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Abstract: A multiproxy data set of an AMS radiocarbon dated 46 cm long sediment core
from the continental margin off western Svalbard reveals multidecadal climatic variability
during the past two millennia. Investigation of planktic and benthic stable isotopes, planktic
foraminiferal fauna, and lithogenic parameters aims to unveil the Atlantic Water advection to
the eastern Fram Strait by intensity, temperatures, and salinities. Atlantic Water has been
continuously present at the site over the last 2,000 years. Superimposed on the increase in sea
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ice/icebergs, a strengthened intensity of Atlantic Water inflow and seasonal ice-free
conditions were detected at ~1000 to 1200 AD, during the well-known Medieval Climate

T

Anomaly (MCA). However, temperatures of the MCA never exceeded those of the 20th

IP

century. Since ~1400 AD significantly higher portions of ice rafted debris and high planktic

CR

foraminifer fluxes suggest that the site was located in the region of a seasonal highly
fluctuating sea ice margin. A sharp reduction in planktic foraminifer fluxes around 800 AD

NU
S

and after 1730 AD indicates cool summer conditions with major influence of sea ice/icebergs.
High amounts of the subpolar planktic foraminifer species Turborotalia quinqueloba in size

MA

fraction 150-250 µm indicate strengthened Atlantic Water inflow to the eastern Fram Strait
already after ~1860 AD. Nevertheless surface conditions stayed cold well into the 20th
century indicated by low planktic foraminiferal fluxes. Most likely at the beginning of the

ED

20th century, cold conditions of the terminating Little Ice Age period persisted at the surface

PT

whereas warm and saline Atlantic Water already strengthened, hereby subsiding below the
cold upper mixed layer. Surface sediments with high abundances of subpolar planktic

CE

foraminifers indicate a strong inflow of Atlantic Water providing seasonal ice-free conditions

Keywords

AC

in the eastern Fram Strait during the last few decades.

Late Holocene, Fram Strait, Atlantic Water, multiproxy, stable oxygen and carbon isotopes,
planktic foraminifers

1. Introduction
In the recent climate discussion the Arctic Ocean has been identified as one of the
most sensitive areas with respect to ongoing global warming processes. In particular, the term
“Arctic amplification” has become popular when explaining the enforced warming in the
Arctic. In high latitudes, greenhouse gas-induced rises in atmospheric temperatures generate a
2
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lowering of the albedo due to sea ice loss. As a consequence, compared to the Northern
Hemisphere as a whole, more heat is transported from the Arctic Ocean to the atmosphere,

T

especially during winter (e.g., Manabe and Stouffer, 1980; Serreze et al., 2009). The Fram

IP

Strait is the only deepwater passage for relatively warm and saline Atlantic Water (AW)

CR

masses to enter the Arctic Ocean. While its western part is perennially ice-covered, Atlantic
Water enters the Arctic Ocean through the eastern part of Fram Strait, keeping it ice-free all

NU
S

year (Fig. 1). Today, Fram Strait plays a crucial role for the heat budget and the sea ice extent
of the Arctic. During the past few decades it has shown major variabilities in the flow strength

MA

of Atlantic Water (e.g., Karcher et al., 2003; Schauer et al., 2004). As a consequence,
enhanced heat influx by Atlantic Water led to almost completely absence of ice in
Kongsfjorden (Svalbard) during winter/spring 2006 (Hop et al., 2006) and subsequently to a

ED

delayed and reduced spring bloom (Hegseth and Tverberg, 2008). During the following two

PT

winters a reduced ice cover persisted which may be an indication for a warming of the entire
fjord system that may have passed a tipping point (Hop et al., 2010) with most likely major

CE

impacts on the biological system.

AC

Proxy data provide knowledge of past climate variability that is essential for
understanding and modelling of current and future climate trends (Jones et al., 2001). In
extending the record of climate variability beyond the era of instrumental measurements,
proxy records provide information about the mechanisms, forcing factors, and spatial and
temporal ranges of climatic variations (Houghton et al., 1996; Jones et al., 2001).
Terrestrial proxy studies and marine low-resolution proxy data reveal a pervasive
cooling during the past two millennia in the Arctic realm that is mainly attributed to the
orbitally driven reduction in summer insolation (Kaufman et al., 2009; Moberg et al., 2005).
Beside the general cooling trend, climate fluctuations, in particular the Medieval Climate
Anomaly (MCA) and the Little Ice Age (LIA), have been noticed in the North Atlantic region
(e.g., Bjune et al., 2009; Eiríksson et al., 2006). Notably, it has been debated whether
3
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temperatures during the MCA exceeded those of the warming in the past few decades and if
there was a warming during the medieval at all (Broecker, 2001; Hughes and Diaz, 1994;

T

IPCC, 2007; Moberg et al., 2005). In the Fram Strait area such climate variability is expressed

IP

in the glacier history on Svalbard. Studies on Svalbard glaciers have unveiled the Little Ice

CR

Age glaciation as the most extensive late-Holocene glacier advance recognized on
Spitsbergen (Isaksson et al., 2005; Svendsen and Mangerud, 1997; Tarussov, 1992; Werner,

NU
S

1993).

In this paper, we present high-resolution, multidecadal proxy records off West

MA

Spitsbergen where surface waters primarily are influenced by the relatively warm and saline
Atlantic-derived water masses of the West Spitsbergen Current (WSC). While high-resolution
marine proxy reconstructions are still lacking for the latest Holocene in the Arctic Ocean, a

ED

few studies are available from the Nordic Seas (e.g., Eiríksson et al., 2006; Klitgaard

PT

Kristensen et al., 2004; Sicre et al., 2008) and the Fram Strait (Bonnet et al., 2010). In
reconstructing sea-surface temperatures (SST) by alkenones at the North Icelandic shelf, Sicre

CE

et al. (2008) found an abrupt increase of SST at ca 1000 AD, related to the onset of the MCA.

AC

A sharp cooling after ca 1350 AD is attributed to the beginning of the LIA (Sicre et al., 2008).
Indicated by planktic foraminifer assemblages and planktic stable isotopes, Eiríksson et al.
(2006) reported an overall cooling trend throughout the last ca 1000 years north of Iceland
and at the Norwegian margin. Klitgaard Kristensen et al. (2004) indicate lower-than-present
temperatures from 1225 to 1450 and 1650 to 1905 AD in the eastern Norwegian Sea, the
latter interval attributed to the Little Ice Age. The past 80 years have been described as
warmest within the last 800 years period at the Norwegian margin (Klitgaard Kristensen et al.,
2004).
A marine record from the West Spitsbergen continental margin with similar time
resolution was obtained from station JM06-WP-04 MC (78°54’N, 6°46’E) in the very vicinity
to our study site (Bonnet et al., 2010). Interrupted by short cooling pulses, conditions warmer
4
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than present were reconstructed for near-surface waters before ~1650 AD by studies on
dinocyst assemblages (Bonnet et al., 2010). Warmest sea surface temperatures with ice-free

T

conditions were detected in this study around ~1320 cal years BP (ca 630 AD). During the

IP

last ~300 cal years BP Bonnet et al. (2010) indicated a cooling trend of surface waters with

CR

significantly increasing sea ice coverage.

In the eastern Fram Strait Atlantic Water submerges beneath a less saline and cooler

NU
S

upper mixed water layer (e.g., Ślubowska et al., 2005) keeping a large part of eastern Fram
Strait ice-free throughout the year. Dinocyst assemblages mainly reflect surface ocean

MA

conditions (e.g., Serjeant, 1974; Taylor, 1987). Reconstructing the past behaviour of the
complex ocean current system in the eastern Fram Strait is essential to understand ongoing
changes in the Arctic Ocean. It requires reliable indicators of both, surface and subsurface

ED

water layers. Planktic foraminifers are a useful tool to detect conditions in different water

PT

depths. While the polar species Neogloboquadrina pachyderma calcifies its tests at the base
of the surface water layer in 50 to 200 m water depth the subpolar species Turborotalia

CE

quinqueloba is known as a symbiont-bearing surface dweller (Simstich et al., 2003) bound to

AC

seasonally open conditions (Kucera et al., 2005). By using the isotopic composition of
planktic and benthic foraminifers, planktic foraminiferal assemblages and lithogenic
parameters, our study tracks variations in the intensity of Atlantic Water inflow and changes
in the sea ice extent in the eastern Fram Strait, and hence, variations of the heat transfer to the
Arctic Ocean during the last two millennia.

