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Abstract

To reconstruct the climatic and paleoceanographic variability offshore Northeast Greenland during the
last ~10 ka with multidecadal resolution, sediment core PS93/025 from the outermost North-East
Greenland

continental

shelf

(80.5°N)

was

studied

by

a

variety

of

micropaleontological,

sedimentological and isotopic methods.
High foraminiferal fluxes, together with high proportions of ice-rafted debris and high Ca/Fe ratios,
indicate a maximum in bioproductivity until ~8 ka related to a low sea-ice coverage. Sortable silt
values, planktic foraminifer associations, and stable isotope data of planktic and benthic foraminifers
suggest a strong westward advection of relatively warm Atlantic Water by the Return Atlantic Current
during this time, with a noticeable bottom current activity. This advection may have been facilitated by
a greater water depth at our site, resulting from postglacial isostatic depression. For the following midHolocene interval (ca. 8-5 ka), isotope data, lower foraminiferal fluxes and a shift in grain size maxima
point to a lasting but successively decreasing Atlantic Water inflow, a weakening productivity, and a
growing sea-ice coverage which is also revealed by the PIIIIP25 index.
A final stage in the environmental development was reached at ~5 ka with the establishment of preindustrial conditions. Low Ca/Fe ratios, low foraminiferal fluxes, low sortable silt values and the sea-ice
indicating PIIIIP25 index point to a limited productivity and a weak Atlantic Water inflow by the Return
Atlantic Current to our research area, as well as a higher and/or seasonally more extended sea-ice
coverage during the Late Holocene. Two intervals with somewhat enhanced Atlantic Water advection
around 2.0 and 1.0 ka are indicated by slightly increased foraminiferal fluxes and the reoccurrence of
subpolar foraminifers. These intervals may correlate with the Roman Warm Period and the Medieval
Climate Anomaly, as defined in the North Atlantic region.
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1. Introduction

The Fram Strait and especially the Greenland Sea play a major role in the modern global oceanclimate system since the latter is one of only few areas where convection and deep water formation
takes place, contributing to the renewal of the North Atlantic Deep Water (NADW) (Rudels and
Quadfasel, 1991). This water mass is part of the deep Atlantic Meridional Overturning Circulation
(AMOC) which exerts a strong control on the stratification and distribution of water masses, the ocean
heat transport (e.g., northward advection of relatively warm Atlantic Water) and the cycling and
storage of substances like carbon dioxide (Kuhlbrodt et al., 2007). Regarding the deep convection, the
contrast between poleward flowing warm and saline surface waters and cold, perennially or seasonally
ice-covered, polar low-saline surface waters is important as it allows, through mixing, the formation of
dense near-surface water masses which sink to depth once a certain density is reached (Hansen and
Østerhus, 2000; Marshall and Schott, 1999). Subsequently, the newly formed deep water leaves the
Nordic Seas (Barents Sea, Greenland Sea, Iceland Sea, Norwegian Sea) as the Denmark Strait
overflow and the Iceland-Scotland overflow, spreading into all major ocean basins (Hansen and
Østerhus, 2000). A second source of dense water is the sea-ice production and brine accumulation in
the Arctic Ocean, leading to highly saline shelf bottom waters, which eventually cross the shelf break
and sink into the deep basins (Rudels et al., 2005).
The cold, low-saline water which derives from the Arctic Ocean is fed by the enormous freshwater
discharges of Siberian and North American rivers and reaches the Greenland Sea through the Fram
Strait between Greenland and Svalbard (Swift, 1986). Ocean circulation and climate model
experiments revealed that an excessive amount of freshwater input can affect the AMOC, since it can
weaken the deep convection or even lead to its complete collapse (Condron and Winsor, 2012; Otterå
et al., 2003; Rahmstorf, 2002). Recent studies of the Zachariæ Isstrøm (ZI) (Mouginot et al., 2015)
and the Nioghalvfjerdsfjorden Glacier (NG) (Mayer et al., 2018) (Fig. 1a) document a massive retreat
and thinning of these major glaciers in Northeast Greenland due to increased melting, likely related to
higher air and ocean temperatures. Between 1998 and 2016, the NG has lost almost one third of its
thickness. Numerical simulations reveal ongoing thinning, leading to large areas of unstable thin ice
and the widespread disappearance of the ice shelf within the next decades (Mayer et al., 2018). Since
the ocean seems to be the main driver behind these drastic changes (Mayer et al., 2018), variations of
near-surface water masses in the Fram Strait, which connects the cold Arctic Ocean with the northern
North Atlantic and its warm and saline waters, are of major importance. During the last decades
several warm events in the Arctic and the Fram Strait went along with significant increases of Atlantic
Water (AW) advection or temperature increases of the advected AW (e.g., Beszczynska-Möller et al.,
2012; Karcher et al., 2003; Polyakov et al., 2017). Periods of comparable heat advection by AW in the
Early and mid-Holocene are recorded in sedimentary sequences on the western Svalbard margin and
were investigated on subcentennial-scale temporal resolution (e.g., Aagaard-Sørensen et al., 2014;
Müller et al., 2012; Werner et al., 2013, 2016). However, until recently only very few Holocene
environmental records existed from the western Fram Strait (Bauch et al., 2001a; Nørgaard-Pedersen
et al., 2003), all of them having only a millennial-scale resolution. To improve our knowledge of
Holocene environmental changes in this area, we present a set of new, high-resolution proxy records

from a core obtained on the outer NE Greenland shelf. This allows us, for the first time, to reconstruct
the Holocene variability of freshwater export from the Arctic, the westward advection of AW and the
parameters of near-surface water mass (0-300 m) on time scales which are comparable to modern
changes in the area.

2. Study area

The area between Greenland and Svalbard is characterized by two major current systems, namely the
West Spitsbergen Current (WSC) which enters the Arctic Ocean through the eastern Fram Strait, and
the East Greenland Current (EGC) which leaves the Arctic Ocean along the Greenland margin
towards the Greenland Sea (Fig. 1a). The inflowing Atlantic Water of the WSC originates from the
Norwegian Atlantic Current (NwAC) in the south, where a part branches off into the Barents Sea and
another part follows the slope northwards. Around Svalbard it encounters the colder, less saline Arctic
Surface Water, sinks down in the water column and flows as a subsurface current into the Arctic
Ocean. Due to its counterclockwise movement in the Arctic Ocean, it later returns to the Fram Strait
(Johannessen, 1986). The outflowing Polar Water, which is formed in the Arctic Ocean and enters the
Greenland Sea via the EGC, is cold and fresh (T <0°C and S <34.4) whereas the Atlantic Water is
warm and saline (T of about 6 to 10°C and S between 35.1 and 35.3 in summer) (Swift, 1986). In
consequence, the western Fram Strait is perennially sea-ice covered whereas the eastern Fram Strait
is perennially to seasonally ice-free. Compared to the stable EGC, the WSC is much more variable.
Due to the complicated topographic structure of the eastern Fram Strait, it splits into at least three
branches, of which one flows around Svalbard (Svalbard Branch, SB), one along the Yermak Plateau
(Yermak Branch, YB) and one recirculates in the Fram Strait (Return Atlantic Current, RAC) (Fig. 1a)
(Gascard et al., 1995; Johannessen et al., 1987; Quadfasel et al., 1987). The latter is linked to eddies
generated by instabilities in the current which preferentially follow topographic features like the
Hovgaard Fracture Zone, the Molloy Fracture Zone or the Spitsbergen Fracture Zone. Through this
RAC, warm and salty Atlantic waters are transported westward across the strait (Gascard et al., 1995).
Several studies imply that the recirculation may extend as far as or beyond 81°N (Gascard et al.,
1995; Kawasaki and Hasumi, 2016; Marnela et al., 2013; Richter et al., 2018; Schlichtholz and
Houssais, 1999). Until recently the SB was supposed to be the main flow of AW into the Arctic
(Manley, 1995). However, Koenig et al. (2017) suggested that the Yermak Pass Branch (YPB) located
between the YB and SB is responsible for the main volume transport of AW to the Arctic Ocean.

