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A B S T R A C T   

The flow of the Atlantic Water (AW) via the Return Atlantic Current (RAC) regulates the oceanographical 
conditions in the Northwestern (NW) Greenland Sea in the Fram Strait. As the intensity of the RAC might 
significantly influence both deep-water formation in the area and the stability of the Northeast Greenland Ice 
Sheet (NE GIS), knowledge of its variability in the past is important. Here we present a reconstruction of the 
paleoceanographic forcing of the AW on climatic conditions and associated environmental changes in the NW 
Greenland Sea by means of foraminiferal assemblages, stable (oxygen and carbon) isotopes, and various sedi
mentological parameters from sediment core GR02-GC retrieved from NE Greenland continental slope (1170 m 
water depth). Our data indicate an almost continuous presence of AW in the NW Greenland Sea during the last 35 
kyr BP. Two peaks of low planktic δ18O values at ~34.5 and 33 kyr BP are interpreted as meltwater signals 
associated with warm AW-induced melting of the adjacent NE GIS. The NE GIS advanced between 32 and 29 kyr 
BP, resulting in reduced meltwater influx to the NW Greenland Sea. Increased iceberg calving and melting after 
29 kyr BP, were probably linked to surface warming and glacier advance to the shelf-break lasting until 23.5 kyr 
BP. During the Last Glacial Maximum, the extensive sea ice cover was associated with the presence of subsurface 
AW at the study site. During the Bølling–Allerød (B/A, ~14.6–12.7 kyr BP) strong melting of glaciers and sea ice 
was probably caused by the combined effect of the B/A warming and the flow of warm AW. The RAC was 
weakened during the Younger Dryas (~12.8–11.7 kyr BP), which reduced the advection of warm AW to the NW 
Greenland Sea. After 11.7 kyr BP, the RAC reached its modern strength, whereas, during the Holocene Thermal 
Maximum, it reached its maximum strength for the study period. In addition, short-term weakening of AW inflow 
to the core site was observed, especially at 10.5, 8.5, and 5.8 kyr BP.   

1. Introduction 

The NW Greenland Sea in the Fram Strait plays an important role as 
the main gateway for the deep and surface water exchange between the 
Arctic and North Atlantic Ocean. The region is very sensitive to climate 
and ocean circulation changes because of the East Greenland Current 
(EGC; Fieg et al., 2010), which carry sea ice and cold, low-salinity sur
face water from the Arctic Ocean, and thus regulate deep-water for
mation in the area (Håvik et al., 2017; Rudels and Quadfasel, 1991). The 
northward transport of Atlantic Water (AW) from the North Atlantic 
Current (NAC) to the Arctic Ocean in the eastern Fram Strait (Fig. 1) is 
an integral element in regulating the climate system in the Northern 

Hemisphere. About half of the northward propagating AW recirculates 
in the Fram Strait (de Steur et al., 2014; Hattermann et al., 2016) and 
afterward enters the NW Greenland Sea as Return Atlantic Water (RAW) 
via the Return Atlantic Current (RAC) (Jeansson et al., 2008; Paquette 
et al., 1985) (Fig. 1). The remaining half continues to flow northward 
into the Arctic Ocean and recirculates in the Eurasian and Canadian 
basins, where it is cooled and freshened to become Arctic Atlantic Water 
(AAW) (Fig. 1) (Rudels et al., 2012). Through these recirculation pat
terns, these waters join the EGC and flow further south to the North 
Atlantic along the eastern Greenland continental shelf (Bashmachnikov 
et al., 2021; Rudels et al., 2012) (Fig. 1). Furthermore, the stability of the 
NE Greenland Ice Sheet depends on the amount of warm AW delivered 
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by the RAC (Schaffer et al., 2017). 
Recent studies have focused on the paleoceanography of the EGC 

over the NE Greenland shelf covering the last c. 13 kyr (e.g., Davies 
et al., 2022; Pados-Dibattista et al., 2022; Syring et al., 2020a); however, 
only a few multi-proxy studies of the AW flux over a longer time period 
exist (Bauch et al., 2001; Ezat et al., 2021; Fronval and Jansen, 1997; 
Spielhagen and Mackensen, 2021). Thus, the Late Glacial and deglacial 
evolution of this AW flux is mostly unknown. The AW has been 
continuously present in the eastern part of the Nordic Seas (Rasmussen 
and Thomsen, 2008) and in the eastern Fram Strait (Rasmussen et al., 
2007) during the last 24 kyr, despite the collapse of the AMOC during 
the Heinrich Stadial 1 (H1) (McManus et al., 2004). However, during the 
cold stadial events of H1 and the Younger Dryas, AW in the eastern 
Nordic Seas propagated as a subsurface water mass below the polar 
surface water layer (Ślubowska-Woldengen et al., 2007). The AMOC was 
reinvigorated at the onset of the Bølling-Allerød interstadials and led to 
an increase in the northward inflow of AW, resulting in deep-water 
renewal in the Nordic Seas. Studies from the eastern Fram Strait (e.g., 
Rasmussen et al., 2007; Werner et al., 2016) have previously demon
strated that the NAC was strengthened during the Early Holocene due to 
maximum summer insolation and thermohaline circulation, which 
increased heat advection to the Arctic Ocean. In certain studies in the 
Svalbard region (e.g., Rasmussen et al., 2014), ocean temperatures were 
shown to be higher than for the rest of the Holocene with a much 
warmer Mid-Holocene and probable greater heat transfer to the Arctic 
Ocean. 

The present study aims to investigate variations in the properties and 
flow of the AW, especially from the RAC and associated changes over the 
NE Greenland margin during the last ~35 kyr BP by a multi-proxy study 
of benthic and planktic foraminiferal faunas, stable isotopes, ice-rafted 
debris (IRD), and other geochemical and sedimentological proxies. To 
produce a more comprehensive account of the changes in AW routing 
during the Late Weichselian glaciation and Holocene in the NW 
Greenland Sea, we also compare our records from GR02-GC (underlying 
the EGC) with a published record from a site (JM10-335GC) in the 
eastern Fram Strait (79◦00.173N, 6◦55.335E, 1197 m water depth; 
Sztybor and Rasmussen (2017)) directly underlying the northward 

flowing West Spitsbergen Current (WSC) directly derived from the NAC 
(Fig. 1). More importantly, this study offers the first detailed recon
struction of the evolution of the RAC, ~35–4 kyr BP. 

2. Regional settings 

The NE Greenland continental shelf is known to be the broadest shelf 
along the Greenland margin, reaching up to 300 km at its widest point. It 
is bordered by the East Greenland coastline to the west, the continental 
slope reaching down to 4000 m depth to the east, and the Fram Strait to 
the northeast. The shelf is characterized by five conspicuous cross-shelf 
troughs carved by former ice streams between shallow banks (Arndt 
et al., 2015). There are three major marine-terminating glaciers of the 
NE Greenland Ice Sheet that drain in the area, namely the Niog
halvfjerdsfjorden Glacier (or 79G), Storstrømmen and Zachariæ Isstrøm, 
which extends approximately 700 km inland (Joughin et al., 2001). 

Our core site, located on the plateau on the continental slope of NE 
Greenland (~20 km east of the shelf-break), lies beneath the flow path of 
the southward flowing EGC (Johannessen, 1986). The EGC transports 
sea ice from the Arctic Ocean year-round, resulting in extreme sea-ice 
conditions on the NE Greenland shelf and upper slope throughout the 
year. Due to its origin in the Arctic Ocean, as well as seasonal ice melt in 
the Nordic Seas and Fram Strait, the Polar surface layer of the EGC is 
cold (− 1.5 ◦C) and contains a large amount of freshwater (Rudels et al., 
2002). Summer insolation makes the upper few meters of the surface 
layer warmer, but the temperature rapidly drops below that. 