2. Regional setting
In the eastern Fram Strait, relatively warm and saline water masses deriving from the
North Atlantic Current are carried poleward with the WSC into the Arctic basin (Quadfasel et
al., 1987; Fig. 1). Part of the inflowing Atlantic Water continues north and west of the
Yermak Plateau as the Yermak Branch, whereas the Svalbard Branch transports these water
5
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masses eastwards into the Arctic Ocean (Manley, 1995; Rudels et al., 2000; Saloranta and
Haugan, 2001). The East Spitsbergen Current (ESC) carries cold water and sea ice from the

T

Arctic Ocean southward along the east coast of Svalbard to the south and west around

IP

Spitsbergen (Hopkins, 1991; Loeng, 1991). Part of it, eventually mixing with brine-enriched

CR

shelf water from Storfjorden (Quadfasel et al., 1988; Schauer, 1995), joins the WSC to the
west (Hopkins, 1991, and references therein), thereby cooling and freshening the north-

NU
S

flowing Atlantic Water masses. The western part of the Fram Strait is controlled by the
southward directed East Greenland Current (EGC), which transports cold fresh water and sea

MA

ice along the Greenland continental slope into the Nordic Seas where minor currents such as
the Jan Mayen Current and the East Icelandic Current branch off eastward (Fig. 1; Hopkins,
1991).

ED

The hydrography of the Fram Strait controls the persistence of a specific seasonal sea

PT

ice distribution pattern (Fig. 1). The western part in the vicinity of the Greenland coast is
perennially covered by sea ice, whereas the eastern Fram Strait has seasonally varying ice

CE

conditions. Large areas in the west and north of Svalbard stay ice-free all year, affected by the

AC

warmer, higher saline Atlantic Water inflow (Aagaard et al., 1987; Rudels et al., 2000).
Norwegian Sea Deep Water (NSDW), that originates from thermohaline processes in
the Greenland Sea, flows northwards underneath the WSC in the eastern Fram Strait (Swift
and Koltermann, 1988; Schlichtholz and Houssais, 1999).
During the past ~150 years, the investigated site experienced alternating positions of the
winter sea ice margin (Vinje, 2001). Thus, similar sea ice variability can be anticipated also
for the last two millennia. Today, the study site is situated under seasonal ice-free conditions,
impacted by the Atlantic Water-bearing WSC (Fig. 1).

3. Materials and methods

6

ACCEPTED MANUSCRIPT
The 46 cm long sediment core (box core) MSM5/5-712-1 was retrieved from the western
Svalbard continental margin (78°54.94’ N, 6°46.04’ E, 1490.5 m water depth, Fig. 1) during

T

cruise leg MSM5/5 with RV „Maria S. Merian“ in summer 2007.

IP

Sampling was carried out every 0.5 cm throughout the core section for the analysis of

CR

planktic and benthic isotopes, for ice rafted debris (IRD) and grain size studies, and for the
investigation of planktic foraminiferal assemblages in the 100-250 µm size fraction. Studies

NU
S

on planktic foraminifer assemblages in size fraction 150-250 µm and the reconstruction of sea
surface temperatures and salinities were carried out in 0.5 cm steps in the upper 5 cm and

MA

every 1 cm in the remainder of the record. Planktic foraminifer species involve
Neogloboquadrina pachyderma, Turborotalia quinqueloba, Neogloboquadrina incompta,
Globigerinita sp., and Globigerina bulloides. We refer to the term N. incompta following

ED

Darling et al. (2006) who identified N. pachyderma (sinistral coiling) (now redefined to N.

PT

pachyderma) and N. pachyderma (dextral coiling) (redefined to N. incompta) as different
species. The samples were freeze-dried and wet-sieved in deionised water through a 63 µm-

CE

sized mesh to remove clay and silt material. Dry bulk density was determined every 5 cm

AC

from defined 10 cm3 samples.
Age control is based on five accelerator mass spectrometry (AMS) radiocarbon dates
published in Spielhagen et al. (2011) (Table 1). Analyses were conducted at the Leibniz
Laboratory of Kiel University using ca 10 mg of CaCO3. Except for the surface sample all
measurements were carried out on a single species N. pachyderma. Due to an insufficient
amount of N. pachyderma additional planktic foraminifer species including T. quinqueloba,
G. bulloides, and N. incompta were used for age determination of the surface sample.
Furthermore the amount of Rosa Bengal stained benthic foraminifers was counted in the
surface sample to estimate the quantity of living species immediately after core recovery and
thus to confirm a possible modern age of the surface sample.

7
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The radiocarbon dates were converted to calendar years BP (Present = AD 1950)
applying the calibration software Calib version 6.0 (Stuiver and Reimer, 1993) with the use of

T

the Marine09 calibration data set (Reimer et al., 2009), including a reservoir correction of

IP

~400 years. Chronology is established using the calibrated calendar ages and assuming

CR

uniform sedimentation rates between them by linear interpolation. If not marked specifically
all ages discussed here are given in calendar years AD. Since the age-depth model reveals

NU
S

bidecadal time-resolution we rounded all ages accordingly. We refrained from applying a
regional average correction ∆R value since all values provided by the Marine Reservoir

MA

Correction Database in CALIB (http://calib.qub.ac.uk/marine/) were obtained from the
shallow Svalbard coast area and therefore seem not appropriate as a suitable ∆R value for our
site at ca 1500 m water depth. Nevertheless we are aware of a possible shift to younger ages

ED

due to the ∆R effect when applying our age-depth model.

PT

For investigation of ice rafted debris (IRD) lithic fragments were counted on a
representative split (> 100 grains) of the 150-250 µm size fraction. No significant changes in

CE

lithology were noted throughout the core and thus we present undifferentiated IRD data only.

AC

IRD fluxes were calculated based on dry bulk density values and linear sedimentation rates.
Sortable silt mean grain size analysis was carried out every 1 cm using an aliquot of the
freeze-dried samples. To remove carbonate and organic matter samples were treated with
acetic acid and hydrogen peroxide, respectively. After adding sodium polyphosphate for
better dispersion the freeze-dried samples were put on a shaker for at least 24 hours.
Measurements were performed with a CILAS 1180 laser-diffraction particle analyser. The
sortable silt mean grain size 10-63 µm (Robinson and McCave, 1994) was calculated using
the entire granulometric data sets based on vol.%. When considering a certain contamination
of the current-transported sortable silt with sea ice-transported silt, it is likely that a fine
sortable silt content results from less coarser silt material due to less sea ice melting (Hass,
2002).
8
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The planktic foraminifer N. pachyderma and the benthic foraminifer Cibicidoides
wuellerstorfi were chosen for stable oxygen and carbon isotope analyses because of their

T

continuous presence in the sediment core. In order to prevent possible ecological biases of

IP

different morphotypes (Healy-Williams, 1992) only "square-shaped" (four-chambered)

CR

specimens of N. pachyderma were used. Analysis was performed at the IFM-GEOMAR
Stable Isotope Lab using a Finnigan MAT 253 mass spectrometer system and a Kiel IV

NU
S

Carbonate Preparation Device. The carbonate was treated with orthophosphoric acid at 70°C.
The analytical accuracy is 0.06‰ for δ18O and 0.03‰ for δ13C or smaller. All measurements

MA

were calibrated to Pee Dee Belemnite (PDB) standard (international standard NBS 19).
Oxygen isotope data of C. wuellerstorfi were corrected for their disequilibrium effect by

ED

+0.64‰ (Duplessy et al., 2002; Shackleton and Opdyke, 1973).
Planktic foraminiferal assemblages were studied on the size fractions 100–250 µm and

PT

150-250 µm (see Spielhagen et al., 2011). A representative split of at least 300 planktic
foraminiferal tests was counted and identified to species level. The fraction >250 µm was

CE

neglected due to an almost complete absence of planktic foraminifers. Planktic foraminifer

AC

fluxes were calculated on dry bulk density values and linear sedimentation rates (Spielhagen
et al., 2011).