[insert Fig. 1]

Fig. 1: a) Overview map of the study area displaying the locations of the investigated sediment record
PS93/025 (gray dot) and the other sediment cores (yellow dots) mentioned in the text. Warm and
saline Atlantic Water and cold, polar waters of Arctic origin are indicated by red and blue arrows,
respectively. KCL = Kronprins Christian Land, NG = Nioghalvfjerdsfjorden Glacier, SB = Svalbard
Branch, YB = Yermak Branch, YP = Yermak Plateau, ZI = Zachariæ Isstrøm. b) Generalized vertical
structure of the Fram Strait water column at 79°N (modified from Laukert et al., 2017). AW = Atlantic

Water; AIW = Arctic Intermediate Water; CBDW = Canada Basin Deep Water; dAAW = dense Arctic
Atlantic Deep Water; EBDW/GSDW = Eurasian Basin Deep Water/Greenland Sea Deep Water; NDW
= Nordic Seas Deep Water; RAW = Return Atlantic Water. c) Water column at 80.3°N on the NE
Greenland shelf (modified from Richter et al., 2018). AAW = Arctic Atlantic Water; DW = Deep Water;
PSW = Polar Surface Water.

In the western Fram Strait (79°N) the upper water column (~300 m) consists of Polar and Shelf
waters. Below, patches of Return Atlantic Water (RAW), warm and saline water masses transported
by the RAC across the strait, are found. At greater depths of ~400 to ~900 m, dense Arctic Atlantic
Water (dAAW) is located. Arctic Intermediate Water (AIW) prevails underneath the RAW/dAAW in the
western and under the AW in the eastern Fram Strait. While the underlying Upper Polar Deep Water
(UPDW) is restricted to the continental slope of Greenland, Nordic Seas Deep Water (NDW) is
confined to the Svalbard continental slope. Canada Basin Deep Water (CBDW) and Eurasian Basin
Deep Water (EBDW) or Greenland Sea Deep Water (GSDW) can be found in the deeper parts of the
strait on both sides (Fig. 1b) (Laukert et al., 2017). Our sediment site, cored at ca. 290 m water depth
in the easternmost part of the Westwind Trough (80.5°N), is located within Arctic Atlantic Water (AAW)
above the Deep Water (DW) and underneath the Polar Surface Water (PSW) (Fig. 1c) (Richter et al.,
2018). All discussed sediment records were obtained from sites within Atlantic-derived water masses
(Fig. 1b, c).

3. Material and methods

The 264 cm long sediment record from site PS93/025, consisting of the Giant box core (GKG)
PS93/025-1 (80.481°N, 8.487°W, 291.3 m water depth) and the Kastenlot core (KAL) PS93/025-2
(80.482°N, 8.490°W, 290.2 m water depth), was obtained during the expedition PS93.1 (2015) (Stein,
2016) of RV Polarstern on the outermost NE Greenland shelf in the western Fram Strait (Fig. 1a). To
record the Holocene environmental history at the highest possible temporal resolution, the site was
carefully selected by using the shipboard parametric sediment echosounder system PARASOUND.
Cores from the investigated sediment record were retrieved from a several kilometers wide sedimentfilled morphological depression. The recovered sedimentary sequence mainly consists of dark grayish
brown homogenous silty clay (Fig. 2c). Both cores were correlated visually and by using the existing
overlap of coarse fraction content values. No apparent offset could be noticed and therefore records
were combined at 20 cm (Fig. 2c). In the following, the composite record is referred to as "core
PS93/025".

[insert Fig. 2]
Fig. 2: a) Age-depth model (polynomial fit: 33.227∗x+0.026606∗x2) of core PS93/025, displayed as a
blue line. Single dates are displayed as circles, given with vertical bars indicating the uncertainty
ranges. Dates marked by red circles were excluded for reasons discussed in chapter 4. Dry bulk
density data are shown as a gray line, together with the linear regression (0.77786+0.0011101∗x)

used for the calculation of flux rates. b) Calculated sedimentation and accumulation rates, indicated by
yellow and red lines, respectively. The dashed yellow line displays the sedimentation rates based on
the calculation between the individual radiocarbon-dated levels. Sedimentation rates of PS93/025
according to the Bchron age model presented in Syring et al. (2020) are shown in the insert. c)
Composite image of record PS93/025, consisting of GKG PS93/025-1 and KAL PS93/025-2.

Sediment sampling was carried out in 0.5 cm intervals between 0 and 10 cm core depth and in 1 cm
intervals between 10 and 264 cm core depth. The samples were freeze-dried, wet-sieved with
deionized water through a 63 µm-sized mesh to remove clay and silt material, and split into predefined
size fractions using 125, 250, 500 and 1,000 µm sieves where every fraction was weighed. Dry bulk
density (DBD) was determined from freeze-dried 20 cm3 samples (20 ml syringes) at 5 cm intervals in
the uppermost 20 cm and at 10 cm intervals down to 260 cm. To account for some randomly occurring
volume variations resulting from the sampling process, a linear regression was used to calculate DBD
values for individual core depths.
For the determination of foraminiferal contents, the samples were dry-sieved again to obtain the 100250 µm size fraction. In representative splits (at least >100 specimens; if available >300 specimens) of
this size fraction, planktic and benthic foraminifers were determined and counted. Between 0 and 121
cm core depth <100 planktic foraminifers and between 1 and 9.5 cm core depth <100 benthic
foraminifers were present in each sample. Those samples were still used to obtain a complete record.
Benthic and planktic foraminiferal fluxes (individuals/cm2∗ka) were calculated to serve as a
semiquantitative proxy for bioproductivity. Fragmentation of planktic foraminifers was calculated by
counting fragments which were no more determinable to species level. Thereby, the equation from
Pfuhl and Shackleton (2004) was used which includes a fragment-divisor of 3. The percentage share
of the subpolar planktic foraminifer species Turborotalita quinqueloba and the polar planktic species
Neogloboquadrina pachyderma (morphologically left coiling) was calculated as a proxy for the
advection of warmer water masses (e.g., Volkmann, 2000).
For stable oxygen and carbon isotope analyses, ca. 30 specimens of N. pachyderma and the benthic
foraminifer species Cassidulina neoteretis from the 100-250 µm fraction were used. The measurement
interval is 1 cm for both species between 264 and 93 cm, whereas it shifts to ca. 2 cm for the benthic
species and 5 cm for the planktic species between 93 cm and 0.5 cm, due to low numbers of
specimens. All analyses were carried out on a MAT 253 mass spectrometer system and a KIEL IV
Carbonate Preparation Device at the GEOMAR Stable Isotope Laboratory with a long-term analytical
accuracy of <0.06‰ for δ18O and <0.03‰ for δ13C. Results are expressed in the δ notation referring to
the PDB (Pee Dee Belemnite) standard while using NBS 19. Since the δ18O values of the two
analyzed species differ from their isotopic calcite equilibrium, they were corrected for their vital effects
(C. neoteretis +0.02‰ and N. pachyderma +1.02‰) (cf. Poole et al., 1994; Volkmann and Mensch,
2001).
Ice-rafted debris counts were performed on the >150 µm fraction at steps of 5 cm. The results are
expressed as flux rates (grains/cm2∗ka). Additionally, the corresponding petrographic grain
composition was analyzed to determine the source area(s) of these lithic particles by using the
following groups: a) clastic sedimentary rocks (e.g., siltstones); b) metamorphic rocks (e.g.,