The EGC contains three distinct branches; the Polar Surface Water jet 
(PSW jet) on the shelf, shelf-break EGC in the vicinity of the shelf-break, 
and outer EGC over the continental slope (Håvik et al., 2017). The PSW 
jet transports mostly Polar Water, and during the summertime, it may be 
strengthened due to the freshwater runoff from the Greenland Ice Sheet 
(GIS). The outer EGC contains the warm subsurface RAW (Håvik et al., 
2017), derived from the western branch of the WSC in the Fram Strait 
and transported via the RAC (Jeansson et al., 2008). AAW also flows 
southward along with the EGC as a subsurface water mass. The AAW, 
which enters from the Arctic Ocean is relatively cold (T: ≥ 0 ◦C), the 
RAW forms the warmest AW part of the EGC (T: ≥ 2 ◦C) (e.g., Rudels 

Fig. 1. (a) Schematic of present-day surface ocean circula
tion in the Nordic Seas. The red arrows represent the flow of 
warm Atlantic Water, i.e., North Atlantic Current (NAC), 
West Spitsbergen Current (WSC), and Return Atlantic Cur
rent (RAC). Blue arrows denote East Greenland Current 
(EGC) along the continental shelf break. Arctic Atlantic 
Water (AAW) flow from the Arctic is indicated by orange 
dashed arrows. Blue dashed arrows represent Jan Mayen 
Current (JMC) and East Icelandic Current (EIC). Light blue 
dashed arrow represents the Polar Surface Water jet (PSW 
jet). Yellow star indicates core location of gravity core GR02- 
GC (this study). White star indicate gravity core JM10-335GC 
discussed in the text (Sztybor and Rasmussen, 2017). (For 
interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this 
article.)   
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et al., 2002). The extensive eddy activity promotes the westward 
propagation of the RAW in the northern part of the Fram Strait and it 
combines with the shelf-break EGC (Hattermann et al., 2016). 

3. Materials and methods 

Gravity core GR02-GC was retrieved from the NW Greenland Sea 
(77◦05.192 N, 5◦13.896 W, 1170 m water depth) during the AREX 
expedition with RV Oceania in summer 2017 (Fig. 1). The water column 
temperature and salinity at the coring site were measured in situ by a 
mini-CTD (conductivity–temperature–depth) profiler at intervals of 1 s. 
After sediment core opening, the visual description was performed and 
colour information obtained based on the Munsell Soil Colour Chart 
(Fig. 3). The sediment core consists of grayish fine-grained mud and pale 
orange/brownish sandy mud and apparently represents continuous 
sedimentation with no sign of redeposition. The 1.35 m long core was 
sliced at 0.5 cm intervals, freeze-dried, and wet sieved over 63 μm, 100, 
and 500 μm. 

3.1. AMS-14C dates and chronology of core GR02-GC 

For the construction of the age model, specimens of the planktic 
foraminifera Neogloboquadrina pachyderma were picked from 9 horizons 
for AMS 14C dating (Table 1;¸ five dates were previously published by 
Telesiński et al. (2022)). The resulting raw radiocarbon dates were 
calibrated to calendar ages using the CALIB 14C software (8.2.0; Stuiver 
et al. (2022)) and the Marine20 dataset (Heaton et al., 2020), and no 
local reservoir correction was applied (ΔR = 0 years). The age model for 
core JM10-335GC from the eastern Fram Strait (Fig. 1) was created from 
existing 14C dates on N. pachyderma (Sztybor and Rasmussen, 2017) and 
recalibrated using Marine20, applying a local reservoir correction (ΔR 
= 7 ± 11) (Mangerud et al., 2006). We are well aware of the statement 
of Heaton et al. (2020) that Marine20 is inaccurate in higher latitudes, 
where variations in sea-ice extent, Polar water, ocean upwelling, and 
air-sea gas exchange may have caused changes in the reservoir age. 
However, since our core site is on the slope and strongly influenced by 
the RAW, we are confident that changes in reservoir ages through time 
match changes in other North Atlantic records (e.g., Brendryen et al., 
2020). Therefore, in this study, we used the Marine20 dataset to cali
brate radiocarbon ages for both cores GR02-GC and JM10-335GC 

(Table 1). 
The age obtained in GR02-GC at 50.5 cm is older than the age at 54.5 

cm (Table 1). This age reversal was possibly caused by reworking of 
older speciemns of N. pachyderma to the site, and the older date was 
therefore excluded from the age model. The age at 24.5 cm, we have 
excluded as being too young and used the age at 10.5 cm to build the age 
model (Table 1). This is based on the percentage distribution of 
C. wuellerstorfi (an almost strictly interglacial species) (e.g., Bauch, 
1997; Haake and Pflaumann, 1989) and the pattern of sedimentation 
rates (see Supplementary Fig. 1A, B). Using the age at 24.5 cm and 
discarding the age at 10.5 cm would give sedimentation rates of 18.4 cm 
kyr− 1 between 24.5 and 6.5 cm (between 11 and 10 kyr BP; unusually 
high for records from >1000 m water depth in the Fram Strait (e.g., 
Nørgaard-Pedersen et al., 2003). Accepting the age at 10.5 cm for the 
age model, we calculated the highest sedimentation rates (12.5 cm 
kyr− 1) to occur between 40.5 and 10.5 cm (between 16.45 and 14.05 kyr 
BP; see Supplementary Fig. 1A). Sedimentation rates in the Nordic Seas 
were usually high during the deglaciation due to melting of the ice sheet 
margins and increase in iceberg discharge (e.g., Nørgaard-Pedersen 
et al., 2003). 

The calculation of the age-depth model was done using linear 
interpolation between dating points. All ages are given in thousand 
calendar years before 1950 CE (kyr BP). 

3.2. Micropaleontological analyses 

Ninety-three sediment samples in total were analyzed from core 
GR02-GC for foraminiferal, ice-rafted debris (IRD), and stable isotope 
analyses. When possible, a minimum of 300 benthic and 300 planktic 
foraminiferal specimens from the >63 μm fraction of each sample were 
picked under the light microscope and mounted on faunal slides. 
However, a few samples (five samples between 118 and 128 cm) had 
only few specimens present. Only samples containing at least 50 speci
mens were included for calculations. When necessary, residues were 
split using a dry micro splitter, and the total number of foraminifera was 
calculated. The taxonomic classification was performed mostly to spe
cies level, using the generic classification of Loeblich Jr and Tappan 
(2015). The absolute abundance of individuals for each sample was 
calculated as number of individuals per 1g dry sediment [# g-1]. Relative 
abundances were calculated as a percentage of total individuals 

Table 1 
AMS 14C measurements and calibrated ages applying the Marine20 calibration curve.  

Lab ID Depth (cm) Dated material 14C age (year BP) Calibrated age (year BP, 2σ) 

Min age Max age Median age 

Core GR02-GC 
OS-147528 2.5 N. pachyderma 5350 ± 20 5361 5661 5524 
OS-151013 3.5 N. pachyderma 5790 ± 20 5871 6171 6006 
OS-147529 6.5 N. pachyderma 9330 ± 30 9774 10,154 9975 
OS-140812 10.5 N. pachyderma 12,600 ± 110 13,696 14,497 14,050 
OS-151014 24.5 N. pachyderma 10,050 ± 40* Excluded 
OS-140813 40.5 N. pachyderma 14,300 ± 460 15,261 17,631 16,450 
OS-147508 44.5 N. pachyderma 20,200 ± 360 22,563 24,146 23,354 
OS-147509 50.5 N. pachyderma 25,100 ± 390* Excluded 
OS-140814 54.5 N. pachyderma 22,800 ± 270 25,655 26,837 26,169 
OS-140815 86.5 N. pachyderma 25,700 ± 430 28,145 29,953 29,071 
OS-140816 134.5 N. pachyderma 31,600 ± 1100 32,871 37,887 35,271  

Core JM10-335GC 
(Sztybor and Rasmussen, 2017) 20 N. pachyderma 9302 ± 38 9700 10,129 9800 
(Sztybor and Rasmussen, 2017) 56 N. pachyderma 10,829 ± 43 11,832 12,363 12,055 
(Sztybor and Rasmussen, 2017) 75 N. pachyderma 11,830 ± 44 12,985 13,306 13,140 
(Sztybor and Rasmussen, 2017) 278 N. pachyderma 15,486 ± 73 17,653 18,192 17,941 
(Sztybor and Rasmussen, 2017) 290 N. pachyderma 16,830 ± 71 19,095 19,681 19,409 
(Sztybor and Rasmussen, 2017) 369 N. pachyderma 19,327 ± 77 22,141 22,697 22,385 
(Sztybor and Rasmussen, 2017) 460 N. pachyderma 27,132 ± 150 30,106 30,830 30,440 

Median ages (in bold) were used for the age-depth model. Calibrated ages are reported in thousand years before 1950 CE (kyr BP). 
* The radiocarbon ages from 24.5 and 50.5 cm were excluded from the age–depth model (described in Section 3.1). 
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(planktic and benthic foraminifera were treated separately). Part (15–4 
kyr BP) of planktic foraminifera analysis have been published by Tele
siński et al. (2022). 

