barents Sea. In the west, cold,
low-saline (< 0◦C, < 34.4) Polar Water (PW) flows south
through the Fram Strait and along the Greenland continen-
tal margin to enter the North Atlantic through the Denmark
Strait (Rudels et al., 1999). The strong gradient between
these two main surface water masses makes the Nordic Seas
sensitive to climatic changes. The central part of the Nordic
Seas is the domain of Arctic Water (ArW), a result of PW and
AW mixing. ArW is separated from PW by the Polar Front
and from AW by the Arctic Front (Swift, 1986).

The vertical structure of the water column in the central
Greenland Sea consists of three layers. At the surface, there
is a thin layer of Arctic Surface Water originating from the
East Greenland Current (EGC). Underneath, a layer of At-
lantic Intermediate Water exists, which is supplied from the
NAC. The weakly stratified Greenland Sea Deep Water, a
product of deep convection, is found below (Marshall and
Schott, 1999).

The Nordic Seas are one of the areas where deep water
convection and the formation of North Atlantic Deep Wa-
ter (NADW) take place today (e.g., Rudels and Quadfasel,
1991; Marshall and Schott, 1999). The western branches of
the NAC and the eastern branches of the EGC create a cy-
clonic circulation in the Greenland Sea and lead to doming
of the upper water layers. As the two water masses mix, they
increase their density and sink to the bottom (Hansen and
Østerhus, 2000). Subsequently, the water leaves the Nordic
Seas as the Denmark Strait and Iceland-Scotland Overflow
Waters.

Sea ice plays an important preconditioning role in the
Greenland Sea compared to other convectional areas. In early
winter, the formation of sea ice leads to brine rejection.
The surface layer increases its density and sinks to about
150 m by mid-January. The sea-ice cover forms a wedge (Is
Odden) extending far to the northeast, also over the Vester-
isbanken area. Preconditioning continues later in the win-
ter, with mixed-layer deepening in the ice-free area (Nord
Bukta) to 300–400 m, induced by strong winds blown over
the ice. Typically in March, near-surface densities are high
enough to develop deep convection (down to> 2000 m) in

Fig. 1. Present day surface water circulation in the Nordic Seas.
Cores used in this study are marked by yellow dots; other cores
mentioned in text are marked by orange dots. Red arrows indi-
cate Atlantic Water, blue arrows – Polar Water, white broken lines
– oceanographic fronts. White arrow – present-day deep convec-
tion (Marshall and Schott, 1999). EGC – East Greenland Current,
NAC – North Atlantic Current, WSC – West Spitsbergen Current,
GFZ – Greenland Fracture Zone. Bathymetry from The Interna-
tional Bathymetric Chart of the Arctic Ocean (http://www.ibcao.
org, 2012).

the Greenland Sea, if the meteorological conditions are fa-
vorable (Marshall and Schott, 1999).

At present, the sites investigated in this study are all lo-
cated within the ArW domain. A detailed description of site
PS1878 was given by Telesiński et al. (2013). The three
sites from the northern Greenland Sea, PS1894, PS1906 and
PS1910, are located on the Greenland continental slope, on
the northern and on the southern part of the Greenland Frac-
ture Zone crest, respectively.

3 Material and methods

The sediment cores used in this study were retrieved during
the ARK-VII/1 expedition of RVPolarsternin 1990 (Fig. 1).
Core PS1878 is compiled from a giant box core PS1878-2
and a kasten core PS1878-3 (Telesiński et al., 2013), whereas
the three others are giant box cores (Table 1). All cores con-
sisted of brown to olive grey sediments of clay to silty sand.
They were sampled continuously every 1 cm. Additionally,
surface sediments of cores PS1894, PS1906 and PS1910
were collected. Further preparation included freeze-drying,
wet-sieving with deionized water through a 63 µm mesh, and
dry-sieving into size fractions using 100, 125, 250, 500 and
1000 µm sieves. Each size fraction was weighed.

In representative splits (> 300 specimens) of the 100–
250 µm size fraction planktic foraminifera were counted.
Samples containing less than 100 specimens were not used
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Table 1.Cores used in the study.

Core Latitude Longitude Water Core Core
depth type length
(m) (cm)

PS1878-2 73◦15.1′ N 9◦00.9′ W 3038 BCa 27
PS1878-3 73◦15.3′ N 9◦00.7′ W 3048 KCb 113
PS1894-7 75◦48.8′ N 8◦15.5′ W 1992 BCa 42
PS1906-1 76◦50.5′ N 2◦09.0′ W 2990 BCa 33
PS1910-1 75◦37.0′ N 1◦19.0′ E 2448 BCa 33

a BC – giant box core,b KC – kasten core.

for the relative species abundance analysis. The number of
planktic foraminifera per 1 g dry sediment was calculated to
serve as a semiquantitative proxy for bioproductivity.

Identification and counting of several mineral grain types
> 250 µm was used as a proxy for the intensity of ice-rafting
and the identification of tephra layers. As ice-rafted debris
(IRD) we interpret all lithic grains> 250 µm, except for un-
weathered volcanic glass. In the high latitudes, such coarse
particles can be transported into a deep ocean basin prefer-
entially by icebergs while sea ice mainly transports finer ma-
terial (Clark and Hanson, 1983; Nürnberg et al., 1994).

