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Abstract

We report on stable oxygen and carbon isotope data obtained on two different morphotypes of
polar planktic foraminifers, i.e., fully encrusted and minor encrusted Neogloboquadrina
pachyderma, from a sediment core taken on the NE Greenland continental margin. These
morphotypes are supposed to live at different water depths of the upper water column in the
area which today is strongly stratified, with a low-saline, cold-water layer at the surface. The
paired isotopic data sets inform on temporal variations of past water salinity and temperature
in the preferred water depth ranges of the investigated morphotypes and allow conclusions on
the stratification of the upper water column. The radiocarbon-dated sediment core covers the
time interval from 21 to 4 cal-ka, but the early part of the deglacial interval (18.6-12.7 cal-ka)
is not represented, probably due to intense erosion by bottom currents. In sediments from the
late last glacial maximum, oxygen isotope differences between thin-shelled and thick-shelled
N. pachyderma are low and point at a weaker stratification with less freshwater than today
near the surface. The carbon isotopes indicate a dense, perennial sea ice cover, very limited
bioproduction, and the presence of a subsurface Atlantic Water layer. In the late deglaciation
until ~10.3 cal-ka, the stable isotope values of both analyzed morphotypes are considerably
lower, with significantly stronger amplitudes in the record of thin-shelled specimens than later
on. The high-amplitude record stems from a laminated sediment sequence whose older part
was deposited within just a few decades. The data are evidence of a strong freshwater event in
the research area that probably started before 12.7 ka and may have reduced sea surface sali-
nities by 4-5 practical salinity units. As freshwater sources we discuss both the disintegration
of NE Greenland shelf ice and export from the Arctic Ocean interior. The event may have
contributed to the weakening of the Atlantic meridional overturning circulation during the
Younger Dryas cold event. For the early and mid-Holocene (10-4 cal-ka), the isotope data
suggest a structure of the upper water column similar to today, with a well-developed ha-
locline separating low-saline near-surface waters from the underlying Atlantic Water layer. A
seasonally disintegrated sea ice cover allowed for a considerable planktic bioproduction.
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1. Introduction

The western Fram Strait is the major conduit for the export of freshwater from the Arctic
Ocean, both as sea ice and within the low-saline upper mixed layer (Dickson et al., 2007). The
cold outflow plays an important role in the Atlantic meridional overturning circulation
(AMOC) since it maintains the strong spatial temperature and salinity gradients in the area
which are essential for deepwater renewal in the Greenland Sea (Aagaard et al., 1985). Excess
freshwater export from the Arctic to the North Atlantic poses a threat to the AMOC (e.g.,
Manabe and Stouffer, 1995; Rahmstorf et al., 2015; Jackson and Wood, 2018) and may have
triggered past instabilities of ocean circulation and climate (e.g., Condron and Winsor, 2012;
Spielhagen and Bauch, 2015). To investigate examples of freshwater-driven instabilities in
the geological past, the stable oxygen and carbon isotope compositions ('*0/'°O and "*C/'*C,
or 8'°0 and 8"C) of planktic foraminifers (protozoa) from sediment cores provide useful
tools. Their variations in the carbonate shells have been used to reconstruct spatial and tempo-
ral variations of near-surface salinity in high-latitude ocean waters (e.g., Sarnthein et al.,
1995; Spielhagen et al., 2004, Keigwin et al., 2018). Most of these reconstructions were
restricted to the water depth populated by morphologically left coiling planktic foraminifers
Neogloboquadrina pachyderma (hereafter referred to as N. pachyderma). 1t is the only true
polar species and found at various depths within the uppermost 500 m of the water column,
depending on the location and the prevailing environmental conditions (Greco et al., 2019).
Several morphotypes of N. pachyderma exist, from thin-walled to heavily encrusted speci-
mens (cf. Eynaud et al., 2009; Eynaud, 2011) which were shown to have highly variable
oxygen isotope compositions (e.g., Healy-Williams, 1992; Kohfeld et al., 1996; Hillaire-
Marcel et al., 2004; El Bani Altuna et al., 2018). Most plankton tow data from regions with a
quasi-perennial ice cover in the high latitudes suggest that the smaller, not or only minor en-
crusted specimens are usually younger and live in the very upper part of the habitat depth ran-
ge, while the relative proportion of encrusted specimens increases with depth (Kohfeld et al.,
1996; Simstich et al., 2003; Kozdon et al., 2009; Schiebel et al., 2017). A few contrasting
observations from 78°N (Carstens et al., 1997) may be related to the advection of foraminifers
from the east by the subsurface Return Atlantic Current (Fig. 1). Depending on the water
mass structure and the related vertical variations of temperature and isotopic composition,
8'%0 and 8"°C of N. pachyderma in the Arctic can be highly variable for different morphoty-
pes and size fractions of this species (Healy-Williams, 1992; Hillaire-Marcel et al., 2004;
Xiao et al., 2014; El Bani Altuna et al., 2018). Hillaire-Marcel et al. (2004) utilized the isoto-
pic differences between size fractions of N. pachyderma in sediment cores from the Chukchi
Sea (western Arctic Ocean) to reconstruct the water mass stratification. However, due to ex-
tremely low pre-Holocene sedimentation rates, their analysis was restricted to the last ~12,000
years (12 ka) with relatively uniform conditions. For the first time, in this paper we report on
the 8'%0 and 8"°C differences between relatively small specimens, which appear thin-walled,
and larger, encrusted morphotypes of N. pachyderma in a sediment core from the NE Green-
land continental margin (79.3°N) which recorded three environmentally distinctly different
time intervals: The last glacial maximum, a major deglacial freshwater event, and the postgla-
cial Holocene. The results reveal significant variations of the stratification and bioproduction
in the upper water masses exported from the Arctic Ocean and hold important implications
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for the interpretation of isotopic data sets from Arctic seas under variable climatic background
conditions and for the deglaciation history of the NE Greenland shelf.