quartzites), volcanic rocks (e.g., basalt), olivine grains, volcanic glass shards, mica; c) crystalline
rocks, quartz and feldspar; d) limestones and dolomites. Rounded grains were specified following St
John et al. (2015) to identify the influence of sea-ice sediments. In this study, grains with subrounded
and rounded shape were counted and grouped as "rounded".
To further determine the geochemical characteristics of the obtained sediment record, an Avaatech
XRF core scanner was used at UiT The Arctic University of Norway with a down-core resolution of 1
cm. Down-core profiles were created using the element ratio Ca/Fe as a proxy for paleoproductivity
and Ti/Al and Ti/K as indicators for possible changes in terrigenous sediment provenance (cf.
Croudace et al., 2006; Richter et al., 2006; Spofforth et al., 2008; Vare et al., 2009). Ti is a common
constituent of rocks and primarily indicates a terrigenous continental source. It is not affected by
diagenetic overprinting or biological processes (Rothwell and Croudace, 2015). Accordingly, a stable
Ti signal throughout a sediment core reflects a stable continental source region during the time of
deposition.
To estimate the variability of paleocurrents, the sortable silt fraction was analyzed at the AWI Wadden
Sea Station Sylt using a Cilas 1180 particle size analyzer, which measures the grain size distribution
for each sample in a range between 0.04 and 2,500 µm. Prior to analysis the samples were chemically
treated according to Hass et al. (2010). Sediments between 10 and 63 µm (sortable silt fraction),
which are assumed to be physically sortable by the currents, were used to investigate the current
strength. To overcome the problem of changing sediment supply over time, sortable silt mean grain
sizes were calculated (cf. McCave et al., 1995). Potentially existing influences of ice-rafted debris were
reduced using the method of Hass (2002). This method allows to detect contributions of IRD to the silt
fraction and provides a calculation of sortable silt values which are assumed to truly reflect current
speed variations. Since the particle size analyzer measures the entire spectrum of grain sizes and
their frequency in one sample, the resulting grain size distribution curves can also be used to
differentiate between different types of sediment transport (cf. Clark and Hanson, 1983).

4. Age control and sedimentation rates

The core chronology is based on 14 accelerator mass spectrometry (AMS) radiocarbon dates
obtained from benthic and planktic foraminifers as well as bivalves, scaphopods and their fragments
(Table 1). Ages from the Leibniz Laboratory of Kiel University (KIA) and BETA Analytic (BETA) were
measured as a graphite target on relatively large samples (ca. 1 mg C), whereas ages from the AWI
MICADAS Laboratory Bremerhaven (AWI) were measured as a gas target on rather small samples
(ca. 90 µg C). Radiocarbon age KIA 51161 (bivalve) is excluded because of consistent measurements
on benthic foraminifers in this depth range. KIA 52141 (bivalve) originates from the core catcher (CC)
with no exact depth indication. Sediment disturbance cannot be excluded here and the slightly older
age from 260 cm appears more reliable. Three datings (KIA 52139, BETA 445522, KIA 51162) gave
results with a significant offset from the general age-depth trend. Since these ages result from
scaphopods and bivalves, both known for their burrowing behavior, the related younger

14

C values

may result from dated organisms which lived inside the sediment while feeding on fresh material from
near the sediment-water interface or the upper, ventilated sediment layer. Radiocarbon ages were

converted to calendar years BP (before present, present = 1950) by applying the calibration software
Calib 7.1 (Stuiver and Reimer, 1993) with the Marine13 calibration curve (Reimer et al., 2013), which
includes a time-dependent global ocean reservoir correction of about 400 years. The oldest measured
age is about 10,213 calendar years BP (a), i.e., 10.2 calendar kiloyears BP (ka), at 260 cm.
Chronology is established on the basis of a second-order polynomial fit (R2 = 0.99) (Fig. 2a).
According to this formula, the age of the core base is 10.6 ka.
Uniform appearance and composition of the sediments, as well as the consistent texture seen in the
studied X-ray radiographs (available at www.pangaea.de), do not hold any evidence for abrupt
changes in the record. However, a calculation of linear sedimentation rates between radiocarbondated levels reveals two plateaus with apparently unusually high rates (around 100 cm/ka) between
42.5 and 62.5 cm and between 125.5 and 141.5 cm (Fig. 2b). Such abrupt changes (if they existed)
could only result from equally abrupt quantitative changes in the deposition of the main sediment
components. None of the proxy records presented here (e.g., foraminiferal contents, grain size, icerafted debris, organic carbon content) display significant changes that would corroborate such erratic
jumps in sedimentation. It can be assumed that these exceptionally high rates are artefacts caused by
the random distribution of datable material. Using the mentioned second-order polynomial fit and the
corresponding ages results in sedimentation rates ranging between 22 and 31 cm/ka. To account for
sediment compaction, accumulation rates were calculated. These range between 23.1 and 24.1
g/cm2∗ka.
Syring et al. (2020) present an alternative age model based on the use of the Bayesian R package
Bchron (Parnell et al., 2008) which, in principle, may better reflect the variable nature of sediment
input or flux under changing climatic conditions, since the second-order polynomial fit can only curve
once. However, the Bchron method takes datings at face value and does not account for possible
displacements of the dated organism remains by, e.g., bioturbation, active burrowing or current
transport. Considering the additional information regarding the often rather smooth (and not abrupt)
changes in basic sediment parameters, it seems sufficiently justified to use the alternative polynombased age model that suggests no rapid jumps in sedimentation and accumulation rates. After all, the
general trends of paleoenvironmental changes are very similar for both models and temporal
differences are <1,000 years.

[insert Table 1]

Table 1: AMS radiocarbon measurements and calibrated ages (median probability) of sediment record
PS93/025. For calibration the software Calib 7.1 (Stuiver and Reimer, 1993) and the Marine13
calibration curve (Reimer et al., 2013), which includes a time-dependent global ocean reservoir
correction of about 400 years, were used. Red datings are excluded and correspond to the red circles
in Fig. 2a. Radiocarbon age AWI 2053.1.1 (15.5 cm) was measured on material from GKG PS93/0251.