For the analysis of stable oxygen and carbon isotopes,
specimens of the planktic foraminiferal speciesNeoglobo-
quadrina pachyderma(sin.) (all cores) and two benthic
species – the epibenthicCibicidoides wuellerstorfiand the
shallow infaunal Oridorsalis umbonatus(cores PS1894,
PS1910 and PS1878) – were used. Because of departures
from isotopic calcite equilibrium, the measuredδ18O values
of these two species were corrected by+0.64 and+0.36 ‰,
respectively (cf. Duplessy et al., 1988). Twenty-five spec-
imens were picked from the 125–250 µm (N. pachyderma
(sin.) andO. umbonatus) and 250–500 µm (C. wuellerstorfi)
size fractions. All stable isotope analyses were carried out in
the isotope laboratories of GEOMAR Helmholtz Centre for
Ocean Research Kiel and the University of Kiel on Finnigan
MAT 251 and Thermo MAT 253 mass spectrometers. Results
are expressed in theδ notation referring to the PDB (Pee Dee
Belemnite) standard and are given asδ18O andδ13C with an
analytical accuracy of< 0.06 and< 0.03 ‰, respectively.

Absolute summer subsurface temperatures (100 m water
depth) were calculated at site PS1878 between 15 and 0 ka
using transfer functions based on a modern training set from
the Arctic (Husum and Hald, 2012) and the C2 software,
version 1.7.2 (Juggins, 2011). A weighted average partial
least-squares statistical model with three components (WA-
PLS C3) and leave-one-out (“jack knifing”) cross valida-
tion was used. The root mean-squared error of prediction
is 0.52◦C. Unlike Husum and Hald (2012), who used the
> 100 µm size fraction, we ran the transfer function using
the 100–250 µm size fraction. Although the coarser sedi-
ments contained relatively few foraminifera, we acknowl-
edge that this might have slightly biased the results. Further,

Table 2. AMS 14C measurements and their calibrated ages for the
cores used in the study (BP – before present).

Lab. no. Depth 14C age± Calibrated
(cm) standard age

deviation (yr BP)

Core PS1878-2

Poz-45376 0.5 775± 35 426
Poz-45377 12.5 3300± 40 3143

Core PS1878-3

Poz-45378 11.5 3295± 35 3139
Poz-45380 19.5 4525± 35 4746
Poz-54381 25.5 5580± 50 5961
Poz-54382 30.5 6760± 50 7295
Poz-45384 39.5 8410± 60 9028
Poz-45385 58.5 11 100± 60 12 613
KIA 47284 95.5 16 620± 110 19 266

Core PS1894-7

KIA 7088 0.5 3845± 40 3794
KIA 47258 5.5 5390± 35 5773
KIA 7089 9.5 5745± 40 6174
KIA 47259 16.5 8075± 45 8528
KIA 7090 21.5 8910± 55 9564
KIA 7091 35.5 14 430± 70 17 051

Core PS1906-1

KIA 7084 4.5 4360± 30 4482
KIA 7083 11.5 7965± 40 8420
KIA 7082 22.5 17 040± 80 19 731
KIA 7081 32.5 19 130± 90 22 334

Core PS1910-1

KIA 44390 0.5 2655± 30 2336
Poz-45386 4.5 4820± 35 5122
Poz-45387 11.5 6950± 50 7457
KIA 44393 17.5 11 340± 50 12 794
Poz-45388 30.5 16 80± 100 19 625

reconstructed temperatures below 2◦C are considered to be
uncertain as the modern training set does contain very few
data points below 2◦C (Husum and Hald, 2012).

4 Chronology

AMS 14C datings were performed on monospecific samples
of N. pachyderma(sin.) (Table 2). All radiocarbon ages were
corrected for a reservoir age of 400 yr, calibrated using Calib
Rev 6.1.0 software (Stuiver and Reimer, 1993) and the Ma-
rine09 calibration curve (Reimer et al., 2009) and are given
in thousand calendar years before 1950 AD (ka).

The records cover the last ca. 20–23 kyr. The three
box cores from the northern Greenland Sea have average
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Fig. 2. Planktic oxygen and carbon stable isotope records of cores from the Nordic Seas and suggested correlation. Calibrated AMS14C
dates are shown. Dates excluded from the correlation are marked in pale red. Light grey shadings indicate the light carbon and oxygen isotope
excursions interpreted as freshwater discharges, marking the onset of the deglaciation.

sedimentation rates of 1.5–2.0 cm kyr−1. These low rates, to-
gether with bioturbation and uncertain reservoir ages, make
age models of these records unreliable if based only on14C
datings. This is best illustrated by relatively old ages yielded
from the surface samples of these cores (2.3–3.8 ka). How-
ever, the surface sample of core PS1878 yielded a younger
age (0.426 ka) and contained recent sediments (Telesiński et
al., 2013). Therefore we assume that sedimentation in the
entire study area did not terminate in the late Holocene.
To account for the apparent inaccuracy of part of the AMS
14C dates we attempted to improve the consistency of the
age models of these cores by correlating the stable iso-
tope data (and, in a few cases, also other proxies) and us-
ing linear interpolation between correlated points and reli-
able14C-dated samples. In addition to our own data, we also
used three nearby records of comparable sedimentation rates,
time range and water depths. These include cores PS2887
(Nørgaard-Pedersen et al., 2003) as well as PS1230 from the
western Fram Strait and PS1243 from the SW Norwegian
Sea (Bauch et al., 2001). As the base for the correlation we
used core PS1878, which has the highest temporal resolution
and a reliable chronological framework based on14C datings
in the younger part of the record (Fig. 2). Due to poorer14C
age control and more speculative reservoir ages in the older
part of the records, our improved age model is restricted to
the last 15 kyr.