For calculation of sea surface temperatures (SST) we used the planktic foraminifer
census data of size fraction 150-250 µm following the SIMMAX procedure of Pflaumann et
al. (1996) (for details see Spielhagen et al., 2011). In order to reconstruct salinity variations
we used the paleotemperature equation (O’Neil et al., 1969)

T = 16.9-4.38(δc-δw)+0.1(δc-δw)2

to derive δ18O of the ocean water (δw in V-SMOW) from SST used from our SIMMAX
reconstruction (T) and our measured δ18O values of N. pachyderma (δc). In order to derive
9
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salinities from δw we applied a modern salinity/δ18O correlation of the water column on the
Western Svalbard margin from 100 to 500 m water depth, which covers the depth of the AW

T

core within the WSC. Data from Frank (1996) and Meredith et al. (2001) were retrieved from

CR

IP

the Global Seawater Oxygen-18 Database (Schmidt et al., 1999; Fig. 2):

NU
S

δ18O = 0.471 * S - 16.195.

Overall, the applied data show a relative small range of variations. The observed correlation is

MA

very similar to a mixing line between Atlantic Water (δ18O of 0.3‰ vs. SMOW; salinity 35.1)
and measurements made for fjord waters at the Svalbard coast (100-500 m water depth in the

ED

nearby Kongsfjorden; MacLachlan et al., 2007). Here, freshwater mainly consists of glacial
melt water and the mixing line with Atlantic Water reveals a relationship of δ18O = 0.43 * S -

PT

14.69 (MacLachlan et al., 2007). Due to the similarity between mixing lines of water in the

CE

WSC and fjord waters (Fig. 2), we expect the glacier melt influence to cause variations seen
in the modern inflow of AW in the eastern Fram Strait and suppose that glacial melt water

AC

also had some influence on the water masses at our investigated site.
The calculated salinity value of about 35.5 for the core top sample is slightly higher
than a salinity of 35.1 seen in present-day Atlantic Water at this position (Fig. 4g). We correct
our salinity calculations by a shift of -0.2‰ in foraminiferal δ18O in order to fit present-day
Atlantic Water salinity of 35.1. A δ18O vital effect for N. pachyderma cannot explain the
calculated high salinity values as estimates vary between 0.8 and 1.3‰ for the Arctic (Bauch
et al., 1997; Kohfeld et al., 1996; Volkmann and Mensch, 2001) and 0.4‰ for the eastern
Fram Strait (Spielhagen and Erlenkeuser; 1994). Instead a shift of -0.2‰ in foraminiferal
δ18O may be generated by a temperature shift of roughly 1°C in reconstructed relative to
actual temperatures. A temperature shift at the core position may easily occur as temperatures

10
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within the West Spitsbergen Current are rapidly decreasing northward (Saloranta and Haugan,
2004) and SIMMAX SST may still partly represent higher temperatures found upstream.

T

Corrected foraminiferal δ18O (-0.2‰ shift) are used for salinity reconstructions only, and for

IP

the interpretation of reconstructed salinities only salinity trends are used. We like to note that

planktic δ18O values and calculated SIMMAX SST.

CR

the calculated SSS values are not an independent proxy but rather a translation of measured

NU
S

Based on the paleotemperature equation (O’Neil et al., 1969) present-day oxygen
equilibrium calcite values were calculated for subsurface (50 to 200 m) and bottom (1000 to

MA

1600 m) water depths, respectively (Frank, 1996; Meredith et al., 2001; Schmidt et al., 1999).
Oxygen isotope values of seawater (in V-SMOW) were transferred into δ18O (PDB) (Bemis et

PT

4. Results and interpretation

ED

al., 1998).

4.1 Sedimentation rates and lithological variations

CE

The stratigraphic record of box core MSM5/5-712-1 extends ca 2,000 years (Table 1,

AC

Fig. 3a, for details see Spielhagen et al., 2011). Linear sedimentation rates vary between 18
and 20 cm/kyr in the lower core section and are 28.3 cm/kyr after 1500 AD (Fig. 3b). The
time span of each 0.5 cm thick sample slice ranges between 25.1 and 27.7 years until 1500
AD, and is 17.7 years/0.5 cm sample for the past ca 500 years. Time resolution of planktic
foraminiferal investigation of size fraction 150-250 µm, of the SST and SSS calculations, and
of the sortable silt varies between 50.3 and 55.4 years/1 cm sample in the lower core section.
During the past 500 years sortable silt samples cover a time span of 35.3 years/1 cm sample
whereas samples of planktic foraminiferal study of size fraction 150-250 µm and the SST and
SSS calculations range between 35.3 (1500-1850 AD) and 17.7 (since 1850 AD) years/0.5 cm
sample. Dry bulk density values and linear sedimentation rates were used to calculate
accumulation rates, which vary between 11.1 and 17.7 g/cm2*kyr.
11
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On a sediment core from the same site (JM06-WP-04-MC, 78°54’N, 6°46’ E) mean
sedimentation rates of ~18 cm/kyr contrast high sedimentation rates for the uppermost 11.5

T

cm (between 30 an 50 cm/kyr) based on AMS-14C and 137Cs measurements (Bonnet et al.,

IP

2010; Carignan et al., 2008). The high uppermost sedimentation rates have been attributed to

CR

an increased proportion of the coarse material that might possibly result from increased ice
rafting (Bonnet et al., 2010). The same applies to our record where high sedimentation rates in

NU
S

the uppermost ~15 cm correspond to higher input of IRD and coarse-grained material as well
as higher planktic foraminifer fluxes (Fig. 4a, c). Carignan et al. (2008) measured the
anthropogenic lead distribution of the upper 20 cm of the JM06-WP-04-MC sediment core. A

MA

systematic decrease of high 210Pb and anthropogenically-induced, less radiogenic input within
the uppermost sediment layers and constant concentrations below confirmed mixing effects

ED

caused by bioturbation in the uppermost 8 cm of the sediment core (Carignan et al., 2008).

PT

Thus, the obtained 210Pb data could not be used to document sedimentation rates (Bonnet et
al., 2010).

CE

IRD flux is relatively low until ~1300 AD with average values of ca 1,500

AC

grains/cm2*kyr (Fig. 4c). After 1350 AD it increases significantly. Lowest fluxes occur
between 100 and 400 AD while a maximum of more than 5,400 grains/cm2*kyr is observed
~1890 AD.

The sortable silt mean grain size is comparably small (around 25 µm) during almost
the whole core section (Fig. 4d). After 1920 AD it increases significantly with a maximum of
33 µm around 1950 AD. The modern value falls back to 28 µm (Fig. 4d). Since various
influences on the sortable silt grain size e.g., by bottom currents, their sediment loads and by
possible IRD contamination are not fully understood at the moment, we refrain from a
detailed interpretation but draw our conclusions on the main trends seen in the sortable silt
record.

12
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The sand content (63-1000 µm) varies between 1.7 and 9.0% (Fig. 4e). Lowest
portions not exceeding 2% coincide with those observed in the IRD flux at 100-400 AD.

T

Since 1700 AD the sand content parallels the trend in IRD flux and increases with average

CR

IP

values of more than 4.5%. It reveals its maximum of more than 9% in the surface sample.

4.2. Stable oxygen and carbon isotopes

NU
S

Variations of planktic δ18O values range between 3.0 and 4.0‰ (Fig. 4h). Episodes of
outstanding heavy values of more than 3.6‰ occur at ~30, 750-820, 1570-1610, and 1930-

MA

1960 AD. Light intervals are observed at ~100-200 and 1730-1840 AD. Benthic δ18O values
range from 4.4 to 5.2‰ (Fig. 4j). Light values (<4.6‰) appear around 250 AD, before 1100

ED

AD, and between 1850 and 1910 AD. The interval between 1930 and 1960 AD is
characterized by a sharp increase to maximum values of up to >5.0‰. Thereafter, benthic

PT

δ18O values shift to light values of up to 4.4‰.
Modern δ18O equilibrium values of the 50 to 200 m water depth range between 2.93 and

CE

4.16‰ covering not only the planktic δ18O value measured on the surface sample but the

AC

entire planktic δ18O range of the past 2000 years (Fig. 4h). The range of modern δ18O
equilibrium values from 1000 to 1600 m water depth is relatively narrow (4.41 to 4.61‰) and
cannot explain a large part of the recorded benthic δ18O values (Fig. 4j). However, the values
of the uppermost samples are in good accordance to the present-day oxygen equilibrium
range.
Planktic δ13C values vary from 0.2 to 0.6‰ (Fig. 4i). Lightest values (<0.3‰) occur in
the upper 4.5 cm, in agreement with Spielhagen and Erlenkeuser (1994) who reported modern
planktic δ13C of <0.4‰ in the eastern Fram Strait. Heavier values are noticed around 200 and
between 1500 and 1800 AD. The benthic δ13C record ranges between 0.7 and 1.3‰ (Fig. 4k).