The fluxes of planktic and benthic foraminifera were calculated for 
all the counted samples, using foraminiferal number (FN) [# g− 1], linear 
sedimentation rate (LSR) [cm yr− 1], and dry bulk density (DBD) [g 
cm− 3]. The LSR was calculated by using the calibrated ages. The fora
miniferal fluxes were calculated by using the following formula: 

Flux (individuals × cm− 2 × kyr− 1) = FN × DBD × LSR. 

3.3. Stable isotopes, IRD, and grain sizes 

For stable carbon and oxygen isotope analysis, approximately 10 
specimens of the planktic foraminiferal species Neogloboquadrina 
pachyderma and 25 specimens of the benthic species Cassidulina neo
teretis were picked from the 100–500 μm size fraction. All samples were 
cleaned in methanol, and measurements were performed using a 
Thermo Finnigan MAT 252 mass spectrometer with a Kiel III automatic 
carbonate preparation device at the Light Stable Isotope Mass Spec 
Laboratory, Department of Geological Sciences, University of Florida, 
USA. Measurement precision was better than ±0.04‰ and ± 0.02‰ for 
oxygen and carbon isotopes, respectively. The obtained data are given in 
the usual δ notation, referring to the Peedee Belemnite (PDB) standard. 
The δ18O values for C. neoteretis were corrected for vital effects by 0.02‰ 
and δ13C values by 1.5‰ (Poole et al., 1994). Part (15–4 kyr BP) of the 
stable isotope analyses (δ18O and δ13C) of N. pachyderma and 
C. neoteretis have been published by Telesiński et al. (2022). 

For IRD content counts of grains larger than 500 μm in 85 samples 
were performed. The number of IRD/g dry weight sediment was 
calculated. The flux was calculated, using the absolute abundance of IRD 
[# g− 1], linear sedimentation rate (LSR) [cm yr− 1], and dry bulk density 
(DBD) [g cm− 3]. 

The grain-size distribution was measured in 68 samples by a laser 
particle analyzer, Mastersizer2000 (Malvern) at the Institute of Ocean
ology, Poland, and grouped into three fractions, sand, silt, and clay 
(<63 μm). 

3.4. Organic bulk sediment parameters 

Total carbon (TC) and total organic carbon (TOC) were measured on 
homogenized bulk sediment samples using the combustion technique 
with chromatographic detection, performed with a Flash 2000 
elemental analyzer by Thermo. The TOC measurements were performed 

after removing residual carbonate by adding hydrochloric acid. The 
carbonate content (CaCO3) was calculated according to TOC and TC 
values, using the following equation. 

CaCO3 = (TC − TOC) × 100/12  

4. Results 

4.1. CTD and water masses 

The presented temperature and salinity data in Fig. 2a are limited to 
the upper 300 m due to the instrument’s limitations. In order to show the 
changes in temperature and salinity below the 300 m depth, we plotted 
the data set from Boyer et al. (2018) (Fig. 2b). However, Fig. 2b does not 
represent the exact bottom temeperature below 1000 m water depth due 
to the interpolation of the limited available data. 

The upper layer of the water column over the NE Greenland shelf 
consists of low saline (~29 psu) and cold (~ − 1.5 ◦C) Polar Water (PW) 
from the Arctic Ocean below a layer of local meltwater (Fig. 2a). As the 
coring site (GR02-GC) is located >200 km from the Northeast Greenland 
Ice Sheet (NE GIS), the local surface water layer is ~15 m thick with a 
temperature of ~2 ◦C (Fig. 2). The PW is typically 150–200 m thick over 
the shelf (Fig. 2), and thins out to 50 m further offshore (Håvik et al., 
2017). The water mass below the PW at our site is of Atlantic origin and 
occupies the depth below ~150 m (Fig. 2a, T > 2 ◦C; S > 35.5 psu). 

4.2. Lithology and grain size 

Four informal lithological units (L1–L4) were identified in core 
GR02-GC (Fig. 3). The base of the core, (L1,135–118 cm) contains ho
mogeneous brownish grey silty clay-rich mud (Fig. 3). The lower-mid 
section (L2, 118–60 cm) is characterized by homogenoeous light grey 
coarse-grained sandy sediment with large drop stones in the upper part 
of the unit (Fig. 3); also a high content of IRD is observed throughout the 
unit (Fig. 3). The upper section (L3, 60–5 cm) is characterized by 
homogenoeous grayish brown sediment of clay and silt with drop stones 
at the base, middle and top of the unit (Fig. 3). The top part of the core 
(L4, 5–0 cm) is characterized by fine grayish yellow brown sediment 
with very low IRD content (Fig. 3). 

4.3. Age model 

The age model indicates that the 135 cm long sediment core covers 
the last ~35.3 kyr BP (Fig. 3). The maximum sedimentation rate of core 

Fig. 2. (a) CTD (Conductivity, temperature, depth) profile measured in August 2017 at the core site of GR02-GC (temperature (red line) and salinity (blue line)). 
Main water masses are marked. (b) Water column temperature in the upper 1200 m measured along a transect at 77.25◦ N showing the main water masses at the 
study site of GR02-GC. Yellow circle indicates location of coring site. Abbreviations: Polar Water (PW), a combination of Return Atlantic Water (RAW) and Arctic 
Atlantic Water (AAW). Temperature data from World Ocean Atlas 2018 (Boyer et al., 2018). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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GR02-GC, 12.51 cm kyr− 1 is recorded between 16.45 and 14.05 kyr BP 
(Fig. 3). The sedimentation rate is extremely low during the Last Glacial 
Maximum (LGM). 

4.4. Foraminiferal faunas 

A total of 58 benthic foraminiferal species and four planktic species 
were identified. Most of the specimens of both benthic and planktic 
foraminifera were well-preserved with minor or no signs of dissolution 
of the tests. The concentration varies in general between 1 and 491 in
dividuals (ind.) g− 1 sediment (sed.) throughout the core (Fig. 4). On 
average, benthic calcareous foraminifera account for 99% of the total 
benthic foraminiferal assemblages. The ten most abundant benthic 
foraminiferal species are Cassidulina neoteretis (4–77%), Cassidulina 
reniforme (5–43%), Cibicides lobatulus, Cibicidoides wuellerstorfi and 
Astrononion hamadaense (also called Astrononion gallowayi) (0–27%), 
Elphidium clavatum (0–27%), Cribroelphidium albiumbilicatum (0–25%), 
Oridorsalis umbonatus (0–14%), Islandiella norcrossi (0–9%), and Buccella 
frigida (0–9%). The relative abundances of C. reniforme show an inverse 
relationship to C. neoteretis throughout the core. 

The dominant planktic foraminiferal species in the entire core is the 
polar species N. pachyderma (~53–94%), followed by the subpolar 
species Turborotalita quinqueloba (~6–40%). The maximum abundance 
and flux of the planktic foraminifera occurred in the mid-Holocene 
(8–4.5 kyr BP) (Fig. 5). 

The distribution of foraminiferal species is relatively uniform 

throughout the core, with highest variability in the lower 134–60 cm 
(lithological units L1 and L2). In the upper part (the Holocene, litho
logical unit L4), C. neoteretis, C. wuellerstorfi, M. barleeanus, 
N. labradorica and O. umbonatus increase in relative abundance, while 
C. reniforme, I. norcrossi and B. frigida decrease gradually. Stainforthia 
loeblichi is absent. 

In the following, we divide the results into foraminiferal zones (FZ) 
defined by major changes in sedimentation rates and fluxes of planktic 
and benthic foraminifera, indicating potential changes in the environ
ment (Figs. 4 and 5). 

4.4.1. FZ I – 134.5-114.5 cm; 35.2–32.5 kyr BP 
This foraminiferal zone is characterized by a low benthic forami

niferal flux (average 66 ind. cm− 2 kyr− 1) and concentration (average 4 
ind. g− 1 sed.) with low but highly variable flux of IRD. The benthic 
assemblage is dominated by E. clavatum, that fluctuates slightly 
throughout the zone. There are two distinct peaks in C. neoteretis at 
~45% and 35% at ~34.2 and 33.4 kyr BP, respectively (Fig. 4). This 
coincides with peaks in C. lobatulus and A. hamadaense. The abundance 
of C. reniforme and I. norcrossi decrease toward the top of the zone. 