5. Results

5.1 Foraminifer occurrences
Planktic (up to 2,350 individuals/cm2∗ka) and benthic (up to 15,000 individuals/cm2∗ka) foraminiferal
fluxes were high between 10.6 and 8.0 ka and decreased rapidly thereafter (Fig. 3c, d). Beginning at
4.4 ka, the flux rates tended to zero. Around 2.2 ka and between 1.2 and 0.3 ka, benthic foraminiferal
fluxes were slightly higher than before (Fig. 3c). Highest planktic foraminiferal fragmentation occurred
between 10.6 and 8.0 ka (~30%), followed by a decrease until approximately 5.0 ka. Thereafter, the
values were low but highly variable (0-20%) (Fig. 3b).
N. pachyderma percentages are high throughout the record (>80%), whereas T. quinqueloba
percentages are rather low (around 5-10%). Right coiling Neogloboquadrina incompta (Darling et al.,
2006), formerly N. pachyderma (dex.), Globigerina inflata and Globigerinita glutinata are rarely found.
A more or less continuous appearance of T. quinqueloba is noted between 10.6 and 5.6 ka, whereas
the following interval between 4.6 and 2.4 ka was characterized by the absence of this species.
Afterwards, T. quinqueloba was present in two short intervals only, from 2.4 to 2.0 ka and from 1.6 to
1.0 ka (Fig. 3e).

[insert Fig. 3]

Fig. 3: a) June insolation at 80°N (Laskar et al., 2004). b) Planktic foraminiferal fragmentation. c)
Benthic foraminiferal flux rates. MCA = Medieval Climate Anomaly; RWP = Roman Warm Period. d)
Planktic foraminiferal flux rates. Comparable values of core PS1230-1 (Bauch et al., 2001a) are
displayed as a blue line. The PIIIIP25 index of our core (Syring et al., 2020) is shown in purple. e)
Planktic foraminiferal percentages of N. pachyderma (black) and T. quinqueloba (red). Circles mark
depths/ages with no planktic foraminifers. The interval with very low numbers of foraminifers is
marked. Proportions of T. quinqueloba in core PS1230-1 (Bauch et al., 2001a) are shown as a blue
line.

5.2 Stable isotopes
The δ13C isotope values of N. pachyderma reveal an overall positive trend from the core base until ~3
ka. From 10.6 to 8.1 ka, δ13C values are relatively stable and low (~0.3‰) with two pronounced
minima at 10.0 and 8.15 ka. Afterwards, δ13C values increase gradually until 6.85 ka. This trend is
followed by a plateau of high and stable values until around 3.0 ka. The last 200 a are marked by low
δ13C values near 0.35‰ (Fig. 4a). Planktic δ18O values of N. pachyderma vary around 4.2‰ between
10.6 and 7.8 ka. Thereafter follows a plateau with values of high variability near 4.0‰ until ~4.1 ka. At
4.1-1.4 ka, values are highly variable. Highest δ18O values are reached around 1.6 and 0.7 ka
(~5.0‰). Lower values near 3.25‰ characterize the last 200 a (Fig. 4b).
Benthic δ13C values of C. neoteretis rise with some internal variability until ~4.3 ka. Afterwards, values
fluctuate around -0.3‰ with two pronounced minima at 1.9 ka (-0.60‰) and 1.1 ka (-0.43‰). During
the last ~400 a, values decrease to -0.79‰ (Fig. 4c). Benthic δ18O values display an overall trend to
higher values until ~1.5 ka. Between 10.6 and 8.2 ka, δ18O values are low with minor internal

variability. This is followed by an increase reaching values near 5.5‰ around 1.5 ka. After 1.4 ka,
decreasing values until present can be observed (Fig. 4d). The δ18O difference between N.
pachyderma and C. neoteretis is low (~0.1‰) between 10.6 and 7.3 ka and comparatively high
(~0.5‰) thereafter (Fig. 4e).

[insert Fig. 4]
Fig. 4: a) Stable planktic (N. pachyderma) δ13C values. b) Stable planktic δ18O values. c) Stable
benthic (C. neoteretis) δ13C values. d) Stable benthic δ18O values. The 3-point moving average of our
isotope records is shown in red. Isotope records of comparable sites are displayed by orange (3-point
moving average) (MSM5/5-712-2; Werner et al., 2013) and blue (PS1230-1; Bauch et al., 2001a)
lines. Red bars indicate warm intervals deriving from outstanding isotope peaks. MCA = Medieval
Climate Anomaly; RWP = Roman Warm Period. e) δ18O difference between N. pachyderma and C.
neoteretis. Dashed red lines mark averages over the indicated time intervals.

5.3 Sediment composition
The number of lithic particles in the size fraction 150-250 µm reveals a negative, almost linear trend
throughout the entire record, whereby the flux rates decrease from 6,900 to 400 grains/cm2∗ka (Fig.
5a). Highest values can be found between 10.6 and 8.3 ka. Beginning at 4.0 ka, values remain below
3,000 grains/cm2∗ka. Within the last 2.1 ka, the flux rates are almost constant with approximately 800
grains/cm2∗ka. Around 4.4 ka, values show a temporary high, reaching over 10,200 grains/cm2∗ka
(Fig. 5a). The proportion of rounded grains varies around 45% between 10.6 and 8.6 ka and 40%
between 8.4 and 5.2 ka. Afterwards the percentage share steadily increases, reaching highest values
around 55% beginning at 2.9 ka (Fig. 5a). The composition of ice-rafted debris shows only minor
variability and is dominated by crystalline rocks, quartz and feldspar (~65%). Metamorphic rocks (e.g.,
quartzites), volcanic rocks (e.g., basalt), olivine grains, volcanic glass shards and mica (muscovite,
biotite) vary around 32.5% while clastic sedimentary rocks (~2%) and carbonates (<0.5%) are rare
(Fig. 5b).

[insert Fig. 5]

Fig. 5: Composition of bulk sediment and ice-rafted debris in core PS93/025. a) Upper panel:
Proportions of rounded grains (black) and percentages of crystalline rocks, quartz (main component)
and feldspar (pink); lower panel: Flux rates of ice-rafted debris in PS93/025 (150-250 µm) and
PS1230-1 (Bauch et al., 2001a) (150-500 µm). b) Composition of ice-rafted debris versus depth and
age, given as percentages of: Clastic sedimentary rocks (light gray), metamorphic rocks, volcanic
rocks, olivine grains, volcanic glass shards and mica (black), crystalline rocks, quartz and feldspar
(pink), limestones and dolomites (orange; values are <0.5% and given as numbers). c) Element ratios
as obtained from XRF core scanning. Upper panel: Ti/Al (black) and Ti/K (orange) ratios; lower panel:
Ca/Fe ratios (gray) as well as the 3-point moving average of the bulk percentages of CaCO3 (purple)
and total organic carbon (green) from Syring et al. (2020).

The element ratios Ti/Al and Ti/K which are indicative of terrigenous input remain stable throughout
the sediment record, with a significant increase in counts only during the last 200 years. The Ca/Fe
ratios reveal a trend similar to the benthic and planktic foraminiferal flux rates (Fig. 3c, d & Fig. 5c).
Highest Ca/Fe ratios (~0.4) occurred between 10.6 and 7.8 ka, followed by a decrease until ca. 5.5 ka.
Afterwards, the record is shaped by low and almost constant values around 0.15 (Fig. 5c).

