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Abstract

Four sediment cores from the central and northern Greenland Sea, a crucial area for
the global ocean circulation system, were analyzed for planktic foraminiferal fauna,
planktic and benthic stable oxygen and carbon isotopes as well as ice-rafted debris.
During the Last Glacial Maximum, the Greenland Sea was dominated by cold and ice-5

bearing water masses. Meltwater discharges from the surrounding ice sheets affected
the area during the deglaciation, influencing the water mass circulation. The Younger
Dryas was the last major freshwater event in the area. The onset of the Holocene in-
terglacial was marked by an improvement of the environmental conditions and rising
sea surface temperatures (SST). Although the thermal maximum was not reached si-10

multaneously across the basin, due to the reorganization of the specific water mass
configuration, benthic isotope data indicate that the overturning circulation reached
a maximum in the central Greenland Sea around 7 ka. After 6–5 ka the SST cooling
and increasing sea-ice cover is noted alongside with decreasing insolation. Conditions
during this Neoglacial cooling, however, changed after 3 ka due to further sea-ice ex-15

pansion 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 Atlantic Water from the eastern Nordic Seas.
Our data reconstruct a variety of time- and space-dependent oceanographic condi-
tions. These were the result of a complex interplay between overruling factors such20

as changing insolation, the relative influence of Atlantic, Polar and meltwater, sea-ice
processes and deep water convection.

1 Introduction

The Nordic Seas are an important region for the global oceanic system. First of all,
they are the main gateway between the Arctic and North Atlantic oceans (Hansen25

and Østerhus, 2000). They also play a fundamental role in the overturning circulation

5038

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/5037/2013/cpd-9-5037-2013-print.pdf
http://www.clim-past-discuss.net/9/5037/2013/cpd-9-5037-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
9, 5037–5075, 2013

Water mass evolution
of the Greenland Sea

since lateglacial
times

M. M. Telesiński et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

being one of the deep water formation regions (Marshall and Schott, 1999). The paleo-
ceanographic studies in this area are crucial to improve our understanding of the pace
and amplitude of the natural variability during the last glacial-interglacial transition as
well as within the Holocene. While significant number of studies concerns the eastern
part of the region, along the North Atlantic Current (NAC) flow (e.g. Hald et al., 2007;5

Risebrobakken et al., 2011), not as much attention has been paid to its central and
western parts (e.g. Fronval and Janssen, 1997; Bauch et al., 2001). The main reason
for that are certainly the low sedimentation rates in this cold and often ice-covered
basin (Nørgaard-Pedersen et al., 2003; Telesiński et al., 2013) which do not allow high
resolution studies.10

Recently, Telesiński et al. (2013) presented a new record from the central Greenland
Sea that allowed studying the oceanographic changes since Lateglacial in a relatively
high temporal resolution. It revealed significant variability of the oceanic environment
on multicentennial to multimillenial time scales. Although the record was generally in
agreement with earlier studies, it also revealed some unusual features. Here we corre-15

late and compare this record with three sediment cores from the northern Greenland
Sea as well as with other paleoceanographic archives from the Nordic Seas to gain a
more complete image of the Greenland Sea paleoceanography. We also supplement
the central Greenland Sea record with new data, such as benthic stable isotope record
and subsurface temperature reconstruction. We particularly aim to assess the spatial20

range of the variability found in the central Greenland Sea and to improve our under-
standing 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) Atlantic25

Water (AW) flows north along the Norwegian, Barents Sea and Svalbard continental
margins and enters the Arctic through the Fram Strait and Barents Sea. At the same
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time cold, low-saline (<0 ◦C, <34.4) Polar Water (PW) flows south through the Fram
Strait and along the Greenland continental margin to enter the North Atlantic through
the Danish Strait. The strong gradient between these two main surface water masses
makes the Nordic Seas sensitive to any oceanographic changes in time. The central
part of the Nordic Seas is the domain of Arctic Water (ArW), a result of PW and AW5

mixing (Swift, 1986). ArW is separated from PW by the Polar Front and from AW by the
Arctic Front.

Finally, the Nordic Seas are one of the areas where deep water convection and the
formation of North Atlantic Deep Water (NADW) take place (e.g. Marshall and Schott,
1999). The western branches of the NAC and the eastern branches of the East Green-10

land Current (EGC) create the cyclonic circulation in the Greenland Sea and lead to
doming of the water layers. As the two water masses mix together, they increase their
density and sink to the bottom (Hansen and Østerhus, 2000). Subsequently the wa-
ter leaves the Nordic Seas as the Denmark Strait and Island-Scotland Overflow Water
(DSOW and ISOW, respectively).15

Sea-ice plays an important preconditioning role in the Greenland Sea compared
to other convectional areas. In early winter the spreading sea-ice leads to the brine
rejection. The surface layer increases its density and sinks to about 150 m by mid-
January. Preconditioning continues later in the winter with mixed-layer deepening in
the ice-free area (Nord Bukta) to 300–400 m, induced by strong winds blown over the20

ice. Finally, typically in March, preconditioning is advanced enough to develop deep
convection (down to >2000 m) in the Greenland Sea, if the meteorological conditions
are favorable (Marshall and Schott, 1999).