4.4.2. FZ II – 114.5-46.5 cm; 32.5–23.5 kyr BP 
The benthic calcareous assemblage is dominated by C. reniforme 

(average 28%), C. neoteretis (average 24%), and E. clavatum (average 
11%), but of high variability (Fig. 4). This interval is characterized by 
high sedimentation rates, as well as high IRD and benthic foraminiferal 

Fig. 3. Lithological log with Munsell colour codes, age-depth model (two red dots indicate dates excluded from the age model), linear sedimentation rates (LSR), ice- 
rafted debris (IRD) flux (upper scale) and IRD absolute abundance (lower scale), percentage of coarse fraction (>63 μm), benthic foraminiferal flux (upper scale), and 
planktic foraminiferal flux (lower scale) of core GR02-GC. Red triangles indicate dating points with calibrated ages BP. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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(BF) fluxes, which range between 766.7 and 120 ind. cm− 2 kyr− 1 

(Fig. 4). The TOC content is relatively high (~0.25%; Fig. 4). The 
planktic assemblage is dominated by N. pachyderma in the entire zone 
(Fig. 5). Between 34 and 33 kyr BP, subpolar species show relatively 
high abundance. 

4.4.3. FZ III- 46.5-41.5 cm; 23.5–16.5 kyr BP 
In this foraminiferal zone, sedimentation rates are very low and data 

points few. However, we recognize a benthic calcareous assemblage still 

dominated by C. reniforme (average 30%), C. neoteretis (average 24%), 
and E. clavatum (average 10%) (Figs. 4). S. loeblichi is exceedingly rare 
near the base of the zone; it first appeared at 20.5 kyr BP and then was 
present the top of the zone. Benthic foraminiferal and planktic fluxes are 
low (63 and 43 ind. cm− 2 kyr− 1, respectively). The IRD flux decreases 
significantly (Fig. 4). 

4.4.4. FZ IV – 41.5-9.5 cm; 16.5–12.8 kyr BP 
In foraminiferal zone IV, planktic and benthic foraminiferal fluxes 

Fig. 4. Panel (a): Relative abundances (shadings) of selected benthic foraminiferal species and their ecological preferences (see text for explanation). Atlantic water 
(AW) group: warm AW indicator species – Cassidulina neoteretis (red shading); AAW indicators – Cassidulina reniforme and Islandiella norcrossi (orange shading); 
unstable bottom conditions indicator – Elphidium clavatum (blue shading); bottom current indicators - Cibicides lobatulus, and Astrononion hamadaense added together, 
and Cibicidoides wuellerstorfi; productivity indicators – Buccella frigida, Melonis barleeanus and Nonionellina labradorica (green shading); sea-ice cover indicator – 
Stainforthia loeblichi (light blue shading); low-productivity indicator - Oridorsalis umbonatus (Grey shading); absolute abundance of benthic foraminiferal (black 
shading); total organic carbon (%TOC; purple line) and calcium carbonate (%CaCO3; blue line); benthic foraminiferal δ13C and δ18O (3-point moving average of isotope 
records shown in thick dark lines). Panel (b): Fluxes (shadings) of selected benthic foraminiferal species; total flux of benthic foraminifera (black shading); total 
organic carbon flux (purple line); calcium carbonate flux (blue line); ice rafted debris (IRD) flux (brown line); linear sedimentation rates (LSR). Foraminiferal zones 
(zone I–VI) and lithological units are shown on the right side of the panels. Black diamonds next to the left y-axis indicate radiocarbon dates. Abbreviations: LGM - 
Last Glacial Maximum; H1 - Heinrich Stadial 1; B/A - Bølling-Allerød; YD - Younger Dryas. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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show higher values than in the previous zone (average 388 and 230 ind. 
cm− 2 kyr− 1, respectively). The abundance of C. neoteretis (average 28%) 
drops noticeably at 14 kyr BP to 16%, while C. reniforme shows a sudden 
increase up to maximum value for the entire core (~45%) (Fig. 4). The 
flux of IRD (~370 × 103 grains cm2 kyr− 1) is the highest recorded within 
the core. The TOC content increases at the end of the interval. 

4.4.5. FZ V - 9.5-5.5 cm; 12.8–8.5 kyr BP 
Foraminiferal zone V is dominated by C. neoteretis (average 54%), 

followed by C. reniforme (average 16%) and C. lobatulus (average 6%). In 
the lower part, C. neoteretis shows a sudden increase (from 16% to 43% 
at 12.8 kyr BP), while C. reniforme shows a distinctive drop (from 43% to 
21%) (Fig. 4). Cibicidoides wuellerstorfi is absent in the lower part 
(Fig. 4). The IRD flux shows a relatively low value. The %TOC is fairly 
stable throughout the zone, but a rapid increase of CaCO3 is observed 
between 12 and 10 kyr BP. 

4.4.6. FZ VI – 5.5-0.5 cm; 8.5–4.5 kyr BP 
This zone is strongly dominated by C. neoteretis (average 62%), fol

lowed by C. reniforme (average 9%). The % of I. norcrossi and E. clavatum 
decreases, while C. wuellerstorfi increases. A peak in % of C. lobatulus 
plus A. hamadaense is observed at 5.5 kyr BP. The planktic and benthic 
foraminiferal concentrations are the highest in the entire record. At the 
base of the zone (~8.5–7 kyr BP), the % of planktic N. pachyderma 
decrease, and % subpolar T. quinqueloba increase. The TOC content 
gradually increases to the maximum of the entire record at the end of the 
interval. 

4.5. Stable isotopes 

The δ18O values in N. pachyderma vary between 1.49‰ and 4.05‰, 
with an average of 3.16‰. The δ13C of N. pachyderma vary between 
− 0.52‰ and 0.63‰, with an average δ13C of 0.12‰ (Fig. 5). 

The δ18O and δ13C values of C. neoteretis are shown in Fig. 4. Except 
for the LGM interval, similar patterns in planktic and benthic δ18O 
values are displayed. Benthic δ13C values follow the benthic δ18O in the 
lower part of the core (35–25 kyr) and change toward lower values 
during the LGM. 

5. Discussion 

5.1. Ecological significance of selected benthic and planktic foraminifera 

Within the sub-polar North Atlantic, C. neoteretis is most abundant in 
areas fed by warm and saline AW underneath cold and low salinity Polar 
surface waters (Cage et al., 2021; Jennings and Helgadottir, 1994; 
Jennings and Weiner, 1996; Jennings et al., 2004; Seidenkrantz, 1995) 
(Fig. 4). Therefore, we interpret dominance of this species as indicating 
presence of warm saline subsurface AW in the northern Greenland Sea. 
To identify the relative contribution of AW from the Arctic Ocean 
(AAW), we use the AAW species (also known as chilled-AW species), 
including C. reniforme (Hald and Korsun, 1997; Sejrup et al., 1981) and 
I. norcrossi (Jennings et al., 2004; Korsun and Polyak, 1989; Mudie et al., 
1984). Cassidulina reniforme can live in somewhat colder water masses 
than I. norcrossi (Ślubowska-Woldengen et al., 2007). Elphidium clavatum 