5 Results

5.1 Planktic foraminifera, ice-rafted detritus (IRD) and
reconstructed subsurface temperatures

Four of our faunal records from the Greenland Sea show
significantly different planktic foraminiferal abundances
(Fig. 3), most likely due to different sedimentation rates.
Therefore, absolute numbers of foraminiferal specimens
in individual samples are not a meaningful proxy when
cores are compared with one another. The records begin
with relatively low abundances of the foraminiferal fauna
strongly dominated byN. pachyderma(sin.) (Fig. 4, between
ca. 23 and 12 ka), a polar species dwelling at water depths of
ca. 50–200 m (Carstens et al., 1997). There are, however, a
number of prominent, short-lived peaks of high foraminiferal
abundance. They are most common and most prominent in
core PS1878, supposedly due to its highest time resolution,
but they are also noticeable in cores PS1906 and PS1894.

A significant early change among the faunal data is ob-
served in core PS1894. Here, an increase to 20–30 % is found
for the subpolar speciesN. pachyderma(dex.) andTurboro-
talita quinquelobaalready around 17 ka. In the other cores
a similar change is not noted until ca. 12 ka when both the
percentages of subpolar species and the total abundance in-
crease. Throughout the remaining part of the records the
abundance stays high although significant variability can be
observed. The portions of subpolar species remain high for
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Fig. 3.Planktic foraminifera and IRD abundance (per 1 g dry sediment) of cores used in this study and core PS1243. Correlation and ages as
in Fig. 2.
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a few thousand years and then decrease gradually and un-
simultaneously to reach pre-Holocene values (< 10–20 %)
again after ca. 5 ka. A second, major increase can be ob-
served after 3 ka in core PS1878 and, less clearly, PS1894.
We did not find any significant signs of dissolution in the
studied foraminifera. Both tests of robustN. pachydermaand
more fragile subpolar species are generally well preserved
throughout the cores.

As expected, the IRD records show high amounts of coarse
lithogenic grains in the glacial part and low numbers during

the Holocene (Fig. 3). Only the IRD content of core PS1894
remains relatively high throughout the entire record with
slightly lower values between ca. 17 and 10 ka. In core
PS1894, as well as in the lower part of cores PS1906 and
PS1878, the IRD content seems to be positively correlated
with the foraminiferal abundance, while in core PS1910 and
in the upper part of PS1906 and PS1878 these two proxies
appear inversely correlated.

The subsurface temperature record of core PS1878 shows
values steadily increasing from around 2◦C around 15 ka
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to a maximum of 3–3.5◦C between 8 and 5.7 ka (Fig. 7).
Thereafter it decreases stepwise to values around 2◦C be-
tween 3.8 and 2.3 ka. Subsequently the record shows rapidly
increasing temperatures with a peak value of ca. 3.5◦C at
1.3 ka and a decrease to ca. 3◦C until today.

5.2 Stable isotopes

The planktic oxygen isotope records start with relatively
heavy and stable values of 4.3–4.9 ‰ (Fig. 2). After ca. 18 ka,
sharp peaks of very light values (min. 0.15 ‰) occur (most
pronounced in cores PS1906 and PS1878). Similar peaks are
also found in cores PS1230, PS1243 (Bauch et al., 2001) and
PS2887 (Nørgaard-Pedersen et al., 2003) that we used for the
correlation. A trend towards lowerδ18O values commences
thereafter and lasts until the end of the record. A distinct,
though irregular, variability can be observed within the trend
(Figs. 2, 5).

The oldest part of all planktic carbon isotope records
(> 18 ka) exhibits low and stable values around 0.0–0.3 ‰.
Simultaneous with the lightδ18O peaks, theδ13C values de-
crease slightly and a trend of increasing values commences
thereafter. Around 7 ka theδ13C values reach a high plateau
of 0.7–1.0 ‰, which lasts until 3 ka and ends with a relatively
sudden drop.

BecauseO. umbonatusand C. wuellerstorfiwere partly
absent in the lowermost parts of our cores, the benthic sta-
ble isotope records cover only the last 16 kyr (Fig. 6). The
oxygen isotope ratios of both benthic species generally show
a decreasing trend parallel to the planktic record with val-
ues ca. 0.7–1.0 ‰ heavier than those ofN. pachyderma
(sin.). The epibenthic (C. wuellerstorfi) δ13C data follows the
plankticδ13C records in terms of the main trends, but values
are 0.2–1.0 ‰ higher and changes are of lower amplitude.
The only major exception is the youngest (< 3 ka) part of
record PS1894 in which benthicδ13C values continue to rise
slightly while the planktic record decreases. All data sets are
available fromhttp://www.pangaea.de.

6 Discussion

6.1 Last Glacial Maximum (LGM)

The heavyδ18O values of> 4.5 ‰ in the Greenland Sea
planktic records (Fig. 2) are typical for the late LGM wa-
ters in the Nordic Seas and Fram Strait (e.g., Sarnthein et al.,
1995; Nørgaard-Pedersen et al., 2003). The low foraminiferal
abundance and species diversity (Figs. 3, 4) are evidence of a
low biological productivity in the Greenland Sea during the
LGM. The latter might be a result of a perennial sea-ice cover
that would strongly limit the penetration of sunlight and re-
duce the growth of phytoplankton that the foraminifera feed
on.