5.4 Grain sizes
The measured sortable silt mean grain size (𝑆𝑆𝑆𝑆) varies between 17.5 and 31.5 µm in the studied
record (Fig. 6a). A check for ice-rafted debris influence after Hass (2002) shows a correlation between
the sand fraction and sortable silt values (R2 = 0.81). Thus, ice-rafted debris forms part of the silt
fraction and misinterpretations regarding the current strength are possible (cf. Hass, 2002). The
calculated ∆𝑆𝑆𝑆𝑆 curve, which can be interpreted in terms of relative current-speed fluctuations (Hass,
2002), reveals predominantly higher values/coarser grains between 10.0 and 5.0 ka and lower
values/finer grains afterwards (Fig. 6a).

[insert Fig. 6]

Fig. 6: a) Sortable silt values of PS93/025. b) Selected grain size distribution curves. Black arrows
indicate trends seen towards younger ages. c) Detailed overview of the displayed grain size
distribution curves, showing the shift from a coarse-silt to a medium-silt mode. Figures are shown in
chronological order from old (lower right) to young (upper left).

The grain size distribution curves display a visible trend from coarser grain sizes in the Early Holocene
to finer grain sizes in the Late Holocene, beginning with a decreasing mode in the coarse-silt range
around 35 µm and ending with an increasing mode in the medium-silt range around 15 µm. The
transition can be found between ca. 6.0 and 5.0 ka through the temporal appearance of bimodal
shaped distribution curves.
All data sets presented in this paper are available at www.pangaea.de.

6. Discussion

6.1 Early to mid-Holocene environmental conditions (10.6-5 ka)
The homogeneity of sediments at the core base and the dating of a marine bivalve found at 260 cm
demonstrate that the outermost NE Greenland shelf was free of grounded ice at 10.6 ka, the age of
the core base, according to the age model preferred here. This is in line with the oldest reliable dating
result from marine deposits on NE Kronprins Christian Land (KCL, 81°10'N), close to the shelf break,
which suggests an ice-free coast as early as 11.1 ka (converted from 14C age reported by Hjort, 1997).
Most datings of marine deposits (beach walls) from shores of NE Greenland (79-81°N) are younger
than our core base and range between 9 and 10 ka (Bennike and Björck, 2002). However, recent
reconstructions based on
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Be datings from the outermost islands off the Greenland coast slightly

further south (78-79°N) suggest that the NE Greenland shelf was deglaciated already ~11.5 ka
(Larsen et al., 2018). Since core PS93/025 did not penetrate any till that may be expected to underly
the marine sediments recovered in our core, our result can be regarded as a minimum age for the
deglaciation of the shelf, supporting earlier reconstructions.
The planktic foraminiferal assemblage of the sediment record is characterized by a dominance of the
polar species N. pachyderma (>80%) and only minor amounts of the subpolar species T. quinqueloba
(around 5-10%) which appears almost continuously only until 5.6 ka (Fig. 3e). Pados and Spielhagen
(2014) showed that this relation is the general distribution in the modern western Fram Strait, whereas
T. quinqueloba shows higher abundances (up to 40%) further east within the warmer and more saline
WSC. Since the abundances of subpolar foraminifers, particularly T. quinqueloba, in the Fram Strait
region, have been linked semiquantitatively to the advection of warmer Atlantic Water (e.g., Carstens
et al., 1997; Pados and Spielhagen, 2014; Volkmann, 2000), a persisting but variable inflow until 5.6
ka via the RAC can be concluded from the continuous presence of subpolar species in sediments from
this interval. According to sea level reconstructions on both sides of KCL (Fig. 1a) the coastal areas
near site PS93/025 were at least 80 m lower in the Early Holocene, due to isostatic depression
(Hjort,1997; Strunk et al., 2018). The extent of the Late Weichselian ice sheet on the NE Greenland
shelf is still under discussion (Strunk et al., 2018). However, a relative sea level several tens of meters
higher than today at our site can be expected from the proximity to KCL. This would have increased
the water depth on the outer shelf and allowed a relatively strong subsurface AW advection to site
PS93/025. According to the sea level reconstructions from KCL, the isostatic rebound had lowered the
relative sea level by ~20-40 m around 8 ka, keeping the excess water depth well above the presentday value. Proportions of the subpolar T. quinqueloba in a core from further south (core PS1230-1;
Bauch et al., 2001a) display a similar trend as in PS93/025 (Fig. 3e). The same applies to percentages
of T. quinqueloba near Svalbard (cores MSM5/5-712-2 and MSM5/5-723-2; Werner et al., 2013,
2016). The proportions found in our record consequently indicate a positioning of the study site right
within the area influenced by RAW (see Return Atlantic Current, Fig. 1a).
Planktic and benthic foraminiferal fluxes and the Ca/Fe element ratio show highest values between
10.6 and ~8.0 ka, with a considerable variability (Fig. 3c, d & 5c). Highest flux rates likely relate to
maxima in productivity of carbonate producing organisms (mainly foraminifers and coccoliths) since
food availability is one of the major controls (Carstens et al., 1997; Jonkers et al., 2010). The Ca/Fe
ratio is considered a general proxy for paleoproductivity (Vare et al., 2009) and supports this assertion.
In combination with low values of the sea-ice indicating PIIIIP25 index (Fig. 3d), the proxies suggest that
the study site was either completely ice-free in summer or under a reduced to variable sea-ice cover
until ~8.0 ka, in an interval that roughly correlates to the Greenlandian stage of the Holocene
subdivision (11.7-8.2 ka; Walker et al., 2018). According to the age model applied here, the
environmentally favorable period was punctuated by at least two short intervals (~200 years) with
lower flux rates at ~8.2 and ~8.7 ka. Syring et al. (2020) suggest increased sea-ice conditions and
strongly reduced phytoplankton productivity for these intervals and our results are in line with this. The
overall relatively high planktic foraminiferal fragmentation values between 10.6 and 8.0 ka (Fig. 3b) are
likely related to dissolution and mechanical breakage. We speculate that dissolution was enhanced by
organic carbon oxidation in the course of an increased accumulation of organic matter (cf. Archer et