Fig. 5. Planktic foraminiferal data, grain sizes, and isotopes and correlation of core GR02-GC to the GISP2 ice core. Percentage of coarse-grained sediments (>63 
μm), grain size distribution, percentage of polar species Neogloboquadrina pachyderma and subpolar species Turborotalita quinqueloba, total planktic foraminiferal (PF) 
fluxes, and abundance, summary of the planktic foraminiferal stable isotopes (δ13C and δ18O) records (3-point moving average of isotope records shown in thick dark 
lines), summer insolation at 77◦N (black line) and δ18O of GISP2 ice core (orange line) (Grootes et al., 1993). Black diamonds next to the left y-axis indicate 
radiocarbon dates. Foraminiferal zones (zone I–VI) and lithological units are shown to the right. Abbreviations: LGM - Last Glacial Maximum; H1 - Heinrich Stadial 1; 
B/A - Bølling-Allerød; YD - Younger Dryas. 
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has been previously linked to low bottom water temperature, low 
salinity, high turbidity, and we use this species as an indicator of un
stable conditions at the bottom (Hald and Vorren, 1987; Korsun and 
Hald, 1998; Łącka and Zajączkowski, 2016; Steinsund, 1994). We 
consider B. frigida, M. barleeanus and N. labradorica as indicators for 
increased productivity and flux of organic matter to the sea floor (Hald 
and Steinsund, 1996; Steinsund, 1994; Wollenburg and Kuhnt, 2000). 
M. barleeanus has also been linked to partly degraded organic carbon in 
the sediment (Caralp, 1989; Fontanier et al., 2002). Stainforthia loeblichi 
has been reported to thrive in areas of seasonal sea-ice cover (Scott et al., 
1984; Seidenkrantz, 2013; Steinsund, 1994) and we thus interpret 
S. loeblichi as an indicator of seasonal sea-ice cover or of presence of the 
sea-ice margin. Oridorsalis umbonatus is a deep-sea species most abun
dant in the western Nordic Seas and Arctic Ocean under dense sea-ice 
cover and very low food supply (Wollenburg and Mackensen, 1998). 
Cibicides lobatulus and A. hamadaense are current indicator species, with 
the latter attracted to higher productivity than the former (Wollenburg 
and Mackensen, 1998). Cibicidoides wullerstorfi is also living in areas of 
strong bottom currents in low-food conditions (Mackensen et al., 1985). 
This species is mostly found in interglacial conditions in North Atlantic 
records and is typical in Holocene sediments (Haake and Pflaumann, 
1989). 

The subpolar planktic foraminiferal species T. quinqueloba has been 
linked to the advection of warm AW in the modern western Fram Strait 
(Pados and Spielhagen, 2014; Volkmann, 2000). The polar species 
N. pachyderma indicates presence of cold and fresh polar surface water 
and likely extensive sea-ice cover (Greco et al., 2019; Pados and Spiel
hagen, 2014; Simstich et al., 2003). In conclusion, we interpret 
T. quinqueloba as associated with AW, whereas N. pachyderma is asso
ciated with cold Polar water. 

5.2. Paleoenvironmental reconstruction 

5.2.1. FZ I, 35.2–32.5 kyr BP – less productive harsh environment 
The low foraminiferal fluxes, low planktic δ13C and slightly low TOC 

content point to low surface water productivity. Peaks relative abun
dances of both S. loeblichi and O. umbonatus, indicate extensive sea-ice 
cover over the NE Greenland shelf and slope, in support of the inter
pretation of low productivity. Colder surface water conditions could 
promote the sea-ice cover where ice-core data indicate that the mean 
annual temperature was generally similar as during the LGM (Rasmus
sen et al., 2013). The high relative abundance of the opportunistic 
benthic foraminiferal species E. clavatum suggests the environmental 
conditions were unfavorable for other foraminiferal species, probably 
due to the lower bottom temperatures and limited fresh food availability 
at the sea bottom. The presence of a productivity indicator species 
(M. barleeanus) could suggest a higher organic matter influx to the 
bottom. However, M. barleeanus prefers low-quality, more degraded 
organic matter (Caralp, 1989; Fontanier et al., 2002), suggesting 
reduction in the supply of fresh organic matter from surface primary 
production. 

Our planktic δ18O record shows two signals of low values at ~34.5 
and 33.4 kyr BP, most likely due to high meltwater flux, presumably as a 
result of sudden warmings (correlating in time to the Dansgaard- 
Oescheger (D–O) warming events 5 and 6; Fig. 5), and/or presence of 
relatively warm AW at the subsurface, both of which promote glacial 
melting (Moros et al., 2002; Syvitski et al., 1996). We identified two 
pronounced peaks of the warm AW indicator, C. neoteretis, indicating 
two short periods of intensive inflow of warm AW to the site (Fig. 4). 
This is supported by the low benthic δ18O values which is taken as a 
signal of warming of the bottom water (e.g., El bani Altuna et al., 2021; 
Ezat et al., 2014; Rasmussen et al., 1996), coinciding with the distinct 
drop in % of E. clavatum (Fig. 4). At the same time, peak relative 
abundance of current indicator species C. lobatulus and A. hamadaense 
(Fig. 4) coincide with peaks in % sand and coarse-grained sediments 
(Fig. 5), which suggests significant bottom currents connected to the 

EGC (Evans et al., 2002; Mienert et al., 1992). We propose that the 
primary source of the two meltwater signals recorded in the NW 
Greenland Sea was the advection of warm subsurface waters to the ice 
sheet margin, which resulted in enhanced melting, as it does today 
(Håvik et al., 2017; Schaffer et al., 2020; Schaffer et al., 2017). This 
subsurface warming correlate in time with southeastern Nordic Seas 
records showing strong (sub)surface warming and inflow of AW (Ras
mussen and Thomsen, 2008). 

5.2.2. FZ II, 32.5–23.3 kyr BP – dynamic interaction of AW and induced 
changes in NE GIS 

This interval is characterized by high sediment flux, high IRD flux, 
and deposition of coarse-grained lithofacies, likely due to the advance of 
NE GIS onto the continental shelf toward the shelf edge (Figs. 4 and 5). 
This is in agreement with the previous findings of high sedimentation 
rates and IRD flux in response to the Late Weichselian advance of eastern 
GIS onto the continental shelf (e.g., Evans et al., 2002). The AW indi
cator species (mostly AAW) and the opportunistic species E. clavatum are 
dominant, indicating a strong input of AW to our core location but also 
unstable and cold bottom conditions. The presence of Atlantic-derived 
water at times caused higher surface productivity, seen as small peaks 
in the relative abundance of the productivity-indicator species, high BF 
flux and high %TOC, implying increased organic matter input to the sea 
floor (Fig. 4). The comparatively high planktic δ13C values also indicate 
enhanced surface water productivity through most of the interval 
(Fig. 5). However, the dominance of N. pachyderma in the planktic as
semblages indicates the presence of cold polar surface water and likely 
extensive sea-ice cover (Greco et al., 2019). The latter is also supported 
by the increased, yet very variable flux of S. loeblichi that usually thrives 
in areas of seasonal sea-ice cover (Seidenkrantz, 2013). 

From 32.5 kyr BP to ~29 kyr BP, both benthic and planktic δ18O 
were relatively high (Figs. 4 and 5), suggesting a likely expansion of the 
NE GIS. Similar to this, Larsen et al. (2010) documented shelf-based ice 
build-up in the northernmost Greenland shelf nearly at 30 kyr BP. Both 
BF and PF fluxes increased (Figs. 4 and 5), indicating enhanced surface 
water productivity, further supported by high planktic δ13C and rela
tively high abundances of the productivity indicator species B. frigida 
and M. barleeanus (Fig. 4). This was most likely associated with an influx 
of nutrient-rich AAW, as indicated by increase in % C. reniforme (Fig. 4). 

At 29–26 kyr BP planktic δ18O decrease, IRD deposition and sedi
mentation rates increase indicating meltwater discharge and likely 
retreat of the NE GIS (Figs. 4 and 5). A comparatively high (approxi
mately 30%) abundance of the subpolar planktic species T. quinqueloba 
indicates relatively warm (sub)surface water as a likely trigger for 
glacier melting (Fig. 5). This interpretation is also supported by a rela
tively high percentage of the opportunistic E. clavatum, indicating a 
high-turbidity environment possibly due to the sediment-laden melt
water (Corliss, 1991; Hald et al., 1994; Łącka and Zajączkowski, 2016). 