13
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Values are higher at ~750-920 and ~1600-1850 AD. Considerably lighter values occur in the

T

uppermost core section comprising the past ca 100 years.

IP

4.3. Planktic foraminifer diversity and flux

CR

Planktic foraminiferal data and corresponding SIMMAX temperature reconstructions
from core MSM5/5-712-1 were reported by Spielhagen et al. (2011) and are presented here to

NU
S

support conclusions from other proxies. On the western Svalbard margin the planktic
foraminifer fluxes and percentages in the 100-250 µm size fraction are highly variable during
the last 2,000 years (Fig. 4a, b). At ~1-700 and ~1350–1750 AD planktic foraminifer fluxes

MA

were high (mean values around 9,000 ind./cm2*kyr) and fluctuated strongly (Fig. 4a). Lower
and less fluctuating fluxes appeared at ~700-1350 AD (5,300 ind./cm2*kyr on average) and

ED

~1730-1950 AD (1,700 ind./cm2*kyr on average).

PT

Except for the core top section, percentages of N. pachyderma vary between 55 and
86% throughout the past two millennia (Fig. 4b). In the uppermost core section, subpolar

CE

planktic foraminifers up to 66% (Fig. 5b, c, 6c) characterize high planktic foraminifer fluxes

AC

(up to 15,500 ind./cm2*kyr, Fig. 4a, 6b). Subpolar species include T. quinqueloba, N.
incompta, Globigerinita sp., and G. bulloides. The main species are shown in Fig. 5b, c.
Globigerinita sp. combines findings of Globigerinita uvula and Globigerinita glutinata which
cannot always be differentiated when smaller than 150 µm. Subpolar planktic foraminifers are
present throughout the whole core section (Fig. 6c). After ~1950 AD a drastic increase of T.
quinqueloba up to 38% is observed in size fraction 100-250 µm, paralleled by increasing
portions of Globigerinita sp., which reach up to values of 27% (Fig.5c; Spielhagen et al.,
2011).
Previous investigations have demonstrated the advantage of employing small-sized
fractions for paleoceanographic reconstructions (Kandiano and Bauch, 2002). Often, small
specimens and juvenile forms of the planktic foraminifers G. glutinata, G. uvula, and T.
14
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quinqueloba are not included in the analysis when using a coarser size fraction (e.g., Bauch,
1994; Carstens et al., 1997; Kandiano and Bauch, 2002). In size fraction 150-250 µm, average

T

portions of 80% and 15% are noticed for N. pachyderma and T. quinqueloba, respectively

IP

(Fig. 5a, b). A significant increase in percentages of T. quinqueloba is reflected in both size

CR

fraction during the last few decades. The increased content of T. quinqueloba in size fraction
150-250 µm ~1930 AD is not seen in the 100-250 µm fraction due to higher percentages of

NU
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small-sized N. pachyderma specimens.

MA

4.4. Sea surface temperature and salinity reconstruction

SIMMAX results based on the planktic foraminifer assemblages in the 150-250 µm
size fraction reveal higher summer SST between 650 and 1400 AD with maximum

ED

temperatures of 4.4°C (Fig. 4f). Highest SST are noticed from ~1800 AD to present time,

PT

with maximum temperatures (6°C) reconstructed from the sediment surface sample. They
correspond well to instrumental measurements of summer temperatures in the planktic

CE

foraminifer habitat depth (50-200 m) of the Atlantic Water core (4 to 6°C) in the eastern Fram

AC

Strait (Fig. 4f; Spielhagen et al., 2011).
A peak in sea surface salinity of 35.0 similar to the modern one is recorded after 800
AD (Fig. 4g). Higher-than-modern-salinities are reconstructed after 1910 AD with a
maximum salinity of 35.7 after ~1960 AD. Since salinities of more than 35.2 are not realistic
for this area today, we refrain from a detailed interpretation of the reconstructed sea surface
salinities. However, trends in the surface salinity record will be used for further interpretation.

5. Discussion
5.1. Neoglaciation trend and Atlantic Water inflow
Covering the last ca 2,000 years, our proxy data set suggests variable oceanographic
and climatic conditions in the eastern Fram Strait, which we attribute to the variable strength
15
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of Atlantic Water inflow and the position of the sea ice margin. Stepwise increasing IRD
contents (Fig. 4c, 6a) unveil a background trend of increasing iceberg/sea ice abundance on

T

the western Svalbard margin during the last two millennia. In high latitude areas, such an

IP

increase may reflect either warmer or cooler conditions. Glaciers can grow and discharge

CR

more icebergs both in warmer climates with more precipitation on the mountains (Nesje,
2009) and in cooler climates for which less snow melt in summer can be assumed. Coarse

NU
S

lithic particles may also be picked up by seasonal sea ice in littoral zones and released at the
sea ice margin upon melting. During the late Holocene, decreasing solar insolation (e.g.,

MA

Berger and Loutre, 1991) and increasing snow precipitation during generally milder winters
in the high northern latitudes (Moros et al., 2004; Nesje et al., 2008) are attributed to a
neoglaciation trend. It is pronounced in many terrestrial archives in northern Europe and

ED

Greenland (e.g., Bjune et al., 2009; Dahl and Nesje, 1996; Matthews et al., 2000; Nesje et al.,

PT

1991, 2000) and seems to have also affected marine sediments from the North Atlantic (e.g.,
Andrews, et al., 2009, 2010; Koç and Jansen, 2002; Jennings et al., 2002; Moros et al., 2004;

CE

Seidenkrantz et al., 2008). A stepwise IRD increase in our record confirms the neoglaciation

AC

trend (Fig. 6a) which, however, does not necessarily reflect a continuous cooling during the
past two millennia. Although coldest conditions of our reconstruction are linked to the Little
Ice Age period, we also observe cold conditions at the site between 700 and 900 AD indicated
by low and less fluctuating planktic foraminifer fluxes and a dominance of polar planktic
species (>70%, Fig. 6b, c).
Continuous abundance of the subpolar planktic foraminifer species T. quinqueloba
indicates that Atlantic Water has been permanently present during the past two millennia at
the West Spitsbergen continental margin. T. quinqueloba, today dominating the Atlanticderived water masses of the WSC with >80% (Volkmann, 2000), never falls below 8% in the
100-250 µm size fraction (Fig. 5b). Further south, Andersson et al. (2003) reported the
uninterrupted abundance of T. quinqueloba for the past 3,000 years from the Vøring Plateau.
16
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Ślubowska-Woldengen et al. (2007) found evidence for a continuous presence of Atlantic
Water at the sea floor on the western and northern Svalbard margins since approximately

IP

T

15,000 cal year BP.

CR

5.2. Paleoceanographic reconstruction and climatic implications

On a transect across the Fram Strait, Hebbeln and Wefer (1991) found highest particle

NU
S

flux rates at the sea ice margin, characterized by maximum and strongly fluctuating planktic
foraminifer fluxes (Carstens et al., 1997). Accordingly, we use variations in the planktic

MA

foraminifer flux record to subdivide our record into seven time intervals (Fig. 4). High and
strongly variable fluxes at 1 - 700 AD and 1350 - 1730 AD are interpreted as indicative of a
fluctuating ice margin located close to the study site (for detailed discussion see Zamelczyk et

ED

al., in prep.). A proximity to the ice margin is also inferred from increased IRD fluxes at 400-

PT

700 AD and after 1350 AD which indicate periods of prolonged sea ice melt. Lower and less
variable planktic foraminifers flux rates characterize three intervals, the first two also

CE

displaying low IRD fluxes. For these periods ~120 BC to 1 AD, 700 to 1350 AD, and ~1730

AC

to 1900 AD we propose more stable conditions. The interval after ~1900 AD has several
special characteristics and is treated separately.