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 from25

the EGC. Underneath, a layer of Atlantic Intermediate Water exists supplied from the
NAC. The weekly stratified Greenland Sea Deep Water, the product of deep convection,
is found below (Marshall and Schott, 1999).
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At present, the sites investigated in this study are all located 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 Fracture Zone crest, respectively.5

3 Material and methods

The sediment cores used in this study were retrieved during the ARK-VII/1 expedition of
RV Polarstern in 1990. 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 consisted of brown to olive grey sediments of clay to silty10

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
weighted.15

In the representative splits (>300 specimens) of the 100–250 µm size fraction plank-
tic foraminifera were counted. Samples containing less than 100 specimens were not
used for the relative species abundance analysis. The number of planktic foraminifera
per 1 g dry sediment was calculated.

The identification and counting of several mineral grains types >250 µm was used20

as a proxy for the intensity of ice-rafting and identification of tephra layers. As IRD we
interpret all the lithic grains >250 µm (except for unweathered volcanic glass). In the
high latitudes, such coarse particles can be transported into a deep ocean basin pref-
erentially by icebergs while sea-ice mainly transports finer material (Clark and Hanson,
1983; Nürnberg et al., 1994).25

For the analysis of stable oxygen and carbon isotopes, a planktic species Neoglobo-
quadrina pachyderma (sin.) (all cores) and two benthic species – the epibenthic Cibi-
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cidoides wuellerstorfi and the shallow infaunal Oridorsalis umbonatus (cores PS1894,
PS1910 and PS1878) were used. Because of the well-known departure from isotopic
calcite equilibrium, the measured δ18O values of both benthic species were corrected
by +0.64 and +0.36 %�, respectively (Duplessy et al., 1988). Twenty five specimens
were picked from the 125–250 µm (N. pachyderma (sin.) and O. umbonatus) or 250–5

500 µm (C. wuellerstorfi) size fractions. All stable isotope analyses were carried out in
the isotope laboratory of GEOMAR. Results are expressed in the δ notation referring
to the PDB standard and are given as δ18O and δ13C.

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 train-10

ing 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 (WAP-LS C3) was used. Cross validation was provided with leave-one-out
(“jack knifing”). 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 function15

using the 100–250 µm size fraction. Although the coarser sediments contained rela-
tively few foraminifera we acknowledge that this might have slightly biased the results.
Further, 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).20

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 Marine09 calibration
curve (Reimer et al., 2009) and are given in thousand calendar years before 1950 CE25

(ka).

5042

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/5037/2013/cpd-9-5037-2013-print.pdf
http://www.clim-past-discuss.net/9/5037/2013/cpd-9-5037-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
9, 5037–5075, 2013

Water mass evolution
of the Greenland Sea

since lateglacial
times

M. M. Telesiński et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

The records cover the last ca. 20–23 thousand years (kyr). The three box cores from
the northern Greenland Sea have average sedimentation rates of 1.5–2.0 cm kyr−1.
The low sedimentation rates, together with bioturbation and uncertain reservoir ages,
make age models of these records unreliable if based only on AMS 14C datings. This is
best illustrated by relatively old ages yielded from the surface samples of these cores5

(2.3–3.8 ka). Because surface samples contained living (rose bengal stained) benthic
foraminifera we assume that sedimentation did not terminate in the Late Holocene at
the investigated sites. To account for the apparent inaccuracy of part of the AMS 14C
dates we attempted to improve the age models for these records by correlating the
stable isotope data (and, in a few cases, other proxies) and using linear interpolation10

between correlated points and reliable AMS 14C dated samples. Except for 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) and
PS1230 (Bauch et al., 2001) from the western Fram Strait as well as PS1243 from
the SW Norwegian Sea (Bauch et al., 2001). As the base for the correlation we used15

core PS1878 which has the highest temporal resolution and a reliable chronological
framework based on AMS 14C datings in the younger part of the record (Fig. 2). Due
to poorer AMS 14C age control and more speculative reservoir ages in the older part
of the records, our improved age model covers only the last 15 thousand years (kyr).

5 Results20

5.1 Planktic foraminifera and ice-rafted detritus (IRD)

Our four planktic foraminiferal records from the Greenland Sea show significantly dif-
ferent planktic foraminiferal abundances (Fig. 3), most likely due to the different sedi-
mentation rates. Therefore, the absolute numbers of foraminiferal individuals cannot be
directly compared between the cores. The records begin with relatively low abundances25

of the foraminiferal fauna strongly dominated by N. pachyderma (sin.) (Fig. 4), a polar
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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.