Low δ13C values might suggest that the foraminifera lived
in poorly ventilated water (cf. Duplessy et al., 1988), which
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Fig. 5. Planktic oxygen and carbon stable isotope records of cores
from the Nordic Seas plotted vs. age (since 15 ka).

seems obvious in a perennially ice-covered ocean. However,
relatively highδ13C values (> 0.7 ‰) are found at present
also in the perennially ice-covered areas of the central Arc-
tic Ocean (Spielhagen and Erlenkeuser, 1994). Therefore, we
hesitate to relate the lowδ13C solely to the sea ice and/or
strong stratification of the upper water layers. In addition,
the carbon cycle in the glacial ocean may have been much
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different than at present, which makes it difficult to unam-
biguously interpret the carbon isotope record in this interval.

The LGM sediments, especially in cores PS1906 and
PS1910, contain high amounts of coarse ice-rafted debris if
compared to younger layers (Fig. 3). This indicates that nu-
merous icebergs were passing the area and dropping parts
of their freight. The IRD concentration is highly variable
and marked by numerous prominent peaks. These peaks
clearly coincide with foraminiferal abundance peaks in cores
PS1894, PS1878 and partly in core PS1906. As already dis-
cussed previously at site PS1878, the IRD peaks may repre-
sent sporadic and relatively short intervals of somewhat ame-
liorated conditions during times of decreased seasonal sea ice
and slightly warmer surface water that resulted in a higher bi-
ological productivity, an increased IRD delivery, and thus, a
higher sedimentation rate (Telesiński et al., 2013). The du-
ration of these intervals may be overrepresented in the sedi-
ment record, the most compelling example being the IRD and
foraminiferal peaks in core PS1906 at ca. 25–30 cm (ca. 20–
22 ka). Variable sedimentation rates and the uncertainties in
our age models for the LGM make it difficult to say whether

the ameliorated conditions occurred basin wide or had a di-
achronous nature.

6.2 Deglaciation

Prominent lowδ18O peaks accompanied by lowδ13C values
are recorded in the deglacial parts of cores PS1878 (ca. 18 ka)
and PS1906 (19.7 ka), as well as PS1230 (19.2 ka, Bauch
et al., 2001) and PS2887 (19.6–18.7 ka, Nørgaard-Pedersen
et al., 2003). Similar, though more obscure features can be
traced in cores PS1894 and PS1910 (Fig. 2). We interpret
them as a result of the occurrence of isotopically light fresh-
water that lowered the regional surface and near-surface wa-
ter salinity (Sarnthein et al., 1995; Spielhagen et al., 2004;
Telesínski et al., 2013). In cores PS1906 and PS1878 the
high amplitude of theδ18O peaks is accompanied by low IRD
abundance in the respective intervals, which may suggest that
the freshwater originated from catastrophic discharges from
remote and/or terrestrial sources (e.g., outbursts from ice-
dammed or subglacial lakes) rather than from a delivery by
melting icebergs or nearby glaciers.

On the other hand, in the well-dated record from core
PS2887 (Nørgaard-Pedersen et al., 2003)δ18O values re-
mained low for more than 2 kyr and the interpolated age of
the spike in PS1878 (18–15 ka) fits well with the duration of
the Heinrich stadial 1 (HS1). This may suggest that the fresh-
water persisted in the Greenland Sea for several thousand
years and that the low foraminiferal abundance during this
time might be a result of a salinity decrease below the level
tolerated by planktic foraminifers. The lack of IRD might
then be caused by a decrease in iceberg mobility and melt
rate due to a rigid sea-ice cover that is expected to grow on
top of a cold and freshened water surface.

We realize that the reservoir ages during the deglacia-
tion, especially in the event when massive freshwater dis-
charges rapidly affected the ocean’s surface, remain highly
uncertain and may have been considerably larger than at
present (Waelbroeck et al., 2001; Hanslik et al., 2010; Stern
and Lisiecki, 2013). Although the low sedimentation rates in
some of our cores increase the uncertainty of the14C-based
age models, our regional comparison shows that the major
deglacial freshwater discharges into the western Nordic Seas
were roughly coeval. We consider that these events were
likely triggered by the global sea level rise that started around
20 ka (Clark and Mix, 2002) and came from the Greenland
Ice Sheet and, perhaps, other circum-Arctic ice sheets (e.g.,
Sarnthein et al., 1995).

The low carbon isotope ratios during these freshwater
events (Fig. 2) might be an indication of a reduced venti-
lation of the upper water column that was forced by a sta-
ble, highly stratified surface water lid (cf. Sarnthein et al.,
1995; Spielhagen et al., 2004). If the surface stratification of
the Greenland Sea was indeed a basin-wide phenomenon, as
shown by our records, it supports the interpretation of a slow-
down of the Atlantic Meridional Overturning Circulation
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(AMOC) during HS1 (McManus et al., 2004; Stanford et al.,
2011; Telesínski et al., 2013). Furthermore, it also gives a
rough chronological framework for the onset of the deglacia-
tion (ca. 18 ka).