5.2.1.Time interval ~120 BC and ~1 AD
From ~120 BC to 1 AD the studied sediments are characterized by low subpolar
planktic foraminifer percentages and low planktic foraminifer fluxes, medium high IRD
fluxes, and slightly increasing planktic and benthic δ18O and δ13C values (Fig. 4, 6). The
microfossil and IRD proxies point to rather cool conditions with possibly extended seasonal
ice coverage. Increasing planktic δ18O and δ13C values may result from a progressively
cooling and moderately well-ventilated environment in the upper water column, consistent
with a south-easterly extension of Polar Water in the Fram Strait. Intermediate water
17
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conditions at the Western Svalbard margin may have been influenced by enhanced sea ice
formation from cool, salty surface waters in the Barents Sea, leading to an admixture of high-

T

density brines with high δ18O and δ13C values to the intermediate and deeper waters, as

CR

IP

proposed by Rasmussen and Thomsen (2009) for earlier parts of the Holocene.

5.2.2. Time interval ~1 AD to ~700 AD

NU
S

Between 1 and 700 AD, strong fluctuations in the percentages and total fluxes of
planktic foraminifers indicate a varying intensity of AW inflow (Fig. 6b, c). Highest particle

MA

fluxes with significant fluctuations at the sea ice margin in the Fram Strait are evidence of a
summer sea ice margin prevailing over the investigated site. This is indicated particularly

ED

after 400 AD by high IRD contents (Fig. 4c, 6a). N. pachyderma dominated the planktic
foraminifer fauna, but a greater influence of the subpolar planktic foraminifer species (up to

PT

42%) suggests temporarily a stronger impact of Atlantic Water to the site (Fig. 6c).
Reconstructed summer SST are slightly increasing until ~700 AD with a peak of 4.1°C

CE

around 520 AD (Fig. 6g).

AC

Between 100 and 300 AD low planktic and benthic δ18O may indicate increased
temperatures and a strengthened AW advection that may also have affected the bottom water
layer. As was shown by Karcher et al. (2003) and Schauer et al. (2004) Atlantic Water
warming during the past decades has been caused not only by increased heat transport but
also by stronger flow and increased volume transport. Recent vertical variability of the AW
layer has been demonstrated in south-eastern Fram Strait (Schlichtholz and Goszczko, 2006).
For the past we consider a similar increase in AW volume to likely result in a downward
expansion of AW possibly also affecting the bottom water layers at our site.
Intensified AW inflow is furthermore supported by increased portions of subpolar
planktic foraminifers (up to 40%) and high planktic δ13C values around 200 AD which may
suggest N. pachyderma migrating to cooler surface waters with a more suitable, better18
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ventilated near-surface habitat (Carstens and Wefer, 1992, Volkmann, 2000). Raised planktic
foraminifer fluxes (>12,500 individuals/cm2*kyr) indicate that the ice margin probably had

T

prevailed close to the site. In the eastern Fram Strait, Bonnet et al. (2010) reported surface

IP

water conditions between 500 and 650 AD as warm as during the modern interval (Fig. 6g).

CR

Although we find a peak in subsurface water temperatures around 520 AD, portions of N.
pachyderma at ~550 and ~650 AD vary between 60 to 80%, (Fig. 4b, 5a, b) indicating strong
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S

climate fluctuations most likely associated with a position close to the summer sea ice margin

5.2.3. Time interval ~700 to ~900 AD

MA

(Hebbeln and Wefer, 1991; Carstens et al., 1997).

Between 700 and 900 AD percentages of N. pachyderma (72-80%) in both size

ED

fractions ( Fig. 5a) and low planktic foraminifer fluxes (<5,000 ind./cm2*kyr) (Fig. 6b)

PT

indicate rather cool conditions. Consistently, Bonnet et al. (2010) reported a cooling pulse in
surface waters ~750 AD indicated by dinocyst assemblages (Fig. 6g). Cold surface conditions

CE

are supported by high planktic δ18O values. However, considering a certain salinity effect,

AC

high planktic δ18O and decreasing planktic δ13C are likely to mirror the subsurface Atlantic
Water signature reported by Spielhagen and Erlenkeuser (1994) and may thus likely be
attributed to increased AW advection and stronger stratification. Strengthened AW inflow is
furthermore supported by a local maximum (20%) of T. quinqueloba (subpolar) content in
size fraction 150-250 µm ~800 AD (Fig. 6d) and its associated higher SST and SSS (Fig. 6g,
h). The 100-250 µm fraction is represented by a high N. pachyderma content of
conspicuously low variability (75 ± 2%) and a subpolar foraminifer content of about 28%
(Fig. 6c). It seems therefore likely that the subsurface advection of Atlantic Water carried
allochthonous subpolar species to the site, while the dominance of N. pachyderma might be
associated with growth of autochthonous N. pachyderma within locally cold surface
conditions. Nørgaard-Pedersen et al. (2003) reported an overestimation of SIMMAX-derived
19
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sea surface temperatures for the western Fram Strait where relatively warm, high-density
surface water with ‘warm’ planktic foraminifers submerges below colder, low salinity and

T

low-density surface water. A similar situation may have been present in the eastern Fram

IP

Strait between 700 and 900 AD. Such strong surface-to-subsurface water differences have

CR

both past and present analogues. From low biological productivity but significant presence of
AW, indicated by benthic foraminifera, Ślubowska et al. (2005) concluded that strongest

NU
S

subsurface influx of Atlantic-derived water took place below a sea ice-covered surface at the
northern Svalbard margin during the Bølling-Allerød interstadial. Bauch et al. (1997)

MA

described a similar situation for the modern northern Nansen Basin with a core of Atlantic
Water overlain by a thick halocline and summer sea ice coverage of about 80-90%.

ED

5.2.4. Time interval ~900 to ~1350 AD

PT

Between ~900 and 1350 AD slightly lower and significantly less variable planktic
foraminifer fluxes point to more stable conditions than during the preceding interval ~1 to 700

CE

AD, coinciding with higher sea surface temperatures and salinities at around ~1000 AD and

AC

~1300-1350 AD (Fig. 6b, g, h). Reconstructed warmer SST concur with increased
percentages of subpolar species (37%) in both size fractions (Fig. 6d, g). Lower IRD fluxes
suggest ice-free conditions during most of the year, possibly linked to a strengthened AW
inflow. Planktic δ13C values fluctuate between 0.3 and 0.57‰ and may be associated with a
migration of N. pachyderma to variable water depths with optimal living conditions
(Carstens and Wefer, 1992). Increased percentages of T. quinqueloba at ~1000 to 1200 AD
and ~1300 to 1350 AD especially noted in the 150-250 µm size fraction (Fig. 6d) may point
to strengthened inflow of Atlantic-derived water.
Warmer conditions since ~1000 AD are consistent with many studies from the North
Atlantic that have documented the Medieval Climate Anomaly (MCA) (e.g., Lamb, 1965;
Dahl-Jensen et al., 1998; Moberg et al., 2005). According to the IPCC and references therein
20
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(2007) the medieval warmth was heterogeneous in terms of its precise timing and regional
expressions. Although there is not enough evidence available, the authors of the IPCC (2007)

T

acknowledge that the warmest period prior to the 20th century likely occurred between 950

IP

and 1100 AD. This is consistent with our reconstruction of warm conditions lasting from

CR

~1000 to 1200 AD.