Significant changes in the faunal record are at the earliest observed in core PS1894.5

Already around 17 ka the percentages of subpolar species N. pachyderma (dex.) and
Turborotalita quinqueloba increase to 20–30 %. In the other cores the changes do not
follow until ca. 12 ka when both the percentages of subpolar species and the total
abundance increase. Throughout the remaining part of the records the abundance
stays high although significant variability can be observed. The percentages of sub-10

polar species remain high for a few thousand years and then decrease gradually and
unsimultaneously to reach the pre-Holocene values (<10–20 %) after ca. 5 ka. Another
increase can be observed 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 ro-
bust N. pachyderma and more fragile subpolar species are well preserved throughout15

the cores.
The IRD records generally show high amounts of coarse lithogenic grains in the

older part and low numbers during the Holocene (Fig. 3). Only the IRD content of
core PS1894 is 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 PS190620

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 seem to be inversely correlated.

5.2 Stable isotopes

The planktic oxygen isotope records begin with relatively heavy and stable values of25

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.,
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2003) that we used for the correlation. A trend towards lower δ18O values commences
thereafter and lasts until the end of the record. A distinct, though irregular, variability
can be observed within the trend (Figs. 2 and 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 light δ18O peaks the δ13C values5

decrease slightly and a trend of increasing values commences thereafter. Around 7 ka
the δ13C values reach a high plateau of 0.7–1.0 %�, which lasts until 3 ka and ends
with a relatively sudden drop.

In the lowermost parts of our cores the benthic species O. umbonatus and C. wueller-
storfi were partly absent. Therefore we can present here only the last 16 kyr of the ben-10

thic stable isotope records (Fig. 6). The oxygen isotope ratios of both benthic species
generally show a decreasing trend parallel to the planktic record with values ca. 0.7–
1.0 %� heavier than those of N. pachyderma (sin). The epibenthic (C. wuellerstorfi)
δ13C records also parallel the planktic curves in terms of the main features, but the
values are 0.2–1.0 %� higher and the changes are of lower amplitude. The only major15

exception is the youngest (<3 ka) part of record PS1894 in which the benthic δ13C
continue to rise slightly despite the decrease in the planktic record.

5.3 Subsurface temperature reconstruction

The subsurface temperature record of core PS1878 shows values steadily increas-
ing from around 2 ◦C around 15 ka to a maximum of 3–3.5 ◦C between 8 and 5.7 ka20

(Fig. 7). Thereafter it decreases stepwise to values around 2 ◦C between 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 thereafter.
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6 Discussion

6.1 Last glacial maximum (LGM)

Our Greenland Sea δ18O records begin with heavy values of >4.5 %� (Fig. 2) which
were found earlier to be typical for the late glacial maximum in the Nordic Seas and
Fram Strait indicative of high salinity AW advected to the north (Sarnthein et al., 1995;5

Nørgaard-Pedersen et al., 2003). The low foraminiferal abundance and species diver-
sity (Figs. 3 and 4) are evidence of a low biological productivity in the Greenland Sea
during the LGM. The latter might be a result of the result of the perennial sea-ice cover
that would strongly limit the penetration of sunlight and reduce the growth of phyto-
plankton that the foraminifera feed on. Furthermore, the sea-ice cover would lower the10

gas exchange between the ocean and the atmosphere.
Low δ13C might suggest that the foraminifera lived in a poorly ventilated subsurface

water layer (cf. Duplessy et al, 1988) which would support the perennial sea-ice cover.
However, in the perennialy ice-covered areas like the central Arctic Ocean relatively
high δ13C values (>0.7 %�) are found at present (Spielhagen and Erlenkeuser, 1994).15

Therefore we do not relate the low δ13C to the sea-ice and/or strong stratification of
the upper water layers. The carbon cycle in the glacial ocean could have been much
different than at present. Therefore it is difficult to unambiguously interpret the carbon
isotope record in this interval.

The LGM sediments, especially in cores PS1906 and PS1910, contain high amounts20

of coarse ice-rafted debris compared to younger layers (Fig. 3). This indicates numer-
ous icebergs passing the area and losing transported material. The IRD concentra-
tion is highly variable and marked with numerous prominent peaks. In cores PS1906,
PS1894 and PS1878 they clearly coincide with foraminiferal abundance peaks. As al-
ready discussed by Telesiński et al. (2013) for site PS1878, these peaks may represent25

sporadic and relatively short intervals of somewhat ameliorated conditions during which
the decreased sea-ice occurrence and slightly warmer surface water resulted in higher
biological productivity, increased IRD delivery and, as a result, higher sedimentation
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rates. Thus, the duration of these intervals may be overrepresented in the sediment
record, the most compelling example being the IRD and foraminiferal peaks in core
PS1906 at ca. 25–30 cm. Variable sedimentation rates and the uncertainties in our age
models for the LGM make it difficult to say whether the ameliorated conditions occurred
basinwide or were regionally diachronous.5

6.2 Deglaciation

Prominent low δ18O peaks accompanied by low δ13C values are recorded in the
deglacial parts of cores PS1878 and PS1906, as well as PS1230 (Bauch et al., 2001)
and PS2887 (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 result10

of the discharge of isotopically light freshwater that lowered the regional surface wa-
ter salinity (Sarnthein et al., 1995; Spielhagen et al., 2004; Telesiński et al., 2013).
In cores PS1906 and PS1878 the high amplitude of the δ18O peaks together with
low IRD abundance in the respective intervals suggest that the freshwater originated
from catastrophic freshwater discharges from terrestrial sources (e.g. outbursts from15

ice-dammed or subglacial lakes) rather than from a delivery by melting glaciers or ice-
bergs.