al., 1989; Emerson and Archer, 1990) resulting from high primary productivity as proposed by Syring
et al. (2020).
Flux rates of ice-rafted debris were high between 10.6 and 8.3 ka, while showing an overall trend to
lower values (Fig. 5a). The high values likely resulted from the presence and melting of icebergs,
caused by the advection of warmer AW, the latter being indicated by high foraminiferal fluxes and the
occurrence of the subpolar foraminifer species T. quinqueloba. The proportion of rounded grains is
rather low at 10.6-8.6 ka (45%) and 8.4-5.2 ka (40%), compared to other parts of the record (Fig. 5a).
In general, sub-rounded to rounded grains are typical for sea-ice-rafted debris (SIRD), while icebergrafted debris (IRD) is usually dominated by angular grains (e.g., Dunhill, 1998; St John et al., 2015).
Lower percentages of rounded grains may therefore indicate a lower sea-ice-to-iceberg ratio. This is in
line with low values of the sea-ice indicating PIIIIP25 index at our site (Syring et al., 2020) which
suggest a reduced but somewhat variable sea-ice cover until approximately 5.0 ka. Most of the icerafted debris is composed of crystalline rocks, quartz and feldspar. Percentages of clastic sedimentary
rocks, limestones and dolomites are rather low (Fig. 5b). There are basically two major source areas
for ice-rafted erratics in Holocene Arctic sediments: The partly glaciated Eurasian archipelagos
(Svalbard, Franz Josef Land, Novaya Zemlya, Severnaya Zemlya) and the Canadian Arctic
Archipelago plus Northern Greenland. Clasts originating from the Canadian Arctic Islands are
dominated by dolomites and limestones and transported by the clockwise Beaufort Gyre (Phillips and
Grantz, 2001). On the contrary, quartz, chert, sandstone and siltstone characterize the erratics from
the Eurasian archipelagos. They are transported via the Transpolar Drift (TD) and concentrations of
carbonate clasts are low. Nürnberg et al. (1994) studied the sediment along the TD and showed that
also the terrigenous components in sea-ice and shelf sediments are dominated by quartz, feldspar,
rock fragments, mica and clay. Hence, the ice-rafted debris in our record, which shows high
proportions of quartz and mica and only very low percentages of limestones and dolomites (<0.5%),
probably originate from sediment sources associated with the TD pattern. Sediment supply from local
sources (NE Greenland), namely the Proterozoic and Phanerozoic Red Beds (Bond and Lotti, 1995),
seems neglectable since hardly any reddish clastic rock fragments were found. They were probably
transported southward along the coast and therefore did not reach the core site (Fig. 1a) due to the ice
drift pattern which is largely sub-parallel to the continental margin (Vinje and Finnekåsa, 1986). The
uniform distribution of the terrigenous element ratios Ti/Al and Ti/K (Fig. 5c) further indicates that the
source region of the deposited terrigenous sediment components remained stable throughout the last
~10.6 ka. Since quartz grains are characteristic for the terrigenous coarse fraction found in sea-ice
from the Eurasian Basin and the surrounding shelf regions (Nürnberg et al., 1994), the lower share of
crystalline rocks, quartz and feldspar (mainly quartz) during Early and mid-Holocene indicates lower
quantities of sea-ice sediments at this time. Further south (site PS1230; Bauch et al., 2001a),
Holocene IRD flux rates were lower than at site PS93/025 and with only minor variability after 9.7 ka
(Fig. 5a). Apparently, only lower quantities of sand-sized lithic particles were transported that far
south.
Between 10.6 and 6 ka, the grain size distribution curves are characterized by a decreasing peak
around 35 µm (coarse silt), while also showing a flat shoulder in the fine and medium silt range. A
second peak around 15 µm (medium silt) becomes apparent after 7 ka (Fig. 6b, c). While iceberg-

transported sediments can range from boulder-size material to fine-grained silt and clay, sea-ice
sediments are dominated by silt and clay (Clark and Hanson, 1983; Nürnberg et al., 1994). Since the
share of grains >63 µm, which are regarded as typical for iceberg deposits, is rather low within our
grain size distribution curves, we infer that the contribution of icebergs to the deposited sediment
during the Holocene was also overall low and decreasing with time. According to the classification of
Clark and Hanson (1983), the sediments until 6.0 ka are of Type 1 (non-sorted, clay and silt),
representing sea-ice and iceberg deposition. The visible decline of the coarse-silt mode can be
interpreted as a successive reduction of iceberg deposition, which may have been related both to the
ice recession on land and the decreasing water depth at our site, resulting from isostatic rebound of
the shelf (cf. Hjort, 1997). The latter may have successively decreased the number of large icebergs
from the Arctic Ocean reaching site PS93/025 because the area was protected by the increasingly
shallowing banks to the north of it which limited the drift of icebergs across the core site. Bimodal
shaped grain size distribution curves, appearing between ca. 6.0 and 5.0 ka, mark a transition to a
different type of sediment deposition thereafter.
The IRD-corrected ∆𝑆𝑆𝑆𝑆 sortable silt curve is a proxy for bottom current strength variations (Hass,
2002). Between 10.0 and 5.0 ka the ∆𝑆𝑆𝑆𝑆 curve tends towards coarser grains (Fig. 6a), suggesting
comparatively strong bottom currents, possibly due to Atlantic Water advection. Highest ∆𝑆𝑆𝑆𝑆 values
and therefore strongest bottom currents apparently occurred between 9.8 and 6.6 ka. Again, this may
have been an effect of the postglacial isostatic rebound of the NE Greenland region which may have
successively decreased the thickness of the AW layer on the outer shelf during the investigated time
interval. Consequently, the higher relative sea level during the Early Holocene allowed a relatively
strong advection of AW to the core site which is in line with the mentioned stronger bottom currents.
The δ18O values of benthic C. neoteretis are low (4.5-4‰) between 10.6 and 8.0 ka while showing a
slow but steady decrease (Fig. 4d). Low δ18O values likely indicate relatively high calcification
temperatures (cf. Epstein et al., 1953), linked to the inflow of Atlantic Water, as discussed above.
Planktic δ18O values of N. pachyderma vary around 4.2‰ between 10.6 and 7.8 ka. The rather low
and stable benthic and planktic values with little internal variability until ~8 ka reflect stable subsurface
conditions. Further, the minimal difference between planktic and benthic δ18O suggests a relatively
thick and homogeneous AW water mass on the outer NE Greenland shelf in the Early Holocene, when
the water depth was significantly greater (cf. Hjort, 1997). Since it seems unlikely that there was no
vertical temperature gradient in this water mass, we speculate that differences between benthic and
planktic habitat depths were balanced isotopically by an upwards increasing influence of isotopically
light freshwater in the near-surface parts of the AW layer. The δ13C values of C. neoteretis display a
general trend to higher values throughout the sediment record (Fig. 4c), with only one major setback.
Low and slowly rising benthic δ13C values (-0.8 to -0.2 ‰) between 10.6 and ~8.0 ka probably relate to
the high level of bioproductivity in the upper water column (cf. Syring et al., 2020), as discussed
above, and the decomposition of isotopically light organic carbon, resulting in low δ13C values in the
lower part of the water column. The δ13C values of planktic N. pachyderma were low in the Early
Holocene part of our record (Fig. 4a). Today, δ13C values of dissolved inorganic carbon (DIC) in
western Fram Strait waters are highest in the upper 100 m (Pados et al., 2015). Further, a recent
synoptic study revealed sea-ice coverage and the depth of the chlorophyll maximum as the major