Warmer conditions ceased after ~1200 AD when planktic foraminifer fluxes decreased

NU
S

and portions of N. pachyderma increased to >70%. An associated cooling pulse was also
detected by Bonnet et al. (2010) at ~1150 AD in the surface water layer (Fig. 6g).
Consistently, in our record decreasing SST and SSS after ~1150 AD (Fig. 6g, h) infer an

MA

influence of the mixed water layer which could be linked to decreasing planktic δ13C values

ED

after 1250 AD pointing to a migration of N. pachyderma to greater water depth (Carstens et
al., 1997). A drastic decrease in sea surface salinity between 1200 and 1400 AD is also

PT

supported by Bonnet et al. (2010) (Fig. 6h). After 1300 AD increased subpolar planktic
foraminifers and planktic foraminifer fluxes suggest warmer conditions returning to the site

CE

but may also be attributed to more sea ice marking the transition to colder conditions of the

AC

subsequent Little Ice Age period.
Reconstructed warm conditions and strong AW impact in the North Atlantic domain
during the MCA exhibit dating discrepancies which however could be induced by
regionalism, uncertainties in age models, or different sensitivities of the applied proxies
(Bonnet et al., 2010). On the Vøring Plateau, Andersson et al. (2003) indicated a warmer
period around 1200-1400 AD while on the Norwegian margin Berstad et al. (2003) reported
the MCA before 1400 AD. From benthic stable isotopes Eiríksson et al. (2006) determined
the MCA at the Norwegian margin to the interval 900-1400 AD. North of Iceland Sicre et al.
(2008) assigned a warming between 1000 and 1350 AD to stronger heat transport across
Denmark Strait by the North Icelandic Irminger Current. In essence, the relatively warm
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period in our Fram Strait record is thus in good correlation to other reconstruction from the

T

Nordic Seas area.

IP

5.2.5. Little Ice Age Period I (~1350 to ~1730 AD)

CR

Representing the early phase of the LIA, the period between ~1350 and 1730 AD is
characterized by highly variable planktic foraminifer fluxes and high variations of N.
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pachyderma abundance (Fig. 6b, c). Records from the North Atlantic reveal the LIA
commencing mainly between 1300 and 1400 AD (Andersson et al., 2003; Berstad et al.,

1500 AD (Isaksson et al., 2005).

MA

2003; Eiríksson et al., 2006). Svalbard ice cores displayed a significant cooling not before

Increasing IRD contents indicate a major importance of sea ice/icebergs at the

ED

investigated site. Increasing planktic δ13C values (up to 0.56‰) approach the high δ13C signal

PT

known from Arctic waters (>0.4‰, Spielhagen & Erlenkeuser, 1994) and indicate that under
a permanent ice cover N. pachyderma may have migrated to better-ventilated near-surface

CE

waters for reasons of food availability (Volkmann, 2000). Planktic foraminifer assemblages in

AC

both size fractions and the SST based on the size fraction 150-250 µm (3.3°C) suggest
varying but prevalently cool conditions (Fig. 6c, d, g). The heavy planktic δ18O signal at
~1600 AD (Fig. 6e) is likely associated with a strong cooling pulse. Bonnet et al. (2010)
observed a freshwater peak in surface waters during that time (Fig. 6h). In contrast, summer
sea surface salinities calculated on the basis of planktic δ18O and SIMMAX-derived
temperatures (see 3.) reveal high values and suggest strengthened AW inflow at ~1600 AD.
Intensified AW inflow, however, would be linked to warmer temperatures. Instead, all other
proxies reveal cool conditions. Thus, we render our calculated high SSS values erroneous for
this time interval and question that the modern salinity/δ18O relation on which our SSS
estimation is based is applicable around 1600 AD. A cold upper mixed water layer and
entrained sea ice may have produced the heavy δ18O values of N. pachyderma. In contrast,
22
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SIMMAX SST calculations are based on planktic foraminiferal assemblages which are to a
certain part transported with the warm Atlantic subsurface water from the south, therefore

T

likely suggesting warmer temperatures than those which actually occurred at the site.

IP

We rely on the calculated SSS trends further on since for all other intervals discussed

CR

here the obtained salinity values correspond well to our proxy interpretation. The invalidity of
the obtained modern salinity/δ18O relationship around 1600 AD seems to be an exception

NU
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which is furthermore supported by a coinciding peak in benthic δ13C values. It remains
speculative what caused the modification of inflowing water masses. It may have been

MA

induced by cold lateral advections, possibly originating from brine formation in the
Storfjorden area (Rasmussen and Thomsen, 2009).

ED

From dinocyst assemblages Bonnet et al. (2010) detected a major transition to colder
conditions within the surface water layer and increased sea ice cover around 1650 AD (Fig.

PT

6g). The apparent offset in the timing of this drastic cold spell between the record of Bonnet
et al. (2010) and our data set is most probably a problem of the different core chronologies.

CE

Both proxies confirm a shift to colder conditions in the surface and subsurface water layer

AC

which point to a major cold event affecting a large part of the entire water column. We note
that from a combination of northern hemispheric low-resolution proxies and treering-data
Moberg et al. (2005) concluded on minimum temperatures for the Little Ice Age period
around 1600 AD.

5.2.6. Little Ice Age Period II (after ~1730 AD)
Similar to our findings, Andersson et al. (2003) found a two-phase LIA with cooling
events centred around 1600 and 1900 AD. A second phase of the Little Ice Age is inferred
from gradually decreasing planktic foraminifer fluxes and high percentages of N. pachyderma
(64 to 78%) after 1730 AD (Fig. 6b, c). IRD contents slightly decrease between ~1750 and
1820 AD (Fig. 6a) and point to sea ice coverage due to restricted dispersion of ice-transported
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material into the water (Hebbeln and Wefer, 1991). Low sortable silt mean size values are
potentially linked to a weakened intermediate and deepwater circulation in the Norwegian-

T

Greenland-Sea where the silt-transporting deepwater is produced. Low sortable silt mean size

IP

values from ~1700 to 1900 AD (Fig. 4d) thus possibly indicate a weakened meridional

CR

overturning circulation (MOC) during the Little Ice Age caused by massive intrusion of
freshwater and sea ice from the Arctic (after Sicre et al., 2008). Alternatively, assuming a
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certain contamination of current-transported sortable silt with sea ice-transported silt, it is
likely that the low sortable silt mean size values recorded from ~1700 to 1900 AD (Fig. 4d)

MA

result from less coarser silt material due to less sea ice melting.
After ~1830 AD the IRD flux continuously increased. Concurrently, planktic
foraminifer fluxes reveal lowest values between ~1850 and 1950 AD (750 to 2500

ED

ind./cm2*kyr). All these findings are best explained by cool conditions with extensive sea ice

PT

cover and an increased number of icebergs resulting from glacier growth on Svalbard. Indeed,
historical observations from the archipelago corroborate a sea ice-dominated regime in the

CE

Fram Strait during the late LIA (e.g., Divine and Dick, 2006). For the period before 1920 AD

AC

sea ice reconstructions by Vinje (1999, 2001) showed intervals of heavy sea ice interrupted by
periods of modest sea ice conditions. A possible impact of glacial melt water is supported by
the comparison between mixing lines of modern water in the WSC (see 3.) and fjord waters at
the Svalbard coast (MacLachlan et al., 2007), the latter mainly consisting of freshwater
originating from glacial melt water (Fig. 2). Despite of the distance to the fjords, we suppose
that glacial melt had some influence also on the water masses at our core site. Svalbard ice
core studies revealed coldest conditions of the Little Ice Age for the period ~1760 to 1900 AD
(Isaksson et al., 2005). Little Ice Age moraines on Svalbard have been widely described to
represent the Holocene glacial maximum (Svendsen and Mangerud, 1997). Glacier advances
during the Little Ice Age were reported for the Svalbard region (e.g., Humlum et al., 2005;
Isaksson et al., 2005; Svendsen and Mangerud, 1997; Werner, 1993) and must have released
24

ACCEPTED MANUSCRIPT
icebergs into Svalbard fjords. Thus, it seems likely that IRD transported with icebergs also

T

reached the study site.
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5.2.7. Modern warming
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There are discrepancies in our records concerning the end of the LIA. The gradual
increase of T. quinqueloba in size fraction 150-250 µm (38%) and the associated temperature
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and salinity reconstructions (Fig. 5b, 6d, g, h) suggest a strong intensity of Atlantic Water
since ~1850 AD (see also Spielhagen et al., 2011). In contrast, planktic foraminifer fluxes of
size fraction 100-250 µm increase only after ~1950 AD (Fig. 6b). Before 1930 AD light