The significant thickness of the light δ18O layers in cores PS1878 and PS2887 in-
dicates that in some cases during the freshwater discharges the sedimentation rates
increased dramatically as we assume that a freshwater outburst cannot last incessantly20

for several thousand years. This suggests that the discharged freshwater might have
been loaded with fine-grained sediments that were subsequently deposited in a rel-
atively short period of time. However, even freshwater loaded with sediments would
travel along a basin floor as a hyperpycnal flow and would not directly affect the plank-
tic δ18O record (Stanford et al., 2011). Therefore, if the freshwater discharges at sites25

PS1878 and PS2887 were indeed loaded with sediments, they had to be accompanied
by sediment-free freshwater outbursts that directly affected the planktic record.
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On the other hand, the well-dated core PS2887 (Nørgaard-Pedersen et al., 2003)
indicates the extent of the low δ18O spike of 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). These arguments suggest that the freshwater could have been present in the
Greenland Sea for several thousand years and the low foraminiferal abundance during5

that time might be a result of the salinity decrease below the level tolerated by the
foraminifers while the lack of IRD might be caused by the decrease in icebergs mobility
and melt rate due to the increased presence of sea-ice.

The reservoir ages during the deglaciation, especially in case of massive freshwa-
ter discharges that were able to influence the oceanic circulation significantly, remain10

highly uncertain and may have been larger than 1000 yr (Waelbroeck et al., 2001; Stern
and Lisiecki, 2013). Additionally, low sedimentation rates in some of the cores make the
age model based on AMS 14C datings to a large extent speculative. Therefore we find
it reasonable to argue that the major deglacial freshwater discharges in the western
Nordic Seas occurred roughly simultaneously, as was previously suggested by Tele-15

siński et al. (2013). The most obvious mechanism to trigger the discharges over such
a large area seems to be the sea level rise which started shortly after 20 ka (Clark and
Mix, 2002).

All our records show low carbon isotope ratios during the proposed freshwater events
(Fig. 2), indicating that the ventilation of the (sub)surface water was even weaker than20

during the LGM in most of the Greenland Sea (cf. Sarnthein et al., 1995; Spielha-
gen et al., 2004). During these freshwater events the water column stratification must
have been enhanced as the low-salinity water has lower density and creates a stable
lid on top of the water column. If the stratification was a basin wide phenomenon as
shown by our records, it seems to support the previous suggestions (Stanford et al.,25

2011; Telesiński et al., 2013) of the Atlantic Meridional Overturning Circulation (AMOC)
slow-down during HS1 and gives a rough chronological framework for the onset of the
deglaciation.
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Our benthic oxygen isotope records do not cover the initial part of H1 (Fig. 6).
However, around 15.5–15.0 ka the PS1878 record of O. umbonatus shows a distinct
decrease in the δ18O values, though of much lower amplitude than in the planktic
record. This could suggest that the (somewhat diluted) low δ18O signal from the sur-
face reached down to the bottom of the water column. According to Hillaire-Marcel and5

de Vernal (2008), the formation of sea-ice from low salinity, low temperature and low
δ18O surface water could result in the production of isotopically light brines. Stanford
et al. (2011) reject such a hypothesis, finding it unlikely that brines formed from fresh-
water could sink to intermediate depths (see also Rasmussen and Thomsen, 2009;
Bauch and Bauch, 2001), not to mention the bottom of a deep basin at which our site10

is located. Instead, Stanford et al. (2011) propose a different explanation for the occur-
rence of light δ18O excursions during HS1. They suggest that meltwater loaded with
sediments entered the Nordic Seas below the sea surface as a hyperpycnal flow. In
our record, the negative benthic 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 benthic15

oxygen isotope depletion has an amplitude larger than the planktic record, which is
not observed in our record. Stanford et al. (2011) explain that, after losing the sedi-
ment load, the remaining relatively fresh, low density and low δ18O water rose towards
the surface (while strongly mixing with ambient water) resulting in the amplitude differ-
ence. This seems not to be the case in our record. Possibly the freshwater event in or20

close to the Greenland Sea released both a sediment-loaded and a largely sediment-
free freshwater plume which in combination may explain the strong near-surface and
weaker bottom water δ18O depletions. The sediment-loaded plume mechanism may
also explain the significant thickness of the light δ18O layers in cores PS1878 and
PS2887. While the plume was losing its load, the sedimentation rates increased dra-25

matically in the affected areas resulting in thick, fine-grained deposits. The duration of
the freshwater outbursts was significantly shorter than it appears from the linear age
interpolation between the dating points as such an event cannot last incessantly for
several thousand years.
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Following the freshwater event(s), the planktic δ18O values increased to values
around 4 %� or more (Figs. 2 and 5), indicating that the freshwater influence had de-
creased by this time. Also the increasing δ13C values suggest that the ventilation of (at
least subsurface) water was reactivated.