After 26 kyr BP, lower sedimentation rates and decreased IRD flux 
and increased planktic δ18O (Figs. 4 and 5), indicate cooling and reduced 
glacier melting. Previous studies also reported that NE GIS advanced 
after 26 kyr BP toward the shelf edge or to its LGM position (Arndt et al., 
2017; Evans et al., 2009; Larsen et al., 2018). At the same time, the % of 
AW-indicator species together decline slightly, while the sea-ice indi
cator S. loeblichi increases, reflecting an increase in sea-ice formation 
and slight weakening of advection of AW (Fig. 4). The presence of sea ice 
has also been observed in the Fram Strait during this time interval 
(Müller et al., 2009). The %TOC and planktic δ13C decrease indicating 
low primary production in the surface water (Figs. 4 and 5). The gradual 
increase in % of bottom current indicators suggests stronger bottom 
currents after 26 kyr BP. On the lower NE Greenland continental slope, 
debris-flow deposits changed into episodic turbidity current activity, 
which was then modified into sediment waves by contourite bottom 
currents (Cofaigh et al., 2004; Evans et al., 2009). Therefore, we propose 
that NE GIS extended to the near-shelf edge at 23.5 kyr BP, marking the 
onset of the LGM. 
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5.2.3. FZ III, 23.5–16.5 kyr BP – continuous inflow of AW 
The interpretation is problematic due to the comparatively low 

temporal resolution caused by extremely low sedimentation rates (0.56 
cm kyr− 1) and thus very few data points (Figs. 4 and 5). However, the 
trend from the previous time interval 26 – ~24 kyr BP of cooling with 
some influence of AW is indicated by the continuous presence of the 
AAW indicator species. The similar continuous flux of AW to the NE 
Greenland shelf during this period was also reported by Rasmussen et al. 
(2022). In addition, the very low foraminiferal fluxes coincide with 
extremely low sedimentation rate and low IRD flux (Fig. 4), suggesting 
the presence of extensive sea-ice cover at the NE Greenland shelf during 
the LGM and early deglaciation. This near-permanent sea-ice cover, 
especially during the LGM and early deglaciation is also reported in a 
records from the NE Greenland shelf (Rasmussen et al., 2022) and Fram 
Strait (Müller et al., 2009). 

Between ~18.5 and 16.5 kyr BP, the abundance of AAW indicator 
species decreased while the abundance of warm AW indicator species 
increased marginally (Fig. 4), indicating increased advection of warm 
AW (see also Section 5.3) compared to the LGM. The slight decrease in 
benthic δ18O also suggest comparatively warm bottom conditions 
possibly due to the expansion of the warm AW. This is in accordance 
with recent findings of the presence of warm AW at the NE Greenland 
shelf (Rasmussen et al., 2022). The % of the planktic foraminifera 
N. pachyderma increases slightly and indicates presence of cold, polar 
surface water (Fig. 5). The productivity indicator species tend to decline, 
indicating lower surface water productivity than during the LGM 
(Fig. 4). An increase in sea-ice cover than the LGM, as indicated by the 
presence of sea-ice indicator species, could explain the drop in 
productivity. 

5.2.4. FZ IV; 16.5–12.8 kyr BP – rapid retreat of NE GIS augmented by 
warming and AW inflow 

Planktic δ18O values are relatively low between 16.5 and 15 kyr BP 
(Fig. 5). Low planktic δ18O is a regional feature of the deglaciation at the 
Greenland continental margin (Evans et al., 2002; Nam et al., 1995), 
indicating cold and relatively fresh surface water conditions, which may 
cause surface stratification (de Vernal et al., 2005; Rudels, 1989). The 
flux of IRD and sedimentation rates are high, implying landward retreat 
of the NE GIS and more iceberg rafting. Evidence of a similar rapid 
retreat with similar timing is reported in the NE GIS (Arndt et al., 2017) 
and the Barents Sea and Fennoscandian ice sheets (Lekens et al., 2005; 
Rørvik et al., 2010). Intense deglacial iceberg rafting at the outer NE 
Greenland shelf has also been reported by previous studies by plough
marks on the shelf (Arndt et al., 2017; Rasmussen et al., 2022). A rela
tively high % of current indicator species during this period is suggested 
to indicate the presence of strong, probably cold bottom currents 
(Fig. 4). A high peak in % of coarse-grained sediments (Fig. 5) also in
dicates bottom conditions more favorable for the current indicator 
species C. lobatulus, which dominates in areas of coarse sediments 
(Mackensen et al., 1985). 

The Bølling-Allerød warm interstadial (B/A, ~14.8–12.9 kyr BP) is 
also associated with decreased planktic δ18O and elevated deposition of 
IRD (Figs. 4 and 5), implying unstable oceanographic conditions influ
enced by meltwater influx. Stronger bottom current activity is suggested 
by a high peak in % of the current indicator species, coarse-grained 
sediments and high % sand content (Figs. 4 and 5). The onset of the 
B/A and retreat and melting of the NE GIS and associated increase in 
sedimentation rates, is correlated in time with the melting of the 
Svalbard-Barents Sea Ice Sheet (Lubinski et al., 2001; Mangerud et al., 
1992; Vorren and Kristoffersen, 1986). The composition of the benthic 
foraminiferal faunas north off Svalbard (Ślubowska et al., 2005) and in 
the south-western Barents Sea (Aagaard-Sørensen et al., 2010) indicates 
the progressive inflow of warm AW through the Fram Strait and into the 
Barents Sea during the B/A. We suggest that this noticeable glacier- 
melting induced freshwater event in the Nordic Seas and Barents Sea 
was a combined effect of the rapid warming of the B/A (higher δ18O in 

the GISP2 record (Grootes et al., 1993), Fig. 5) and warm-AW induced 
glacier and sea-ice melting. Predominantly sea-ice free surface condi
tions at the Fram Strait also support our interpretation of sea ice melting 
(Müller et al., 2009). This combined effect probably accelerated the rate 
of glacier retreat and the subsequent major meltwater pulse, which 
caused a sea-level rise during the B/A (Carlson and Clark, 2012; 
Deschamps et al., 2012; Fairbanks, 1989). The retreat of the GIS margin 
from the shelf and coast during this interval was documented by 
numerous previous studies (Carlson et al., 2008; Cofaigh et al., 2004; 
Larsen et al., 2010; Möller et al., 2010; Ó Cofaigh et al., 2013). 

The conditions were unstable indicated by the highly variable 
benthic and planktic δ18O and δ13C and increase in % of E. clavatum 
(Figs. 4 and 5). A relatively high abundance of the productivity indicator 
species and generally high BF and PF fluxes and high planktic δ13C 
(Fig. 4) suggest high primary production in the surface water. The 
supply of terrigenous material from the melting probably supplemented 
the nutrient levels in the upper surface water masses (Knies and Stein, 
1998). 

5.2.5. FZ V; 12.8–8.5 kyr BP – dynamic environment with the progressive 
inflow of AW 

Although the resolution is relatively low, at ~12.6 kyr BP low 
planktic δ18O can be observed (Fig. 5), probably corresponding to the 
cold Younger Dryas stadial (YD, ~12.8–11.7 kyr BP). The AMOC was 
partially weakened during the YD, in contrast to the temporary shut
down during H1 (McManus et al., 2004), which significantly reduced the 
northward intrusion of warm AW. According to Łącka et al. (2020), a 
large area of the Nordic Seas was affected by freshwater during the YD. 
The presence of AW indicators (Fig. 4) suggests that when AMOC 
declined, the AW could still reach the site at the sea floor. At the same 
time, the surface was cold, as indicated by a peak in % of N. pachyderma 
(Fig. 5). Therefore, we suggest that during the YD, the NE Greenland 
shelf was influenced by AW probably at the subsurface. This is in 
agreement with findings from the inner shelf of NE Greenland (Davies 
et al., 2022; Jackson et al., 2022), north of Iceland (Knudsen et al., 
2004), and in the northern Baffin Bay (Knudsen et al., 2008), where the 
AW was observed as a subsurface water mass. 

Immediately after the YD, there was a noticeable rise in the relative 
abundance of warm-AW indicators, pointing to a strong advection of 
warm AW at least until 10.5 kyr BP (Fig. 4). The surface water tem
peratures also started to increase as suggested by the gradual increase of 
subpolar species (Fig. 5), possibly due to the expansion of the warm AW. 
Relatively high meltwater supply at this time is supported by relatively 
low planktic δ18O and δ13C values (Fig. 5). Peaks of CaCO3 and pro
ductivity indicator species coincide with low IRD flux suggesting 
enhanced biological productivity and strongly reduced sea-ice cover. 
Similar conditions were also reported for the NE Greenland inner shelf 
(Syring et al., 2020b) and Fram Strait (Müller et al., 2012) during the 
early Holocene. After a short period of weakening of the inflow of warm 
AW and surface cooling seen by a decrease in C. neoteretis and high 
percentages of N. pachyderma (~10.5–9.5 kyr BP) (Fig. 5), a short- 
lasting recovery occurred until ~8.5 kyr BP. The decrease in warm 
AW indicators and replacement by AAW indicator species suggests 
relatively cold AAW still present at our site. Similarly, previous studies 
also observed a continuous but variable influx of AW toward the NE 
Greenland shelf after YD, at least until 8.5 kyr BP (Davies et al., 2022; 
Rasmussen et al., 2022; Syring et al., 2020a; Zehnich et al., 2020). 