factors determining the vertical habitat of this species (Greco et al., 2019). Considering the evidence
for a reduced sea-ice cover (Syring et al., 2020) and strong bioproduction (cf. foraminifer fluxes; Fig.
3c, d) before ~8 ka, we suppose that N. pachyderma on average could obtain a relatively deep habitat
with low δ13C of the DIC, similar to the situation today in the central Fram Strait under the influence of
the RAC (cf. Pados and Spielhagen, 2014). Two pronounced planktic δ13C minima around 10.0 and
8.2 ka may indicate short periods of reduced ventilation of these subsurface waters. Werner et al.
(2013) found evidence for cooler and probably reduced northward advection of AW to the eastern
Fram Strait around 8.2 ka and correlated this to the hemisphere-wide cool 8.2 ka event. Assuming a
causal connection of cool events in the eastern and western Fram Strait, our data point to a weaker
RAC flow during this event. No correlating event is found at 10.0 ka in the eastern Fram Strait and
thus the cause of low planktic δ13C values in the western Fram Strait at this time remains enigmatic.
A rapid drop of benthic δ13C values at ~8.0-7.2 ka (Fig. 4c) which was coeval with a decrease in
benthic foraminifer fluxes by >50%, a significant decrease in the fragmentation index (Fig. 3b, c), and
an increase in benthic δ18O (Fig. 4d) reflect a drastic reorganization of bottom water conditions. We
interpret these data as indicating a reduction in both AW advection and temperature as well as bottom
water ventilation, at a time when near-surface productivity was decreasing due to the higher sea-ice
coverage revealed by higher values of the PIIIIP25 index (cf. Fig. 3d). From 7.2 until 4.3 ka, benthic
δ13C values were rising from a low level (below -0.8‰) to Late Holocene values of ca. -0.3‰ (Fig. 4c).
The high benthic δ18O values during this time point to lower temperatures near the sea floor than in
the Early Holocene, resulting from the advection of less and cooler AW. In line with this, the slowly
rising benthic δ13C values may be explained by a combined effect of the decreasing relative sea level
and the relatively low productivity under a sea-ice coverage which was significantly higher than before
(cf. Syring et al., 2020). The latter should have led to less decomposition of isotopically light organic
carbon and consequently rising δ13C values. Moreover, the postglacial isostatic rebound of the NE
Greenland shelf (~50 m between 8 and 4 ka; Hjort, 1997) may have lifted the sea floor at site
PS93/025 from the AW-dominated domain to a depth more influenced by Polar/Shelf Water (cf. Fig. 1)
which has relatively high δ13C values (cf. Pados et al., 2015). We note that the change from relatively
high (~30%) to low (<20%) fragmentation around 8 ka in our core is opposite to what is observed in
the deep Fram Strait (cf. Zamelczyk et al., 2012). We refrain from a further discussion here, because
shelf and deep-sea environments may have been considerably different.
Planktic δ18O values vary around 4.0‰ between 7.8 and 4.1 ka (Fig. 4b). The higher variability
compared to before in both planktic and benthic δ18O records likely indicates strong fluctuations of AW
advection with periods of weakened inflow of warm water masses and therefore lower salinity. After
~7.2 ka, the benthic-planktic δ18O difference (Fig. 4e) is higher than before (~0.5‰), pointing towards
a stronger vertical stratification. This is likely resulting from a reduced advection of AW and a
freshening of the (sub)surface waters, related to an increase in sea-ice cover. Low and stable planktic
δ18O values of N. pachyderma were also found in the eastern Fram Strait until 7.2 ka (core MSM5/5712-2; Werner et al., 2013) (Fig. 4b) and (considering also evidence from planktic foraminifer
associations) interpreted to reveal a strong and warm AW advection from the south. In the same core,
higher and more variable values thereafter were linked to cooler temperatures in the subsurface water
masses (Werner et al., 2013). The similarity of changes, though showing a temporal offset, suggests

that site PS93/025 was bathed in waters transported by the RAC throughout the Early Holocene.
However, the period of stable and strong AW advection was apparently terminated in the NW Fram
Strait ~800 years earlier than off Svalbard. In contrast to the decreasing benthic ones, δ13C values of
N. pachyderma were rising after ~8.1 ka, from Early Holocene values of 0.2-0.4‰ to the mid-Holocene
level of 0.6-0.8‰ which was reached at ~6.9 ka. (Fig. 4a). We interpret this increase to reflect a
change in the preferred habitat of N. pachyderma. Since there is biomarker evidence for an increase
in sea-ice coverage (Syring et al., 2020) and a decrease in bioproduction (cf. foraminifer fluxes; Fig.
3c, d) at ~8.0 ka, we suppose that N. pachyderma followed the phytoplankton food to shallower, better
ventilated waters. Between 7 and ~3.0 ka, a planktic δ13C plateau with high values (~0.7‰) can be
found in our record (Fig. 4a). Comparable intervals with high δ13C values are common in many
Holocene records from the entire Nordic Seas (e.g., Bauch and Weinelt, 1997; Risebrobakken et al.,
2011; Sarnthein et al., 2003; Telesiński et al., 2014; Werner et al., 2013) and display the same timing.
This widespread occurrence implies that some paleoenvironmental parameters (e.g., good ventilation
of subsurface waters) were similar and stable during this time period. Since sea-ice largely prevents
atmosphere-ocean gas exchange in the central Arctic Ocean, ventilation of waters on the open
shelves is crucial for the δ13C values of the subsurface water mass in the Arctic (Spielhagen and
Erlenkeuser, 1994). This isotopic signature shows only little change en route under the transpolar seaice drift. Lubinski et al., (2001) proposed that, through continuous flooding of the shelf regions in the
mid-Holocene (cf. Bauch et al., 2001b), well-ventilated shelf waters with high δ13C values were
transported to the Arctic Ocean. Our finding of high planktic δ13C values in the NW Fram Strait
throughout the mid-Holocene supports this hypothesis and suggests that well-ventilated waters with
high δ13C reached the NW Fram Strait continuously from 7 to 3 ka.
6.2 Mid- to Late Holocene environmental conditions (5 ka until present)
From a number of the proxy data sets presented here we can conclude that conditions off NE
Greenland were different than before and environmentally less favorable. Foraminiferal parameters
reach very low values at 6-5 ka and mostly remain on this level. Flux rates are an order of magnitude
lower compared to 10.6-8 ka and reach values close to zero after ~4.4 ka (Fig. 3c, d). Subpolar T.
quinqueloba are almost absent after 4.6 ka (Fig. 3e). Furthermore, the Ca/Fe element ratio is relatively
low after 5.5 ka (Fig. 5c). Together, these data indicate that productivity was very limited after ~5.0 ka,
likely because of the higher and/or seasonally more extended sea-ice coverage which is suggested by
the higher values of the PIIIIP25 sea-ice index (Fig. 3d). After 5.0 ka, also planktic foraminiferal
fragmentation is low (Fig. 3b), pointing at weak carbonate dissolution due to less organic carbon
oxidation and neglectable mechanical breakage from terrigenous input. Similar to our site, planktic
foraminiferal fluxes in the eastern Fram Strait (core MSM5/5-712-2; Werner et al., 2013) display a shift
to rather low values after 5.2 ka. Werner et al. (2013) attributed this shift to a transition to cold
conditions starting at 5.2 ka, induced by an increased southward expansion of the sea-ice margin and
lower insolation. Funder et al. (2011) used the abundance of dated driftwood transported by sea-ice
found on North Greenland shores as a proxy for multiyear sea-ice and found a clear transition to
colder conditions after 6.0 ka, with more sea-ice. Accordingly, a pronounced trend to colder conditions
coupled with a higher and/or seasonally more extended sea-ice coverage can be seen after ~6-5 ka