In the PS1910 record, changes in the oxygen isotope record are gradual and of low5

amplitude. This suggests that the site was not directly influenced by freshwater dis-
charges. Short freshwater events like those recorded in core PS1878 between 15 and
13 ka may have taken place at site PS1910 (as well as PS1906 after the major event)
but are obscured by low resolution. The generally heavy δ18O values throughout the
deglaciation, as well as later on, indicate a relatively strong inflow of Atlantic waters to10

this area.
Core PS1894 recorded generally the lowest planktic δ18O values of all four records.

This site is located on the Greenland continental slope, in direct proximity to the EGC
and under the sea-ice cover. Thus the lowest δ18O might result from the weakest in-
fluence of AW and the lowest salinity. Today, the salinity at site PS1894 is 1–2 lower15

than further to the east, in the ice-free areas (Thiede and Hempel, 1991). In contrast
to the other sites, the onset of the deglaciation (after 17 ka) seems to be characterized
by a warming of the (sub)surface water rather than by a freshwater inflow, as the oxy-
gen isotope ratio decrease is accompanied by the appearance of subpolar foraminiferal
species (Figs. 2 and 4). It is possible that a minor enhancement of the Atlantic Water20

inflow into the north-western Greenland Sea coincided with and probably also con-
tributed to the termination of LGM-type conditions and the onset of deglacial changes
at this site. It might seem counterintuitive that at this site which is the one most affected
by PW, the subpolar species appeared so early and in such high amounts (around
20 %), especially since even in late Holocene sediments they constitute less than 20 %25

of the planktic fauna in this area (Husum and Hald, 2012). It may, however, indicate
the advection of Atlantic waters subducted below stratified and sea-ice covered sur-
face water layers (Bauch et al., 2001). This is confirmed by the modern oceanographic
measurements on a W–E profile across the Greenland Sea (Thiede and Hempel, 1991)
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showing higher subsurface temperatures at stations covered with sea-ice than in the
ice-free areas.

After the initial decrease in δ18O, the values in the PS1894 record remain lower than
at other sites (Fig. 2). Although the data do not indicate any major direct freshwater
discharges in this area, the surface water salinity was apparently lower than at the5

other sites, 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 light δ18O excursion (12.8–11.9 ka) that fits into the
timespan 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, as10

well as in PS1230 and PS1243 (Bauch et al., 2001). We associate them also with the
YD and used them for the correlation of the cores (Figs. 2 and 5). The oxygen isotope
record of core PS1894 contains no indications that could be linked to the YD. However,
as already mentioned above, this record exhibits generally low δ18O values (<3.5 %� in
the interval around the YD), often lower than those of the light δ18O excursions in the15

other records. This indicates that the site was under a constant influence of relatively
fresh PW that could obscure the YD signal.

The debate on the origin, nature and course of the YD continues for decades
(e.g. Broecker et al., 1989, 2010; Teller et al., 2005; Murton et al., 2010; Fisher and
Lowell, 2012) and certainly the last word has not been spoken yet. We do not aim to20

solve this issue. However, the presence of the YD light δ18O signal in the Fram Strait
and the Greenland Sea suggests the Arctic region as the source area for the freshwa-
ter pulse. If such a pulse was indeed the trigger for the YD (cf. Broecker et al., 2010),
then our data would support the modeling results of Condron and Winsor (2012). They
indicate that only a freshwater discharge to the Arctic (probably via the Mackenzie Val-25

ley) was able to reach the deepwater formation regions in the North Atlantic (including
our study area) and weaken the AMOC sufficiently to trigger the YD.
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Virtually all of our records, including those showing no or little planktic δ18O deple-
tion during the YD, show at least a slight increase in the planktic δ13C, pointing to an
improved ventilation of the subsurface water. This could be explained by a thicker but
weaker halocline during the YD (Cronin et al., 2012) as already discussed by Telesiński
et al. (2013) for site PS1878. A deepening of the halocline would also have pushed the5

warm Atlantic Layer into intermediate depths and perhaps as deep as 3000 m (Cronin
et al., 2012). This temperature increase could then explain the slight δ18O decrease in
the benthic records of cores PS1910 and PS1878 (Fig. 6).