Although our benthic oxygen isotope records do not cover
the initial part of HS1, theδ18O data ofO. umbonatusindi-
cate, like the planktic record, a distinct decrease around 15.5–
15.0 ka in PS1878 (Fig. 6). Such simultaneously occurring
surface and bottom water depletions inδ18O are often inter-
preted as a result of brines rejected during sea-ice formation
(e.g., Dokken and Jansen, 1999; Hillaire-Marcel and de Ver-
nal, 2008). The likelihood that such brines formed in this way
and could sink into intermediate or even much greater depths
without significant dilution remains unproven (for a discus-
sion see also Bauch and Bauch, 2001; Rasmussen and Thom-
sen, 2009). More recently, another scenario was proposed to
explain the occurrence of lightδ18O excursions during HS1
(Stanford et al., 2011). It suggests that meltwater loaded with
fine sediments entered the Nordic Seas below the sea sur-
face as a hyperpycnal flow. In our record, the negative ben-
thic δ18O excursion at 15.5–15.0 ka may result from such a
mechanism. However, in the record studied by Stanford et
al. (2011), the benthic oxygen isotope depletion has an am-
plitude larger than the planktic record, which is not observed
in our record. Stanford et al. (2011) explain that, after los-
ing the sediment load, the remaining relatively fresh, low
density and low-δ18O water rose towards the surface (while
strongly mixing with ambient water), resulting in the am-
plitude difference. Possibly the freshwater event in or close
to the Greenland Sea released both a sediment-loaded and a
largely sediment-free freshwater plume, which in combina-
tion may explain the strong near-surface and weaker bottom
water δ18O decreases. The sediment-loaded plume mecha-
nism may also explain the significant thickness of the layers
in cores PS1878 and PS2887 with lightδ18O values. While
the plume was losing its load, sedimentation rates likely in-
creased dramatically in the affected areas, resulting in rela-
tively thick fine-grained deposits. The duration of the fresh-
water outbursts was probably significantly shorter than what
appears from the linear age interpolation between the dating
points. However, sea ice may have played a role as a further
freshwater supplier by extending the range and duration of
the freshwater event.

Following the freshwater event(s), plankticδ18O values
increased to∼ 4 ‰ or more (Figs. 2, 5), indicating that the
freshwater influence had decreased by this time. Also, the
increasingδ13C values may further suggest that either the
ventilation and/or the subsurface water structure with respect
to stratification and bioproductivity had changed again.

The gradual and low–amplitude changes in the oxygen iso-
tope record of PS1910 make it likely that the site was not
directly influenced by major freshwater discharges. Short-
lived freshwater events like those recorded in PS1878 be-
tween 15 and 13 ka may have taken place at site PS1910 (as
well as PS1906 after the major event) but may be obscured by

the core’s low resolution. The generally heavyδ18O values
throughout the deglaciation, as well as later on, do indicate a
notable inflow of Atlantic waters to this area.

Site PS1894 is located on the Greenland continental slope,
in direct proximity to the EGC and under the sea-ice cover.
Thus, the lowestδ18O values in this record might result from
the weakest influence of AW and the lowest salinity, com-
pared to other sites. Today, the salinity at site PS1894 is
1–2 psu (practical salinity units) lower than farther to the
east, in the ice-free areas (Thiede and Hempel, 1991). In
contrast to the other sites, the main onset of the deglacia-
tion (after 17 ka) seems to be characterized by a warming of
the (sub)surface water rather than by a freshwater inflow, as
the oxygen isotope ratio decrease is accompanied by the ap-
pearance of subpolar foraminiferal species (Figs. 2, 4). It is
possible that a minor enhancement of the Atlantic Water in-
flow into the northwestern Greenland Sea coincided with and
probably also contributed to the termination of LGM-type
conditions and to the onset of deglacial changes at this site. It
might seem counterintuitive that at this site, which is the one
most affected by PW today, the subpolar species appeared
so early and in such high amounts (around 20 %), especially
since even in late Holocene sediments this group constitute
less than 20 % of the planktic fauna in this area (Husum and
Hald, 2012). However, an occurrence of subpolar species, in
particular those of smaller sizes, might indicate the advection
of Atlantic waters subducted below stratified and sea-ice cov-
ered surface water layers (Bauch et al., 2001). Such a mech-
anism is confirmed by modern oceanographic measurements
on a W–E profile across the Greenland Sea, showing higher
subsurface temperatures at stations covered with sea ice than
in ice-free areas (Thiede and Hempel, 1991).

Although the PS1894 oxygen isotope record does not in-
dicate any major direct freshwater discharges in this area
(Fig. 2), surface water salinity was apparently lower than at
the other sites, as indicated by the lowδ18O values, probably
as a result of the proximity of the ice margin and the EGC.