2. Environmental Setting

The continental slope off NE Greenland is a steep transition between the ~300 km wide NE
Greenland shelf and the deep-sea area of the Fram Strait with water depths >3000 m (Fig. 1a).
The shelf area south of the Kronprins Christian Land peninsula (81°N) is characterized by the
C-shaped connected Westwind and Norske troughs (300-500 m deep) which reach the shelf
break at c. 80.5 and 76.5°N. East of the troughs lie the shallower Belgica Bank (200-300 m)
and the steep continental margin which plunges down to the Fram Strait.

The upper ocean circulation in the Fram Strait (Fig. 1a) is characterized by the northward
flow of saline and relatively warm Atlantic Water (AW; T>3°C, S>35) in the West Spitsber-
gen Current (WSC) in the east and southward flowing, cold, low-saline waters of Arctic ori-
gin in the East Greenland Current (EGC; T<0°C, S<34.5) over the NE Greenland shelf and
the adjacent continental margin (Aagaard and Coachman, 1968; Rudels et al., 2012; Havik et
al., 2017). A significant portion of the northward flowing AW recirculates to the west north of
78°N (Manley, 1995). At 79°N, 3-5°W the EGC is 100-150 m thick and separated by a strong
halocline from recirculated AW beneath (Richter et al., 2018; Fig. 1). Water temperatures
show a high intra-annual variability (-1.8 to +3°C) at 50-70 m depth, but the vast majority of
daily measurements is between -1.5 and -1.8°C and higher temperatures, often occurring for
for only few days, are scattered throughout all seasons (de Steur et al., 2014). The interannual
variability of mean annual temperatures at this depth is low and within the range of -1.5 to -
1.8°C (de Steur et al., 2014). In average winters (1978-2010; data from nsidc.org), the NE
Greenland shelf and continental margin north of 76°N are covered by sea ice (Fig. 1a). The
average summer sea ice margin runs northeastward across the Fram Strait from the Greenland
continental margin at ~78°N to the Yermak Plateau margin at ~80.5°N. In exceptional sum-
mers of the last decade, large parts of the NE Greenland shelf south of 82°N were almost free
of sea ice.
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a) Bathymetric map of the Fram Strait with deep-sea areas (water depth >400 m) shown by
bluish colors. Locations of cores mentioned in the text are indicated by red and yellow circles.
The yellow square marks the location of oceanographic station PS100/282. Red arrows dis-
play the circulation pattern of Atlantic Water, with lighter colors indicating subsurface flow
(after Richter et al., 2018). Full and stippled white lines mark the average positions of sum-
mer and winter sea ice margins (1981-2010, from nsidc.org). White arrows show the average
ice drift pattern. RAC = Return Atlantic Current. Bathymetric map created by Ocean Data
View (Schlitzer, 2020).

b) Data of water temperature (red) and salinity (blue) in the upper 800 m at station PS100/282
(Kanzow et al., 2017) close to core site PS93/031. Calculated 8'°0 values for equilibrium
calcite (6180ec) are shown in pink..

3. Materials and Methods

Box core PS93/031-5 was obtained from 2135 m water depth on the NE Greenland continen-
tal slope (79°20.97'N, 3°31.43'W) during expedition PS93.1 of RV Polarstern in July 2015
(Stein, 2016; Fig. 1a). It had an uneven surface with abundant agglutinated and calcareous
foraminifers. The recovered 37.5 cm long sequence consists of brownish and grayish muds
with common small (<2 cm) dropstones (ice-rafted detritus, IRD) in the lower part (Fig. 2).
To avoid compression of the sediment sequence in the 50x50 cm metal box, it was opened at
one side and a 50x12x8 cm plastic archive box was pressed horizontally into the sediment.
Thin sediment slabs for X-ray photos were taken likewise. These photos (Fig. 2) reveal that
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the brownish IRD-rich layer at the core base is overlain at ~25 cm core depth by a ~7 cm
thick IRD-free, distinctly laminated sequence of brownish gray color. Above this layer we
find ~4 cm of grayish brown sediments with only faint laminae visible in the X-ray photos.
The uppermost 14 cm consist of strongly bioturbated dark brown mud with common IRD in
its upper part.