6.4 Holocene

The onset of the Holocene is marked by the increase in the total abundance of planktic10

foraminifera and the percentage of subpolar species as well as by the decrease in
IRD abundance in all our cores (Figs. 8 and 9). However, the transition looks different
at the individual sites. In the southern Fram Strait (site PS1906) both faunal proxies
increased relatively rapidly around 12 ka. This was, perhaps, related to the onset of
the flow of the NAC branch which at present directly affects this site (Fig. 1) as the15

AW advection to the eastern Nordic Seas increased strongly already at the very onset
of the Holocene (e.g. Sarnthein et al., 2003; Hald et al., 2007; Risebrobakken et al.,
2011). Further to the south, at sites PS1910 and PS1878, the increase was much
more gradual and the highest values were reached between 10 and 8 ka. Subsurface
waters at site PS1878 also warmed slowly to reach ca. 3 ◦C only around 8 ka (Fig. 7).20

This might confirm that in the earliest Holocene the influence of the melting Greenland
Ice Sheet was strong and acted as a negative feedback to the orbitally forced climatic
optimum (Blaschek and Renssen, 2013). The abundance of IRD decreased at three
of our sites (PS1906, PS1910, PS1878) and indicates that only few icebergs reached
the southeastern Greenland Sea due to the northward propagation of the warmer water25

masses and perhaps a westward shift of the Greenland Sea gyre. The decrease in IRD
deposition was less prominent in the southern Fram Strait, most probably due to the
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proximity of the Transpolar Drift, still bringing numerous icebergs from the circum-Arctic
region.

Site PS1894 showed the least significant changes at the onset of the Holocene.
The abundance of subpolar fauna only recovered from a slight decrease during the
YD (Fig. 9). The increase in faunal abundance was more significant but it reached5

only around half of its Holocene maximum (Fig. 8). In contrast to the other sites, the
IRD abundance increased and remained positively correlated with the foraminiferal
abundance. These proxy data indicate that the eastern part of the Greenland Sea
remained under the polar conditions with cold surface water, numerous icebergs and
sea-ice cover presumably for most of the time.10

For the entire study area, it is difficult to define a common thermal maximum which
we define as the interval with the highest percentage of subpolar species (or high-
est absolute temperatures in core PS1878). Not only the course of the initial warming
but also the duration and the termination of the warmest interval differed between the
sites. In the southern Fram Strait (site PS1906) the thermal maximum started already15

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 partly be attributed to the uncertainties in
the correlation between the records which was mainly based on the isotope records.
Nevertheless, the onset of the warmest interval around 11–9 ka accords with many20

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 Maximum (HTM) was related to maximum insolation in the
high latitudes (e.g. Andersen et al., 2004; Risebrobakken et al., 2011) and the max-
imum in northward oceanic heat transport by the NAC (Risebrobakken et al., 2011).25

The late thermal maximum at site PS1878 might have resulted from the large distance
between the site and the core of the NAC (Fig. 1) as well as the presence of freshwater
in the earliest Holocene (Fig. 5) though the latter must be expected also for the other
three sites. Also the relative proximity of the remnant Greenlad Ice Sheet, still deliv-
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ering 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 the modern temperatures at this depth in the Vesterisbanken area (max. 2 ◦C,
Thiede and Hempel, 1991) and indicates that the advection of Atlantic waters to the5

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 in our

records was also not simultaneous and (except for PS1878) much more gradual than
the early Holocene warming (Figs. 7 and 9). This is in agreement with other studies
(e.g. Bauch et al., 2001; Sarnthein et al., 2003; Hald et al., 2007; Giraudeau et al.,10

2010; Risebrobakken et al., 2011; Husum and Hald, 2012; Werner et al., 2013) al-
though in cores PS1906 and PS1878 relatively late. The large scale climatic variations
like the HTM were largely forced by the changes in insolation. However, these regional
variations in timing and scale of the warming are the manifestation of the reorganiza-
tion of the specific water mass configuration that took place in the Nordic Seas in the15

early Holocene and resulted in the establishment of the modern-like ocean circulation
(Bauch et al., 2001).

During the Middle Holocene (between ca. 6–5 and 3 ka) most of our records indi-
cate cooling. The Neoglacial cooling was a result of decreasing insolation (Andersen
et al., 2004) and is commonly observed in the Nordic Seas (e.g. Giraudeau et al., 2010;20

Rasmussen and Thomsen, 2010; Werner et al., 2013), but with some remarkable ex-
ceptions (Risebrobakken et al., 2011).