MA

planktic δ18O values are most likely attributed to a cold and fresh upper mixed water layer
(Fig. 6e). A sudden change is observed around 1930 AD when both, planktic and benthic

ED

foraminifer tests display a short-lived but very strong increase in δ18O (4.03 and 4.56‰,

PT

respectively, Fig. 6e), pointing to an event that obviously affected the entire water column. An
abrupt warming around the 1930s followed a temperature minimum in 1917 AD initiating the

CE

early 20th century warming in the Arctic (Isaksson et al., 2005 and references therein,
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Polyakov et al., 2004; Fig. 6i). A significant warming in the 1930s is also known from
instrumental data from Svalbard (e.g., Førland et al., 2009). In contrast, Klitgaard Kristensen
et al. (2004) attributed δ18O increases of ~0.3-0.6‰ around 1925 AD in two cores from the
Norwegian Sea and adjacent fjords to a cold period at 1905-1925 AD in the Southern
Norwegian Sea. Our δ18O changes of >0.47‰ (planktic) and >0.5‰ (benthic) (Fig. 6e) may
accordingly be interpreted as a cold spell. The maximum in δ18O, however, corresponds to
high reconstructed SST and a peak in T. quinqueloba in size fraction 150-250 µm at ~1930
AD. We therefore rather suggest a significantly Atlantic Water pulse to have caused the high
planktic and benthic δ18O values, hereby affecting also bottom water layers. Simultaneously,
a salinity effect on δ18O is supported by high summer SSS pointing to strengthened AW
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inflow. Low fluxes and relatively high percentages of N. pachyderma in size fraction 100-250
µm do, however, not support warmer conditions. We therefore assume high abundances of

T

small-sized N. pachyderma most likely indicating locally limited foraminifer growth due to

IP

cold conditions at the surface. Most likely at the beginning of the 20th century, the surface

CR

layer may have been still impacted by a thick cold and fresh mixed water layer as a retarding
effect of the terminating Little Ice Age while warm and saline Atlantic Water already
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strengthened, hereby subsiding below the cold upper mixed layer.

Variations in planktic foraminifer fluxes and percentages as well as two independent

MA

temperature reconstructions during the last 2,000 years have already been discussed with
respect to the unprecedented warming after 1860 AD (Spielhagen et al., 2011). The drastic
increase in subpolar planktic foraminifers is particularly attributed to significant increases in
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T. quinqueloba and Globigerinita sp. (Spielhagen et al., 2011; Fig. 5b, c). Svalbard ice core

PT

studies have elucidated the 20th century as the warmest century within at least the past 600
years (Isaksson et al., 2005). Changes occur in all studied proxies since 1950 AD (Fig. 6) and

CE

coincide with positive Atlantic Water temperature anomalies for the ca last 100 years in the
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Arctic Ocean (Polyakov et al., 2004; Fig. 6i) and a retreating sea ice margin in the Nordic
Seas (Divine and Dick, 2006). High sea surface salinities and light planktic δ18O values likely
reflect warmer sea surface temperatures and strengthened AW inflow (Fig. 6e, h).
Stable high IRD fluxes indicate a high abundance of sea ice/icebergs after 1860 AD. A
significant increase in sortable silt mean size (Fig. 4d) was likely caused by silt-sized IRD
indicating a high impact of sea ice at the site. It may also point to a continuous strengthening
of the MOC intensity (Sicre et al., 2008) linked to increased deepwater production in the
Norwegian-Greenland Sea.
Planktic and benthic δ13C values decreased during the last 100 years (Fig. 6f). Bauch
et al. (2000) found N. pachyderma in the water column depleted in δ13C compared to core top
sediments in the Arctic Ocean. Considering the multidecadal resolution of our data set, low
26
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δ13C values could be reflected in planktic foraminifers of the uppermost sediment layer
studied here, while they were not observed in surface sediments from the Arctic Ocean

T

characterized by extremely low sedimentation rates. Olsen and Ninnemann (2010) discussed
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the global distribution of light δ13C values in modern water masses which are strongly

CR

departing from preindustrial values due to the Suess effect which involves the
anthropogenically induced addition of isotopically light fossil carbon to the carbon system.
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Our recorded low δ13C values may therefore be attributed to the Suess effect.
It has been debated whether temperatures of the Medieval Climate Anomaly have

MA

been similar to those of the past 100 years (Broecker, 2001; Hughes and Diaz, 1994; IPCC,
2007). Regarding percentages of subpolar planktic foraminifers of the two periods (up to 37%
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during MCA, up to 66% during past 100 years; Fig. 5b, c) we conclude that temperatures of
the MCA in the eastern Fram Strait were considerably lower than those of the 20th century.
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This is also shown by two independent temperature reconstructions of core MSM5/5-712-1
indicating that modern summer temperatures of the uppermost AW layer are >1.5°C higher

AC
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than multidecadal mean temperature maxima during the MCA (Spielhagen et al., 2011).

5.3. Analogies and disparities to dinocyst-based reconstruction – apparent conflicts between
surface and subsurface water indicators
Our proxy reconstruction based on planktic foraminifer assemblages, stable isotopes
of planktic and benthic foraminifera, and lithic characteristics partly contradicts results of
Bonnet et al. (2010) derived from dinocyst assemblages. Figure 6g and h show summer SST
and SSS reconstructions obtained by Bonnet et al. (2010) along with those of the present
study. SST by Bonnet et al. (2010) are significantly higher during the ~1650 AD so that
differences to SST of this study can easily reveal up to 6°C. Also, fluctuations of SST
revealed by Bonnet et al. (2010) are considerably higher. A major temperature drop initiating
the Little Ice Age period after a relatively warm interval has been detected by Bonnet et al.
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(2010) ~1650 AD, which we find in our record at least 300 years earlier. High fluctuations in
SST (Bonnet et al., 2010) may indicate a fluctuating sea ice margin at the site, as it has been

T

indicated by the present study ~1-700 AD and after ~1350 AD. There is agreement to data of

IP

Bonnet et al. (2010) about a cooling pulse around 750 AD, which may correspond to an

CR

observed cold spell in our record around 800 AD. As pointed out by Krawczyk et al. (2010),
inconsistencies in proxy data comparison may arise from different living depths of the applied

NU
S

microfossil proxies. Due to their (direct or indirect) dependence on photosynthesis, most cystproducing dinoflagellate species live in the upper mixed water layer (e.g., Serjeant, 1974;

MA

Taylor, 1987). In contrast, the main habitat of planktic foraminifers during summer is the
subsurface layer of the WSC between 50 and 200 m water depth in the Fram Strait (Carstens
et al., 1997; Volkmann, 2000). To explain diatom and dinoflagellate cyst records from outer

ED

Disko Bugt (West Greenland) inconsistent to North Atlantic climate variability (Moros et al.,

PT

2006; Seidenkrantz et al., 2008), Krawczyk et al. (2010) presented an alternative to the
seesaw mechanism (e.g., Keigwin and Pickart, 1999). Increased melting of sea ice and the

CE

Greenland ice sheet during warmer intervals such as the MCA would result in an increased

AC

influx of cold and low-saline water at the surface, which would produce a diatom assemblage
indicative of colder conditions (Krawczyk et al., 2010). In contrast, during cooler intervals,
such as the LIA, reduced melting of sea ice would reduce dilution of the upper mixed layer
and would thus lead to a relative increase of warmer species in the diatom assemblages
(Krawczyk et al., 2010). Likewise, this mechanism could apply to dinoflagellates since they
also reflect conditions in the uppermost water layers. In the eastern Fram Strait a ca 50-100 m
thick surface water layer above the West Spitsbergen Current cools and freshens the
underlying AW (Saloranta and Haugan, 2004). As Polyakov et al. (2004) have shown during
increased AW inflow there is excess ice and freshwater transport through Fram Strait from the
Arctic. Therefore we consider the reconstruction of Bonnet et al. (2010) to mainly to reflect
the uppermost water variability possibly influenced by fluctuations of the fresh and cold
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upper mixed layer. Our planktic foraminifer-based proxies mainly reflect subsurface
conditions of the Atlantic Water masses submerging beneath the upper mixed layer. In

T

particular, the early part of the Little Ice Age reveals clear contradictions between both

IP

reconstructions. For the interval between 1400 and 1650 AD Bonnet et al. (2010) find warm

CR

summer SST while we infer rather cool conditions with the sea ice margin prevailing over the
site. Assuming a similar scenario as described by Krawczyk et al. (2010) relatively warm

NU
S

summer SST by Bonnet et al. (2010) would represent reduced melting of sea ice due to a
colder period. In contrast, during the second part of the LIA, cold SST (Bonnet et al., 2010)

MA

agree with our reconstructed cold climate conditions. Persistently cold conditions may have
caused a rather homogeneous thick cold surface water layer, which may be represented by
both, planktic foraminifers and dinoflagellates during the later LIA. However, comparison

ED

between SSS and SST data from Bonnet et al. (2010) and from this study does not reveal a

PT

distinct relationship. Due to the complexity of water masses in the narrow Fram Strait we are
thus not able to develop a clear anti-phase relationship of surface and subsurface indicating

AC

CE

organisms similar to the one for West Greenland (Krawczyk et al., 2010) .