6.3 Younger Dryas (YD)

Only core PS1878 contains a clear lightδ18O excursion
(12.8–11.9 ka) that, according to our age model, fits into the
time span of the YD (12.9–11.7 ka, cf. Broecker et al., 2010).
However, less prominent oxygen isotope peaks of the same
age can be found in cores PS1906 and PS1910, as well as
in PS1230 and PS1243 (Bauch et al., 2001). We associate
these peaks also with the YD and used them for the correla-
tion of the cores (Figs. 2, 5). The oxygen isotope record of
core PS1894 contains no indications that could be linked to
the YD cooling. However, as already mentioned above, this
record exhibits generally lowδ18O values (< 3.5 ‰ across
the YD interval), often lower than those of the lightδ18O ex-
cursions in the other records. It indicates that this site was un-
der a constant influence of relatively fresh PW, which makes
the identification of a YD freshwater signal difficult.
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In general, the origin and cause of the YD has been a mat-
ter of debate for decades now (e.g., Broecker et al., 1989;
Teller et al., 2005; Murton et al., 2010; Fahl and Stein, 2012;
Fisher and Lowell, 2012; Not and Hillaire-Marcel, 2012). A
discharge of large amounts of freshwater from the deglacial
Lake Agassiz to the North Atlantic and, in particular, to
the areas of deep water convection is still considered the
most likely cause for the YD (Broecker et al., 2010). While
a rerouting from the Gulf of Mexico to the St. Lawrence
River was proposed earlier as one triggering mechanism
(Broecker et al., 1989), recent modeling results of Condron
and Winsor (2012) indicate that only a freshwater discharge
to the Arctic (probably via the Mackenzie Valley; cf. Tarasov
and Peltier, 2006) was able to reach the deep water formation
regions in the North Atlantic (including our study area) and
weaken the AMOC sufficiently to trigger the YD. Our find-
ing of a coeval lowδ18O signal at∼ 13 ka in Fram Strait and
Greenland Sea records is in support of hypotheses that sug-
gest the Arctic region (including the East Greenland margin)
as the main source area for the freshwater pulse. It seems un-
likely that a large-volume freshwater transport occurred from
the south, i.e., opposite to the dominant flow direction in the
Greenland Sea. Following the modeling results of Condron
and Winsor (2012), our data make the hypothesis of an Arc-
tic trigger for the YD cold event more convincing.

6.4 Holocene

Although the onset of the Holocene in our records is
expressed by the typical proxy changes for a glacial–
interglacial transition, it looks different at the individual
sites. In the southern Fram Strait (site PS1906) both the
foraminiferal abundance and the percentage of subpolar
species increased relatively rapidly around 12 ka. This was
possibly related to the onset of enhanced surface flow of the
NAC branch along the eastern Nordic Seas following shortly
upon the YD (e.g., Sarnthein et al., 2003; Hald et al., 2007;
Risebrobakken et al., 2011). Farther south, at sites PS1910
and PS1878, that increase was much more gradual and high-
est values there were reached between 10 and 8 ka. Subsur-
face waters at site PS1878 also warmed more slowly reach-
ing∼ 3◦C only around 8 ka (Fig. 7). This confirms that in the
earliest Holocene the influence of the melting Greenland Ice
Sheet was strong and acted as a negative feedback to the or-
bitally forced climatic optimum (cf. Blaschek and Renssen,
2013). The decrease of IRD deposition at three of our sites
(PS1906, PS1910, PS1878) indicates that only few icebergs
still reached the southeastern Greenland Sea due to a north-
westward expansion of the warmer water masses. The de-
crease in IRD deposition was less prominent in the southern
Fram Strait at this time, most probably due to the proximity
of the Transpolar Drift which still brought numerous icebergs
from the Arctic Ocean into this region. Site PS1894 showed
the least significant changes at the onset of the Holocene
(Figs. 8, 9). The proxy data indicate that the eastern part of
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the Greenland Sea remained under polar conditions with cold
surface water, numerous icebergs and sea-ice cover for most
of the time.

For the entire study area it is difficult to determine a co-
eval thermal maximum, which we define as the interval with
the highest percentage of subpolar species (or highest abso-
lute temperatures in core PS1878). Not only the course of the
initial warming but also the duration and termination of the
warmest interval differed between the individual sites. In the
southern Fram Strait (site PS1906) the thermal maximum in-
terval apparently started already around 11.5 ka and ended
gradually between 7 and 3 ka. At sites PS1894, PS1910
and PS1878 it was significantly shorter and can be dated to
ca. 11–9.5, 10.5–7 and 8–5.5 ka, respectively. This might at
least in part be attributed to uncertainties in the correlation
between the records, which was mainly based on the iso-
tope records. Nevertheless, the onset of the warmest interval
around 11–9 ka accords with many other Nordic Seas records
(e.g., Bauch et al., 2001; Sarnthein et al., 2003; Giraudeau
et al., 2010; Risebrobakken et al., 2011; Husum and Hald,
2012) where the beginning of the Holocene thermal maxi-
mum (HTM) was related to maximum insolation in the high
latitudes (e.g., Andersen et al., 2004; Risebrobakken et al.,
2011) and the maximum in northward oceanic heat trans-
port by the NAC (Risebrobakken et al., 2011). The late onset
of the thermal maximum at site PS1878 might have resulted
from the large distance between the site and the core of the
NAC (Fig. 1). Since this onset was time-transgressive along
the main pathway of the NAC (Hald et al., 2007), a similar
development may also be expected westward. In principle,
the presence of freshwater in the earliest Holocene (Fig. 5)
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may have had a cooling effect, but this should have also been
the case at the other three sites. Furthermore, the relative
proximity of the remnant Greenland Ice Sheet, still delivering
cold meltwater, could have acted as a negative feedback for
the early Holocene warming (Blaschek and Renssen, 2013).
The transfer function yielded temperatures of 3–3.5◦C at
100 m water depth between 8 and 5.5 ka. This is significantly
warmer than modern temperatures at this depth in the Vester-
isbanken area (max. 2◦C, Thiede and Hempel, 1991) and
indicates that the advection of Atlantic waters to the area
between 8 (or even 10.5) and 5.5 ka was stronger than at
present.