Around 7 ka the planktic δ13C values in all our cores reached a maximum and re-
mained stable until ca. 3 ka (Fig. 5). Such a δ13C “plateau” is common in the Nordic
Seas records during this interval (e.g. Vogelsang, 1990; Fronval and Jansen, 1997;25

Bauch et al., 2001; Sarnthein et al., 2003; Risebrobakken et al., 2011; Werner et al.,
2013) and seems to reflect the period of maximum ventilation of the subsurface wa-
ters and/or relatively stable and modern-like environmental conditions (Bauch et al.,
2001; Sarnthein et al., 2003) as well as weak surface water stratification (Bauch and
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Weinelt, 1997). Its onset also corresponds to the establishment of the modern ISOW
flow (Thornalley et al., 2010) and AMOC strengthening (Hall et al., 2004). Our benthic
δ13C records (Fig. 6) as well as 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 water and together with the above mentioned5

data suggests that between 7 and 3 ka intensive deep water convection took place in
the Nordic Seas. The AMOC intensification after 7 ka implies enhanced inflow of AW
and PW into the Greenland Sea. The increasing influence of cold PW would amplify
the Neoglacial cooling in the area which might explain the relatively sharp warm-cold
transition at site PS1878 at 5.5 ka. The cooling, in turn, would enhance the sea-ice10

formation and strong winds which would open up leads and provoke super-cooling
processes further intensifying the deep water formation.

Our central Greenland Sea record (PS1878) shows benthic δ13C values
>1.5 %� which are unequaled if compared to other Holocene records from the Nordic
Seas (Fig. 6, cf. Bauch et al., 2001; Sarnthein et al., 2003). This indicates that the15

bottom water was well ventilated. The only process that could explain it is the deep
convection. Therefore our data suggest that the deep convection was taking place in
the central Greenland Sea, in the proximity of site PS1878 and it was at its maximum
between 7 and 3 ka.

The planktic δ13C decrease after around 3 ka, observed in all our records (Fig. 5),20

appears to be a sound stratigraphic time marker (Bauch and Weinelt, 1997). Moreover,
as it occurs in all our records from the western Nordic Seas as well as in sediment
cores from the eastern Nordic Seas (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 is of overregional implication. We relate these changes to a decrease25

in ventilation of the subsurface water and an increase in stratification of the upper wa-
ter layers. A reconstruction of sea-ice conditions in the Fram Strait (Müller et al., 2012)
showed increasing sea-ice occurrences since 8 ka. Around 3 ka a further significant ex-
pansion of sea-ice cover occurred and the sea-ice conditions became more fluctuating.

5055

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/5037/2013/cpd-9-5037-2013-print.pdf
http://www.clim-past-discuss.net/9/5037/2013/cpd-9-5037-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
9, 5037–5075, 2013

Water mass evolution
of the Greenland Sea

since lateglacial
times

M. M. Telesiński et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Although in the record from the East Greenland Shelf (Müller et al., 2012) no increase
in sea-ice cover is observed before 3 ka (perhaps because this area was strongly influ-
enced by the sea-ice during the entire Holocene), the total sea-ice cover in the Nordic
Seas was probably increasing. Renssen et al. (2006) showed that negative solar irra-
diance anomalies can cause an expansion of sea-ice temporarily relocating deepwater5

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 water layers and decreased the
ventilation of the subsurface water. This solar irradiance anomaly may also be related
to the increase in ice-rafting in the North Atlantic around that time (Bond et al., 2001;10

Renssen et al., 2006).
In two of our benthic carbon isotope records (PS1910 and PS1878, Fig. 6) we ob-

serve a decrease around 3 ka similar to that in the planktic record. This is, however,
not the case elsewhere (PS1894; Bauch et al., 2001; Sarnthein et al., 2003; Werner
et al., 2013). The decrease in the benthic δ13C values suggests that, probably as a15

result of the more extensive sea-ice cover and a stronger stratification of the upper
water layers, deep convection diminished or did not reach the maximum basin depth
anymore (Renssen et al., 2006). The two sites (PS1910 and PS1878) were most prob-
ably located closest to the convection centre and the decrease in convection rate or
depth was recorded there as the benthic δ13C decrease. At other sites that were lo-20

cated farther from the convection centre the bottom waters were not as well ventilated
before 3 ka and therefore there was no decrease in their ventilation that would be large
enough to be recorded in the sediment archive.

As described by Telesiński et al. (2013), significant changes are observed in core
PS1878 since 3 ka. The total foraminiferal abundance (Fig. 8) and percentage of sub-25

polar species (Fig. 9) increase and the planktic carbon and oxygen isotope ratios de-
crease. These changes were interpreted as warming of subsurface water caused by
the NAO-induced increase in the AW inflow amplified by stronger upper water layers
stratification (Telesiński et al., 2013). The benthic data from core PS1878 show that the
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planktic and 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 and 6). The planktic values
begin to decrease after the stable interval of the Middle Holocene and O. umbonatus
values start to increase, while C. wuellerstorfi oxygen isotope ratios follow the earlier
slightly decreasing trend. This indicates increasing differentiation of water masses and5

fits well with the previous interpretation.
In the other records from the Greenland Sea the changes after 3 ka are not that

obvious. Core PS1894 shows a slight increase in the percentage of subpolar species
(Fig. 9) and an increase in the total faunal abundance and IRD (Fig. 8). At this loca-
tion, strongly affected by the PW, this might indicate at least seasonally open water10

conditions with somewhat higher temperatures at the surface (a situation similar to
that at other sites during the LGM, see above). Planktic oxygen isotope ratios de-
crease slightly which might suggest warming of the subsurface water. Cores PS1906
and PS1910 show virtually no indications of warming or increased AW influence.