on both sides of the Fram Strait. Together, these findings suggest the mid-Holocene as a time when,
under successively decreasing insolation (Fig. 3a), climate shifted to a generally colder state in the
Fram Strait area, with very weak AW advection by the RAC and with more sea-ice. Apparently, these
were the average paleoenvironmental conditions in pre-industrial times, before the onset of modern
Arctic warming. Our results do not show evidence for significant changes occurring at the boundary
between the Northgrippian and Maghalayan stages of the Holocene (4.2 ka; cf. Walker et al., 2018).
The sedimentological parameters from sediments deposited after 6-5 ka support the conclusions
drawn from micropaleontological data. The ice-rafted debris flux rates remained low after ~4.0 ka (Fig.
5a). This may be related to less melting under colder conditions and/or a higher sea-ice coverage in
general, but also to less icebergs reaching our site. The latter is indicated also by the increase of
rounded grains after 5.2 ka and the increase of quartz grains within the ice-rafted debris after 4.8 ka
(Fig. 5a) which both point to higher relative proportions of sediment deposited by sea-ice (cf. Nürnberg
et al., 1994; Dunhill, 1998; St John et al., 2015). Moreover, grain size distribution curves show an
increasing mode in the medium-silt range around 15 µm and only small amounts of coarser grains
after 5.0 ka (Fig. 6b, c) which both are characteristic for sea-ice deposition (cf. Clark and Hanson,
1983). After 5 ka, the trend of the ∆𝑆𝑆𝑆𝑆 record towards finer grains implies weaker bottom currents than
before, possibly related to a decreasing Atlantic Water advection.
Our benthic and planktic δ18O values of C. neoteretis and N. pachyderma are generally higher during
the Late Holocene than before (Fig. 4b, d). Considering the evidence presented above, these values
corroborate the proposed colder conditions with weak AW advection and a higher sea-ice coverage.
Higher benthic and planktic δ13C values during the mid- and Late Holocene may reflect the weak
influence of AW with a lower δ13C signature and the advection of well-ventilated shelf waters from the
Arctic Ocean with relatively high δ13C values (cf. Lubinski et al., 2001; Spielhagen and Erlenkeuser,
1994).
Microfossil and isotope records from the last ~2 ka at site PS93/025 have to be treated with some
caution because the numbers of foraminifers found in our samples were rather low so that, in a
number of cases, foraminifers had to be collected from larger sample intervals (up to 5 cm) to obtain
isotope data. Nevertheless, around 2.2 ka, and between 1.2 and 0.3 ka, mainly benthic and to some
extent also planktic foraminiferal flux rates show slightly higher values than before, in between, and
after (Fig. 3c). This may point to some environmental amelioration for benthic and planktic
foraminifers, possibly due to a stronger inflow of warm AW. The latter is indicated by the reoccurrence
of the subpolar planktic foraminifer T. quinqueloba which was absent after 4.6 ka and reappears from
2.4 to 2.0 ka and from 1.6 to 1.0 ka, matching the mentioned intervals of higher foraminiferal flux rates
at our site. While there is only little information available on environmental variations off NE Greenland
on centennial timescales, several high-resolution paleoenvironmental data sets based on microfossil
investigations were published from cores along the eastern Barents Sea and Svalbard continental
margin (e.g., Dylmer et al., 2013; Hald et al., 2007; Jernas et al., 2013; Sarnthein et al., 2003;
Spielhagen et al., 2011). Although there are some differences in the timing of warm events as
reconstructed from different microfossil groups (cf. Matul et al., 2018, for a comparative study), there is
a general agreement on the identification of the Roman Warm Period (RWP, around 2 ka) and the
Medieval Climate Anomaly (MCA, around 0.9 ka) as periods with an increased northward advection of

AW to the Fram Strait area. Even with some stratigraphic uncertainty in the youngest part of our
record, our data from PS93/25 place the foraminiferal evidence for a slightly enhanced advection of
AW by the RAC in the same time frame (Fig. 3c) and identify the RWP and the MCA as Fram Straitwide warming events.
Despite the limitations resulting from the sparseness of foraminifers, some features in our planktic and
benthic isotope records still deserve attention. Pronounced peaks of lower planktic and benthic δ18O
and δ13C values around 2.0 and 1.0 ka (Fig. 4, red bars) roughly correlate with the previously
mentioned intervals of higher foraminiferal flux rates and higher percentages of T. quinqueloba (Fig.
3). Considering the microfossil evidence, the lower δ18O values may indicate comparatively warmer
water masses, whereas low δ13C values may point to reduced ventilation due to enhanced
stratification resulting from stronger salinity differences between surface waters and subsurface AW.
Accordingly, the isotope data corroborate the hypothesis of an increased inflow of warm RAW at these
times. Extraordinarily low planktic and benthic δ18O and δ13C values characterize the record from the
last ~200 years (i.e., the Modern/Industrial Period; Fig. 4). While the low planktic δ18O values may
result from a lower salinity due to low-δ18O meltwater discharge from NE Greenland glaciers, low
benthic values may again indicate an enhanced advection of warmer RAW onto the NE Greenland
shelf. Olsen and Ninnemann (2010) attributed the low δ13C values in modern water masses, which are
strongly departing from pre-industrial values, to the Suess effect, i.e., an overprint by isotopically light
carbon dioxide from anthropogenic emissions. This effect may also explain the low δ13C values in the
very youngest part of our record. Similar low δ13C values were also recorded from the last ~100 years
in the eastern Fram Strait (Werner et al., 2011). Unfortunately, the very low numbers of foraminifers in
the very youngest part of our sediment record do not allow to reconstruct in detail the imprint of Arctic
warming during the last 100-150 years on the water mass parameters off NE Greenland.

7. Conclusions

New proxy data records from core PS93/025 provide improved insights into the sea-ice history and the
Atlantic-derived heat transfer to the western Fram Strait off NE Greenland during the past 10.6 ka.
Foraminiferal associations as well as flux and fragmentation data, combined with Ca/Fe ratios and
foraminiferal stable isotope records reveal a maximum in bioproductivity between 10.6 and ~8.0 ka
due to a strong advection of warmer Atlantic Water crossing the Fram Strait as the Return Atlantic
Current. Grain size data reveal relatively strong bottom currents and a significant contribution of
iceberg-rafted debris to the sediment deposition. Both features may be related to the isostatically
depressed sea floor and the related greater water depth at our site which should have allowed a
penetration of both Atlantic Water and large icebergs closer to the modern coastline than today. There
is no evidence for a strong contribution of icebergs from northern North America to the deposition of
lithogenic particles at our site. Instead, the ice-rafted debris in our record probably originate from
sediment sources associated with the Transpolar Drift pattern.
Our proxy data indicate a decrease of AW inflow and a higher sea-ice coverage together with
weakened bioproductivity and less sedimentation from icebergs after ~8.0 ka. However,

micropaleontological and sedimentological data indicate a lasting influence of AW advection onto a
shallowing shelf until ~5.0 ka.
A significant paleoenvironmental change at our site, i.e., offshore NE Greenland, occurred around 5.0
ka. All data sets unequivocally point towards colder conditions with a higher and/or seasonally more
extended sea-ice coverage during the Late Holocene. Micropaleontological and isotopic data indicate
two intervals of re-increased AW advection around ~2.0 and ~1.0 ka, which may correlate with the
Roman Warm Period and the Medieval Climate Anomaly, respectively.
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