5.2.6. FZ VI; 8.5–4.5 kyr BP – development of highly productive 
environment 

The surface cooling at ~8.5 kyr BP was previously observed on the 
NE Greenland shelf (Syring et al., 2020a) and eastern Nordic Seas 
(Husum and Hald, 2012; Risebrobakken et al., 2011). Our results show 
that the propagation of warm AW undergoes a short decline between 8.5 
and 7.5 kyr BP, as indicated by a relatively low abundance of warm AW 
indicators (Fig. 4). However, relatively high surface water temperatures 
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are indicated by a high % T. quinqueloba and drop of % N. pachyderma 
(Fig. 5). Our suggestion of relatively weaker warm AW flow at ~8.5–7.5 
kyr BP is in accordance with the recent findings from the NW Greenland 
Sea (Davies et al., 2022; Pados-Dibattista et al., 2022; Syring et al., 
2020b). 

The peak in % C. neoteretis (~ 80%) together with a peak in 
C. lobatulus plus A. hamadaense and C. wuellerstorfi (warm AW indicator 
and bottom current species, respectively) at ~7.5–5.5 kyr BP indicates 
the strongest intrusion of warm AW to our site. Concurrently, the gla
ciomarine environment indicator species E. clavatum decreases notice
ably. This probably marks the maximum strength of warm AW inflow to 
the NW Greenland Sea during the last 35 kyr BP, and possibly correlates 
with an expansion of warm AW into the Nordic Seas under the Holocene 
Thermal Maximum (HTM) (Koç et al., 1993; Sarnthein et al., 1995). 
Extremely low sedimentation rates coincide with low IRD flux (Fig. 4) 
pointing to a low productivity of icebergs over the NE Greenland shelf 
(Davies et al., 2022). In this period, when the grounded glaciers were 
situated about 80 km further inland than it is today, indicates the time of 
minimal ice sheet extent (Bennike and Weidick, 2001). The maximum % 
of the almost exclusively interglacial species, C. wuellerstorfi indicates 
strong deep-water current activity, similar to the modern conditions on 
the deeper slopes of the Nordic Seas (Hald and Steinsund, 1992; 
Mackensen et al., 1985). Davies et al. (2022) and Syring et al. (2020b) 
found evidence of reduced AW intrusion to the NE Greenland inner shelf 
were after 7.9 kyr BP. We suggest this discrepancy is due to the location 
of the studied sediment cores. The sediment cores collected closer to the 
coast were predominantly affected by meltwater/Greenland local water. 
Håvik et al. (2017) explained the modern oceanography of the NE 
Greenland shelf and concluded that the near-shore water mass is colder, 
quite distinct from the Atlantic-origin Water. Our core was collected 
almost below the outer EGC, which contains more warm AW than inner 
shelf EGC (Håvik et al., 2017). We propose that the southward flowing 
warm AW thus did not reach the NE Greenland inner shelf between ~7.5 
and 5.5 kyr BP. 

Around 5.2 kyr BP, our record shows a decrease in % T. quinqueloba, 
implying surface cooling, probably correlating in time with an increased 
sea-ice transport from the Arctic along the NE Greenland shelf (Andrews 
et al., 2009; Cabedo-Sanz et al., 2016; Pados-Dibattista et al., 2022; 
Syring et al., 2020b). Decreased warm AW inflow is supported by a 
reduction in warm-AW indicator species (Fig. 4) which correlates with 
the findings of Zehnich et al. (2020). A similar surface cooling was 
previously reported in records from the northeastern Nordic Seas (Łącka 
et al., 2019; Telesiński et al., 2014; Werner et al., 2013). Generally, high 
planktic and benthic foraminiferal fluxes, small peaks in relative abun
dance of the productivity-indicator species M. barleeanus and 
N. labradorica and increasing planktic δ13C point to higher surface water 
productivity from ~8.5 to 4.6 kyr BP as also indicated by the increasing 
%TOC and %CaCO3 (Fig. 4). 

5.3. Flow of Return Atlantic Water into the Greenland Sea via RAC 

The paleoceanographic interpretation based on the presented proxy 
records provides information about the flow of AW in the NW Greenland 
Sea. At the Greenland (Sheldon et al., 2016) and Svalbard margins 
(Jessen et al., 2010; Ślubowska-Woldengen et al., 2007; Ślubowska 
et al., 2005), the inflow of warm AW is generally linked to the retreat of 
the ice sheet since the Late Glacial. Here, we compare our results on the 
flow of AW into the NW Greenland Sea during the last ~35 kyr BP with a 
record from the eastern Fram Strait, core JM10-335GC (Sztybor and 
Rasmussen (2017) to better constrain the changes in the inflow of warm 
RAW on a regional basis (Fig. 6). In order to interpret warm RAW influx 
to our site, we use the difference in relative abundance between the 
warm AW indicator species (C. neoteretis) and AAW indicator species 
(C. reniforme and I. norcrossi). According to Rudels et al. (2002, 2005), 
the RAW forms the warmest part of the Atlantic Water of the EGC, while 
the AAW entering from the Arctic Ocean is considerably colder. 

Therefore, we assume that the balance between these two AW indicator 
groups predominantly reflects the weakening or strengthening of the 
AW influx through the RAC. 

Data from core GR02-GC demonstrates the continuous presence of 
AW (warm RAW and/or AAW) in the NW Greenland Sea flowing 
beneath polar surface water during the last ~35–4 kyr (Fig. 7). The 
period between 35 and 14 kyr BP was predominantly dominated by 
AAW, with intervals of enhanced recirculation warm AW of the 
inflowing RAW to the NW Greenland Sea as discussed in below. 

At ~34.5 and 33.4 kyr BP our records indicate warm AW signals 
possibly due to the strong influx of RAW to NE Greenland shelf via the 
strengthened RAC (Fig. 5). After 32.5 kyr BP, a strengthened WSC 
transport warm AW northward as recorded in core JM10-335GC, but the 
majority of the water enters the Arctic Ocean due to a weak RAC sug
gested by stable and low abundance of C. neoteretis. Increased abun
dance of the AAW indicator C. reniforme suggests relatively cold AAW 
influx to NW Greenland Sea from the Arctic Ocean. A noticeable 
decrease in % of C. neoteretis between 28.5 and 27 kyr in core JM10- 
335GC point to a significant reduction of northward propagation of 
AW through the WSC. A marginal but observable drop of C. neoteretis in 
our records was also observed possibly correlating with the reduced flux 
of warm RAW as a result of limited recirculation of the warm AW at the 
Fram Strait due to this weakening of WSC. The increase in relative 
abundance of C. neoteretis and subpolar T. quinqueloba after ~27 kyr BP 
in core JM10-335GC suggests an enhanced influx of AW along the 
western Svalbard margin via the WSC (see also Sztybor and Rasmussen 
(2017)) (Fig. 6). A similar northward inflow of AW has been observed in 
the southeastern Nordic Seas at ~27 kyr BP (Andersen et al., 1996; 
Rasmussen and Thomsen, 2008). The combined records of the faunal 
and geochemical data from GR02-GC demonstrate that the inflow of 
warm RAW to the NW Greenland Sea was still weak due to a limited 
recirculation in the Fram Strait. We propose that most of the northward 
propagating AW must have entered the Arctic Ocean and flowed back to 
the NW Greenland Sea as AAW, as suggested by the increased abundance 
of AAW indicators. An increased advection of the AW to the southern 
Yermark Plateau at this time interval support our interpretation 
(Nørgaard-Pedersen et al., 2003). 

During the LGM, the warm-AW indicator C. neoteretis in core GR02- 
GC showed roughly the same pattern as in the preceding interval 
(Fig. 6), suggesting continuous weak RAW inflow to the NW Greenland 
Sea (Fig. 7). Earlier studies have reported that due to the significant 
reduction of the North Atlantic convection (Boyle and Keigwin, 1987), 
the NAC was significantly slower than at present (McManus et al., 2004; 
Piotrowski et al., 2005). However, the warm-AW indicator species in 
core JM10-335GC indicates presence of AW in the eastern Fram Strait 
during the LGM (Fig. 6). Sztybor and Rasmussen (2017) interpreted this 
high abundance of the AW-indicator species as a result of high seasonal 
productivity, supported by the high benthic and planktic foraminiferal 
fluxes (Fig. 6). Shortly after the LGM (~18.5 kyr BP), the RAC margin
ally strengthened again, inferring a strengthening of AW recirculation in 
the Fram Strait. Similarly, warm AW signals during the early deglacia
tion at the NW Greenland Sea were also observed by Rasmussen et al. 
(2022). Considering the high abundance of C. neoteretis and “Atlantic 
species” (not shown in this paper; see Sztybor and Rasmussen (2017)) 
after 18 kyr BP in core JM10-335GC (Fig. 6), it is possible to interpret the 
strengthening of the RAC due to enhanced recirculation of AW in the 
Fram Strait. 