The subsurface temperature reconstruction from site PS1878 indicates a warming15

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 comparable 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. Spielhagen et al., 2011) though of
course on a significantly longer time scale. A comparison with the faunal data from20

other Greenland Sea cores (Fig. 9) shows that this phenomenon was confined only
to the central part of the Greenland Sea and resulted from the co-occurrence of the
stronger water column stratification and the enhanced inflow of Atlantic waters to the
site.
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7 Summary and conclusions

The records presented here show the first millennial- to multicentennial-scale image
of the paleoceanographic evolution in the northern and central Greenland Sea. De-
spite the low sedimentation rates in the northern part of the study area and the re-
lated chronological uncertainties, the correlation and comparison with a high resolution5

record PS1878 (Telesiński et al., 2013) allowed us to study the spatial and temporal
range of the most important oceanographic processes. The integration of surface, sub-
surface 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 conditions with abundant sea-ice, numerous icebergs and low10

biological productivity prevailed in the area. During the deglaciation the Greenland
Sea was affected by freshwater discharges. Although we argue that they were roughly
simultaneous (between 18 and 15 ka) and had a common trigger mechanism, their
sources and character were probably different. During the YD the Greenland Sea was
affected by a major deglacial freshwater discharge most probably originating from the15

Arctic. Our data suggest a thicker but weaker halocline, better ventilation of the subsur-
face water 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 the reorganization of the ocean circu-
lation in the region. Similarly, the peak warming was not reached simultaneously at all20

sites. The thermal maximum at site PS1878 was not reached until ca. 8 ka which is 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
high δ13C values, both planktic and benthic, indicate the establishment of the modern
ocean circulation in the Nordic Seas with maximum deep convection in the Greenland25

Sea. Despite the strong AMOC, decreasing insolation led to the Neoglacial cooling and
an increase in the sea-ice cover. At 3–2.8 ka a solar irradiance minimum may have trig-
gered a rapid increase of the sea-ice occurrence that led to a stronger stratification of
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the upper water layers and, subsequently, to a weakening of deep convection in the
Greenland Sea and of the AMOC. Then, an increase in AW inflow into the Nordic Seas
led to the subsurface warming in the central Greenland Sea (site PS1878). Due to the
relatively strong water stratification and presence of sea-ice (and thus the isolation of
the subsurface water from the atmosphere and other water masses) subsurface tem-5

peratures rose to a level comparable with the Early Holocene thermal maximum at this
site.

The comparison of the Greenland Sea records suggests insolation to be the primary
driver controlling the regional palaeoceanographic evolution while the routing and inten-
sity of AW inflow seems to control the spatial variability in the area. Other processes,10

including sea-ice formation, deep convection, freshwater discharges etc. also played
an important role.
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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 BC1 27
PS1878-3 73◦15.3 N 9◦00.7 W 3048 KC2 113
PS1894-7 75◦48.8 N 8◦15.5 W 1992 BC1 42
PS1906-1 76◦50.5 N 2◦09.0 W 2990 BC1 33
PS1910-1 75◦37.0 N 1◦19.0 E 2448 BC1 33

1 BC – giant box core, 2 KC – kasten core.

5065

http://www.clim-past-discuss.net
http://www.clim-past-discuss.net/9/5037/2013/cpd-9-5037-2013-print.pdf
http://www.clim-past-discuss.net/9/5037/2013/cpd-9-5037-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


CPD
9, 5037–5075, 2013

Water mass evolution
of the Greenland Sea

since lateglacial
times

M. M. Telesiński et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Table 2. AMS 14C measurements and their calibrated ages for the cores used in the study.

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 16 880±100 19 625
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Fig. 1. Present day surface water circulation in the Nordic Seas. Cores used in this study
are marked with yellow dots; other cores mentioned in text are marked with orange dots. Red
arrows indicate Atlantic Water, blue arrows – Polar Water, white broken lines – oceanographic
fronts. White arrow – present-day deep convection (Marshall and Schott, 1999). EGC – East
Greenland Current, NAC – North Atlantic Current, WSC – West Spitsbergen Current, GFZ –
Greenland Fracture Zone. Bathymetry from The International Bathymetric Chart of the Arctic
Ocean (http://www.ibcao.org, 2012).
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Fig. 2. Planktic oxygen and carbon stable isotope records of cores from the Nordic Seas and
suggested correlation between them. Calibrated AMS 14C dates are shown. Dates excluded
from the correlation are marked with pale red.
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study and core PS1243. Correlation and ages as in Fig. 2.
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Fig. 4. Relative abundances of the three most common planktic foraminifera species in cores
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(dex), T.q. – T. quinqueloba. Correlation and ages as in Fig. 2. Mark the different size fractions
used in core PS1243.
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