6. Conclusions

Our proxy data set suggests variable oceanographic and climatic conditions during the last ca
2,000 years in the eastern Fram Strait, which we attribute to the variable strength of Atlantic
Water inflow and the position of the sea ice margin. Stepwise increasing IRD contents unveil
a background trend of increasing iceberg/sea ice abundance confirming a neoglaciation trend
known from other studies in the North Atlantic area. Atlantic Water has been permanently
present as indicated by the continuous abundance of the subpolar planktic foraminifer species
T. quinqueloba today indicative of Atlantic Water in the Fram Strait. A fluctuating ice margin
was located close to the study site 1 - 700 AD and 1350 - 1730 AD inferred from high and
strongly variable planktic foraminifer fluxes. A proximity to the ice margin is also inferred
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from increased IRD fluxes at 400-700 AD and after 1350 AD which indicate periods of
prolonged sea ice melt. During the Medieval Climate Anomaly lower and less variable

T

planktic foraminifer fluxes point to more stable conditions which, however, varied between

IP

warmer (1000-1200 AD, after 1300 AD) and cooler (1200-1300 AD) periods. Two phases of

CR

the Little Ice Age period have been revealed. The first phase (ca 1350-1750 AD) had high
planktic foraminifer fluxes pointing to cold conditions and a fluctuating sea ice margin at the

NU
S

site. After ca 1750 AD decreasing planktic foraminifer fluxes indicate very cold conditions.
High IRD contents are attributed to heavy sea ice conditions found also in historical

MA

observations and instrumental records. IRD may have also been produced by melting
Svalbard glaciers. Subpolar planktic foraminifers in the 150-250 µm fraction and planktic

ED

δ18O values indicate strengthened Atlantic Water inflow after ca 1860 AD. However, low
fluxes and planktic foraminifer assemblages of the 100-250 µm fraction suggest cool surface

PT

water conditions until the mid of the 20th century. Changes in all studied proxies indicate
warmer temperatures for the past few decades (see Spielhagen et al., 2011) and coincide with

CE

positive Atlantic Water temperature anomalies and a retreating sea ice margin for the ca last

AC

100 years (Divine and Dick, 2006; Polyakov et al., 2004, 2005).
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Figure captions

T

Fig. 1. Map of the Norwegian-Greenland Sea with respect to the major currents and the

IP

hydrography of the Fram Strait (modified after Jakobsson et al., 2008). Also indicated

CR

is the core site MSM5/5-712-1.

NU
S

Fig. 2. The salinity/δ18O relationship of the water column in the eastern Fram Strait (100-500
m water depth; Frank, 1996; Meredith et al., 2001; black dots and black correlation

MA

line). Also shown is the mixing line from the nearby Kongsfjorden, Svalbard based on

ED

MacLachlan et al. (2007) (grey dashed line).

Fig. 3. (a) Age-depth model. Calendar years vs. core depth for box core MSM5/5-712-1

PT

(Table 1, Spielhagen et al., 2011). Radiocarbon dates were converted into calendar
ages using the Calib version 6.0 software (Stuiver and Reimer, 1993). Dots indicate

CE

calibrated ages with a 1σ uncertainty (white bars within black dots). (b) The

AC

sedimentation rates are indicated to the corresponding linear interpolation curves,
respectively.

Fig. 4. Multiproxy data set of box core MSM5/5-712-1. Approximate time frames for North
Atlantic climate events are given above. Grey and white bars mark time intervals
referred to in the text (RWP: Roman Warm Period, DACP: Dark Ages Cold Period,
MCA: Medieval Climate Anomaly; LIA: Little Ice Age). Black dots indicate AMS
datings with 1σ uncertainty (white bars). Ranges of present-day conditions
(temperature, salinity, equilibrium calcite δ18O) are indicated by grey dashed lines.
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Fig. 5. Planktic foraminifer percentages of (a) N. pachyderma and (b) T. quinqueloba shown
for different size fractions. Dashed square indicate interval with percentages of T.

T

quinqueloba in size fraction 150-250 µm exceeding those in size fraction 100-250 µm.

IP

(c) Percentages of Globigerinita sp. (black) and N. incompta (grey) in size fraction

CR

100-250 µm.

NU
S

Fig. 6. A clear neoglaciation trend is marked by IRD increase (a) during the last two
millennia. Planktic foraminifer flux (b) is used to indicate whether sea ice coverage

MA

(white box and arrow), ice-free (grey box and arrow) or sea ice marginal conditions
(dashed box and arrow) prevailed at the site. Strong Atlantic Water inflow is
correlated to percentages of subpolar vs. polar planktic foraminifers in size fraction

ED

100-250 µm (c), and to percentages of T. quinqueloba in size fraction 150-250 µm (d).

PT

Heavy δ18O values of N. pachyderma (planktic) and C. wuellerstorfi (epibenthic) (e)
may be attributed to strengthened Atlantic Water (AW) inflow and to temperature (T)

CE

or salinity (S) changes (black arrows). Planktic and epibenthic δ13C records are used to

AC

reconstruct conditions of the living habitat of planktic and benthic foraminifers
(ventilation, stratification, bioproduction) in subsurface and bottom water (f). Black
arrows in the SST (g) and SSS (h) records highlight certain trends of AW inflow.
Summer SST and summer SSS reconstructions derived from dinocyst assemblages by
Bonnet et al. (2010) are also shown (MAT: grey dashed line, ANN (based on MAT
sites): grey solid line). (i) Normalized 6-year running mean of Atlantic Water
temperature anomalies since 1895 (i; Polyakov et al., 2004) confirm increasing
temperatures and salinities of our reconstruction (SD = standard deviation) during the
past ca 100 years. Black dots indicate AMS datings with 1σ uncertainty (white bars).
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Table 1 AMS radiocarbon dates and calibrated dates for box core MSM5/5-712-1 (see also
Spielhagen et al., 2011).
C age, yr

Cal. age, yr BP (1σ)
0

N. pachyderma

820 ± 25

464 ± 23

1486 ± 23

KIA 39262

21.0-22.0

N. pachyderma

1290 ± 30

838 ± 45

1112 ± 45

KIA 39041

30.5-31.0

N. pachyderma

1760 ± 25

1303 ± 26

647 ± 26

KIA 39263

41.5-42.5

N. pachyderma

2270 ± 25

72 ± 39

KIA 38079

NU
S

CR

14.5-15.0

Cal. age, yr AD
Lab. no
>1954 (103.47
KIA 39656
± 0.32 pMC corrected)

T

14

IP

Depth, cm Dated material
0
planktic
foraminifers

AC

CE

PT

ED

MA

1878 ± 39
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Research highlights
variable conditions in the eastern Fram Strait during past 2 millennia

-

varying intensity of Atlantic Water (AW) inflow affects position of sea-ice margin

-

sea-ice margin fluctuated over the site between ~1 to 700 AD and ~1350 to 1730 AD

-

heavy sea-ice conditions and weakened AW inflow during late Little Ice Age

-

modern strength of AW inflow exceeds those of Medieval Climate Anomaly
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