During the B/A, besides the gradual increase of warm-AW indicator 
species, there is also a decrease in planktic δ18O observed in JM10- 
335GC (Fig. 6), suggesting enhanced northward advection of AW and 
associated ice melting. This period is also time-equivalent with the 
resumption of AMOC after a short shut-down phase during H1 (McMa
nus et al., 2004). The recirculation of AW in the Fram Strait also 
accelerated, and RAC was re-activated, resulting in the advection of 
RAW to the NW Greenland Sea (Fig. 7). 

Despite the generally high percentage of warm AW indicator species 
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(>30%) throughout the last ~35–4 kyr BP in our records, the GR02-GC 
and JM10-335GC records demonstrate that a strong and permanent 
inflow of RAW from the eastern Fram Strait to the NW Greenland Sea 
began only after the B/A. This is indicated by the absolute dominance 
(>65%) and a gradual increase of the warm-AW indicator C. neoteretis 
from ~13 kyr BP onwards (Fig. 4). Our interpretation agrees well with 
previous findings from the NE Greenland shelf, where the warm AW 
signal also was found since ~13 kyr BP (Davies et al., 2022). Moreover, 
at the Svalbard margin (Rasmussen et al., 2007; Sarnthein et al., 1995; 
Telesiński et al., 2018) and the Barents Sea (Kristensen et al., 2013; 
Łącka et al., 2015), this major inflow of warm AW began at ~12.8 kyr 
BP. However, during the YD, the RAC weakened slightly due to the 
partially weakening of the AMOC (McManus et al., 2004), (Fig. 7). The 
weakening of northward advection of AW was also recorded in JM10- 
335GC, indicated by a drop in % C. neoteretis (Fig. 6). In contrast, 
Davies et al. (2022) and Jackson et al. (2022) observed advection of AW 
during the YD interval into the inner shelf of NE Greenland. However, 
the authors did not distinguish between the sources of paleo-Atlantic- 
source water and thus collectively refer to it as AW (combination of 
RAW and AAW). Our records also point to the presence of AW at our site, 
likely the majority is AAW as suggested by the high abundance of AAW 
indicator species. Therefore, we suggest that the NE Greenland shelf 

experienced a reduced influx of warm RAW via the RAC during the YD 
interval. 

After the YD, the inflow of warm RAW increased dramatically due to 
reinvigoration of the RAC, marking the onset of the Holocene intergla
cial (~11.7 kyr BP) (Figs. 6 and 7). In the eastern Fram Strait, 
T. quinqueloba becomes abundant indicating AW was at the surface 
(Fig. 6). At NE Greenland shelf the decrease in AAW indicator species 
suggests dominance of warm RAW. Our records indicate that the rein
vigoration of the RAC was more prominent than during the B/A (Fig. 6). 
Acceleration of the AMOC (McManus et al., 2004) and the abrupt Ho
locene warming (around 11.7 kyr BP) increased the recirculation of AW 
in Fram Strait and strengthened the RAC. After that, the acceleration of 
the RAC, and therefore the flow of warm AW to the NW Greenland Sea, 
continued to its modern strength (Fig. 7) but was interrupted slightly 
during short periods such as 10.5, 8.5, and 5.8 kyr BP (Fig. 4). This is in 
accordance with Zehnich et al. (2020), who reported strong, but the 
variable inflow of warm RAW until 5.6 kyr BP via the RAC to NE 
Greenland shelf. The enhanced AW recirculation in the Fram Strait and 
the maximum strength of the RAC observed at ~6.8 kyr BP possibly 
correlate with the HTM. 

Fig. 6. Selected data from cores GR02-GC (black lines) and JM10-335GC (red lines): Relative abundance of benthic foraminiferal species Cassidulina neoteretis and 
planktic species Turborotalita quinqueloba in GR02-GC (blue and green shading, respectively) and JM10-335GC- (purple and orange shading, respectively)), planktic 
and benthic stable isotope records, and flux of benthic and planktic foraminifera. Abbreviations: LGM - Last Glacial Maximum; H1 - Heinrich Stadial 1; B/A - Bølling- 
Allerød; YD - Younger Dryas. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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6. Conclusions 

Our new multi-proxy record from the NW Greenland Sea reveals 
distinct paleoenvironmental changes in the interactions between AW 
being carried to the site and the response of the neighboring NE GIS over 
the Late Glacial and Holocene (35.3–4.6 kyr BP). The main conclusions 
of our study are described as follows:  

• AW was continuously present in the NW Greenland Sea during the 
last 35 kyr BP.  

• NW Greenland Sea was subjected to cold conditions in the Late 
Glacial interval (~ 35.3–23.3 kyr BP), possibly associated with 
extensive sea-ice cover and meltwater influx reinforced by melting 
the NE GIS. The progressive influx of warm AW to the region pro
moted glacier and sea-ice melting at 34.5 and 33.4 kyr BP similar to 
conditions near the glacier front today. In the latter part of the Late 
Glacial interval (after 26 kyr BP), warm AW advection was reduced, 
resulting in limited calving and melting. 

• Although of low resolution, an extensive sea-ice cover was appar
ently present during the LGM. Sea ice became even more expansive 

after the LGM, significantly reducing the primary production at 
~19–16.5 kyr BP.  

• Evidence of an enhanced major meltwater pulse to the NW 
Greenland Sea is documented at the B/A (14.8–12.9 kyr BP), possibly 
associated with a combined effect of atmospheric warming during 
the B/A and warm AW-induced glacier and sea-ice melting. This 
meltwater supply increased the transport of freshly exposed post- 
glacial terrigenous material to the NW Greenland Sea, supple
mented the nutrient levels in the upper surface water masses, causing 
increased primary production.  

• Evidence of permanent strong inflow of warm AW via RAC to NW 
Greenland Sea began only after the B/A, reflected in absolute 
dominance of benthic foraminiferal warm AW-indicator species 
Cassidulina neoteretis from ~13 kyr BP. Short-lived weakening of the 
RAC occurred during the cold YD followed by a reinvigorated flow of 
AW up to modern strength during the Holocene with slight in
terruptions at short periods such as 10.5, 8.5, and 5.8 kyr BP.  

• Warm AW stopped reaching the inner shelf of the NE Greenland shelf 
after ~7.5 kyr BP, but probably still reached the outer shelf. 

Fig. 7. Environmental conditions in western and eastern Fram Strait during, a) the Late Glacial, b) the Last Glacial Maximum (LGM), c) the Bølling-Allerød in
terstadials, (d) the Younger Dryas stadial, and (e) Holocene interglacial. Yellow stars mark the location of sediment core GR02-GC and red stars mark the location of 
JM10-335GC. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Cage, A.G., Pieńkowski, A.J., Jennings, A., Knudsen, K.L., Seidenkrantz, M.-S., 2021. 
Comparative analysis of six common foraminiferal species of the genera Cassidulina, 
Paracassidulina, and Islandiella from the Arctic–North Atlantic domain. 
J. Micropalaeontol. 40, 37–60. 

Caralp, M.H., 1989. Size and morphology of the benthic foraminifer Melonis barleeanum; 
relationships with marine organic matter. J. Foram. Res. 19, 235–245. 

Carlson, A.E., Clark, P.U., 2012. Ice sheet sources of sea level rise and freshwater 
discharge during the last deglaciation. Rev. Geophys. 50, RG4007. 

Carlson, A.E., Stoner, J.S., Donnelly, J.P., Hillaire-Marcel, C., 2008. Response of the 
southern Greenland Ice Sheet during the last two deglaciations. Geology 36, 
359–362. 
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Walczowski, W., von Appen, W.J., 2017. Evolution of the East Greenland current 
from Fram Strait to Denmark Strait: synoptic measurements from summer 2012. 
J. Geophys. Res. Oceans 122, 1974–1994. 
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