The transition between the thermal maximum and the
Neoglacial cooling as found in our records between ca. 6–
5 and 3 ka was also not simultaneous and, with the exception
of PS1878, was much more gradual than the early Holocene
warming (Figs. 7, 9). Although in cores PS1906 and PS1878
relatively late, such a timing is in good general agreement
with other studies (e.g., Bauch et al., 2001; Sarnthein et al.,
2003; Hald et al., 2007; Giraudeau et al., 2010; Rasmussen
and Thomsen, 2010; Husum and Hald, 2012; Werner et al.,
2013; for some remarkable exceptions see Risebrobakken et
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al., 2011). The Neoglacial cooling was very likely forced
primarily by decreasing insolation (Andersen et al., 2004),
while the regional variations in its timing and scale are a
manifestation of the reorganization of the specific water mass
configuration in the Nordic Seas. This reorganization in-
volved, e.g., changes in the strength and routing of the in-
dividual NAC and EGC branches, the amount of meltwater,
and the relocation of the convection centers and eventually
resulted in the establishment of a type of overall water mass
distribution and circulation as we see it today (Bauch et al.,
2001).

Theδ13C “plateau” between ca. 7 and 3 ka (Fig. 5) is com-
mon in Nordic Seas records (e.g., Vogelsang, 1990; Fronval
and Jansen, 1997; Bauch et al., 2001; Sarnthein et al., 2003;
Risebrobakken et al., 2011; Werner et al., 2013) and re-
flects a period of maximum ventilation of subsurface wa-
ters, relatively stable and modern-like environmental condi-
tions (Bauch et al., 2001; Sarnthein et al., 2003), and per-
haps a significantly changed surface water structure (Bauch
and Weinelt, 1997). Its onset also corresponds to the es-
tablishment of the modern Iceland–Scotland Overflow Wa-
ter (Thornalley et al., 2010) and AMOC strengthening (Hall
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et al., 2004). Our benthicδ13C records (Fig. 6) and other
benthic records from the Nordic Seas (Bauch et al., 2001;
Sarnthein et al., 2003) also exhibit relatively high values in
this interval. This implies good ventilation of the bottom wa-
ter and suggests that intensive deep water convection took
place in the Nordic Seas between 7 and 3 ka. An AMOC
intensification after 7 ka would also imply enhanced inflow
of AW and PW into the Greenland Sea since the increased
convection rate must be compensated by an increased in-
flow of both saline AW from the south and cold PW from
the north. The increasing influence of cold PW amplified the
Neoglacial cooling in the area, which might explain the rel-
atively rapid warm–cold transition at site PS1878 at 5.5 ka,
similar to what was found in the eastern Fram Strait (Werner
et al., 2013). The cooling, in turn, likely enhanced sea-ice
formation and strong winds, which opened up ice leads and
provoked super-cooling processes further intensifying deep
water formation. The bottom water at site PS1878 was par-
ticularly well ventilated compared to other Holocene records
from the Nordic Seas (Fig. 6, cf. Bauch et al., 2001; Sarnthein
et al., 2003). This indicates that deep convection was taking
place in the central Greenland Sea, in the proximity of this
site, with maximum vigor between 7 and 3 ka.

The plankticδ13C decrease after around 3 ka, observed
in all our records (Fig. 5), appears to be a sound strati-
graphic time marker in many Nordic Seas records (Bauch and
Weinelt, 1997). Moreover, as it occurs all across the Nordic
Seas including the Barents Sea (e.g., Vogelsang, 1990;
Fronval and Jansen, 1997; Bauch et al., 2001; Sarnthein et
al., 2003; Risebrobakken et al., 2011; Werner et al., 2013)
this event clearly bears a supraregional implication. A recon-
struction of sea-ice conditions in the Fram Strait (Müller et
al., 2012) revealed increasing sea-ice coverage since 8 ka. At
about 3 ka a further significant expansion of the sea-ice cover
occurred and sea-ice conditions became more fluctuating. Al-
though in the record from the East Greenland Shelf (Müller
et al., 2012) no increase in sea-ice coverage is observed be-
fore 3 ka (perhaps because this area was strongly influenced
by sea ice during the entire Holocene), the total sea-ice cover
in the Nordic Seas was probably increasing. A similar timing
in ice increase is also confirmed for the western Barents Sea
slope (Sarnthein et al., 2003). Renssen et al. (2006) indicated
that a negative solar irradiance anomaly and associated cool-
ing may cause an expansion of sea ice and a temporary relo-
cation of deep water formation sites in the Nordic Seas. One
of the strongest anomalies in the Holocene occurred between
2.85 and 2.6 ka and could have triggered the sudden increase
in sea-ice extent, increased the stratification of the upper wa-
ter layers and decreased the ventilation of the subsurface wa-
ter. This solar irradiance anomaly may also have triggered
the increase in ice rafting in the North Atlantic around that
time (Bond et al., 2001; Renssen et al., 2006).

In two of our benthic carbon isotope records (PS1910 and
PS1878, Fig. 6) we observe a decrease of values around 3 ka,
which paralleled that in the planktic record. This is, however,

not generally the case elsewhere (e.g., at site PS1894 or
in the central and eastern Nordic Seas; Bauch et al., 2001;
Sarnthein et al., 2003; Werner et al., 2013). The decrease in
benthicδ13C values suggests that, probably as a result of a
more extensive sea-ice cover and a stronger stratification of
the upper water layers, deep convection diminished or did
not reach down to maximum depth of the basins any longer
(Renssen et al., 2006). Sites PS1910 and PS1878 were most
likely located closest to the convection center and the de-
crease in convection rate or depth was recorded here as a
benthicδ13C decrease. At other sites that were located far-
ther from the convection center, the bottom waters were not
as well ventilated before 3 ka and therefore the relative de-
crease in ventilation was not large enough to be recorded in
the sediment archive.

As described earlier (Telesiński et al., 2013), significant
changes are observed in core PS1878 since 3 ka. The total
foraminiferal abundance (Fig. 8) and percentage of subpo-
lar species (Fig. 9) increase and planktic carbon and oxygen
isotope ratios decrease. These changes were interpreted as
evidence of a warming of subsurface waters caused by an
NAO-induced increase in AW inflow, amplified by stronger
upper water layers stratification (Telesiński et al., 2013). The
benthic data from core PS1878 show that the planktic and the
two benthic oxygen isotope records, which in the older part
of the record ran roughly parallel to each other, diverge after
3 ka (Figs. 5, 6). The planktic values begin to decrease after
the stable interval of the Middle Holocene andO. umbonatus
values start to increase, whileC. wuellerstorfioxygen iso-
tope ratios follow the earlier slightly decreasing trend. As a
result of the decrease in convection rate and depth, probably
not only the surface and bottom waters began to differentiate
from each other, but also, at a smaller scale, the epibenthic
and infaunal biotopes became more distinct than before due
to more stagnant conditions.

In the other records from the Greenland Sea the changes
after 3 ka are not as obvious. At site PS1894, strongly af-
fected by PW, the conditions seem to be similar to those at
other sites during the LGM, with at least seasonally open
water conditions and somewhat warmer upper water layers
(Figs. 5, 8, 9; see discussion above). Virtually no indications
of warming or increased AW influence can be found at sites
PS1906 and PS1910 at that time.

The high-resolution subsurface temperature reconstruc-
tion from site PS1878 indicates a warming from ca. 2◦C at
2.5 ka to 3.5◦C at 1.5 ka, confirming that conditions in the
central Greenland Sea in the late Holocene were compara-
ble to the early Holocene warm interval (cf. Telesiński et
al., 2013). The scale of this warming (1.5◦C) is comparable
to that of the modern warming in the Arctic (e.g., Spielha-
gen et al., 2011) though, of course, on a significantly longer
timescale. A comparison with the faunal data from other
Greenland Sea cores (Fig. 9) shows that this phenomenon
was confined to the central part of the Greenland Sea and
may have resulted from the co-occurrence of the stronger
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water column stratification and the enhanced inflow of At-
lantic waters to the site.

7 Summary and conclusions

With the records presented in this study we were able here to
reconstruct for the first time a millennial- to multicentennial-
scale image of the late glacial and Holocene paleoceano-
graphic evolution in the northern and central Greenland Sea.
Despite the low sedimentation rates in the northern part of
the study area and the related chronological uncertainties,
the correlation and comparison with a high resolution record
PS1878 (Telesiński et al., 2013) allowed us to study the spa-
tial and temporal variability of the most important oceano-
graphic processes. The integration of surface, subsurface and
bottom water proxies gave an almost complete image.

During the LGM environmental conditions were to a
large extent similar across the Greenland Sea. Cold con-
ditions with a dense sea-ice cover, numerous icebergs and
low biological productivity prevailed in the area. During the
deglaciation the Greenland Sea was affected by freshwater
discharges. Although we argue that they were roughly simul-
taneous (between 18 and 15 ka) and may have had a com-
mon trigger mechanism, their sources and character were
probably different. During the YD the Greenland Sea was af-
fected by a major deglacial freshwater discharge most prob-
ably originating from the Arctic. Our data suggest a thicker
but weaker halocline and a deepening of AW.

The onset, duration and decline of the early Holocene
warm interval were apparently different in age and scale at
each site, reflecting regional differences in the reorganiza-
tion of the ocean circulation of the area. As peak warming
occurred not simultaneously at all sites, the thermal max-
imum in the central Greenland Sea was not reached until
ca. 8 ka, which is relatively late compared to other Nordic
Seas records. Maximum subsurface temperatures (> 3◦C)
were higher than at present, indicating a strong influence of
Atlantic waters. Since 7 ka highδ13C values, both planktic
and benthic, indicate the establishment of the modern ocean
circulation system in the Nordic Seas with maximum deep
convection in the Greenland Sea. Despite a strong AMOC,
decreasing insolation led to the Neoglacial cooling and an
increase in sea-ice coverage. At 3–2.8 ka a solar irradiance
minimum may have triggered a rapid expansion of the sea-ice
cover that led to a stronger stratification of the upper water
layers and, subsequently, to a weakening of deep convection
in the Greenland Sea and of the AMOC. Eventually, an in-
crease in AW inflow into the Nordic Seas led to subsurface
warming in the central Greenland Sea (site PS1878). Proba-
bly due to a relatively stable water stratification, as well as in-
creased presence of sea ice (and thus an isolation of the sub-
surface water from the atmosphere and other water masses),
subsurface temperatures rose again to a level comparable
with the early Holocene thermal maximum at this site.

Comparison of the Greenland Sea records suggests inso-
lation to be the primary driver controlling the regional pa-
leoceanographic evolution while the routing and intensity of
AW inflow seems to control the spatial variability in the area.
Other processes – such as sea-ice formation, deep convec-
tion, freshwater discharges, etc. – also played an important
role in the observed local differences.
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