>63 M (Wt.-%o) 8180 (%o vs. PDB)
0 5 10 15 20 4]0 3.|0 2.]0 1.|0
T e e e

(wo) yydep 10

£ —— 813C Np1-2
& wemeoee- 313C Npd-5

o2 N22Bkat o0 - -
40" o A B e
16 -1.2 08 04 0 04 08
813C (%o vs. PDB)
Fig. 2

Left: X-ray photos (from Stein, 2015), coarse fraction data, and photo of sediment sequence
of box core PS93/031-5.

Right: Oxygen and carbon isotope data of N. pachyderma morphotypes 1-2 and 4-5 (Npl-2,
Np4-5). Radiocarbon-dated horizons are marked by stippled horizontal lines, with calibrated
ages given in kiloyears.

Core PS93/031-5 was sampled continuously in 0.5 cm intervals. Samples were freeze-dried,
weighed, washed through a 63 pm mesh with deionized water, and dried at 50°C. The re-
maining coarse fraction was split into several size fractions. For isotopic analyses, two sets of
planktic foraminifers N. pachyderma were picked from the 100-250 pm fraction of each
sample. During foraminifer selection, we followed the morphotype concept of Eynaud et al.
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(2009) and Eynaud (2011). One set comprised 25 relatively large, fully encrusted specimens
visually resembling morphotypes 1 and 2 (hereafter referred to as Np1-2; Fig. 3), the other 40
relatively small specimens resembling morphotypes 4 and 5 (Np4-5; Fig. 3). From visual in-
spection under a binocular, the latter appear thin-walled, when compared to Np4-5, and often
translucent. In many ways, Np4-5 and Npl-2 resemble the "adult" and "terminal" stages,
respectively, of N. pachyderma development as identified by Berberich (1996). From visual
inspection we estimate that the average diameter of Np4-5 was 50-70% of the diameter of
Npl-2. By analyzing pooled samples, we assume to balance possible isotopic differences
between single specimens which may result from intra-annual and interannual oceanographic
variations. Oxygen and carbon isotope ratios (8'°0, 8'°C) were measured in the stable isotope
laboratory of the Alfred Wegener Institute in Bremerhaven with a Finnigan MAT 253 gas
mass spectrometer coupled to the automatic carbonate preparation device Kiel IV. The mass
spectrometer was calibrated via international standard NBS19 to the PDB scale. Results are
given in d-notation vs. VPDB. The precision of 8'*0 and 8'°C measurements, based on an
internal laboratory standard (Solnhofen limestone) measured over a 1-year period together
with samples, was better than +0.08 and +0.06%o, respectively.

Oxygen isotope data of equilibrium calcite (5'*O..) in the water column were calculated using
the paleotemperature equation of O'Neil et al. (1969)

T=16.9—4.38 (8" 0c. — 8'°0y) + 0.1 ("0 — 8'°0y)*

and relations between water isotope (8'°0y,) and salinity (S) of '*0y, = 1.35 S - 46.8 for
S>32.7 (derived from data of Rabe et al., 2009, and Pados et al., 2015) and 6, = 0.04 S - 3.89
for S<32.7 (Rabe et al., 2009). §'0,, was converted to 'O of calcite (here: 8'O,) for the
paleotemperature equation following Bemis et al. (1998):  §'*0.. = 0.9998 §'*0,, - 0.2%o.

Fig. 3: Layered photographs of N. pachyderma morphotypes 1-2 (a-d) and 4 (e-h) from core
PS93/031-5 (18.5-19.0 cm).
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For age control on PS93/031-5, ~2000 specimens of Np1-2 per sample were picked from nine
selected samples and dated at the AMS-'*C facility of the Leibniz Laboratory for Age Deter-
mination and Isotope Research of Kiel University. Results (Table 1) were converted to cali-
brated years by the CALIB 8.2 program (Stuiver et al., 2021). Since the MARINE20 data set
is not suitable for samples from polar regions (Heaton et al., 2020), we used the IntCal20 data
set for calibration and applied a reservoir correction (R) of 550 years. This R value was de-
termined from recent (pre-bomb age) molluscs sampled in East Greenland (Tauber and Fun-
der, 1975), has been used for calibration of other samples from this region (Nergaard-
Pedersen et al., 2008; van Nieuwenhove et al., 2020), and lies in the range of values deter-
mined from western Svalbard (~438-450 yr; Mangerud et al., 2006) and fjords entering the
open Arctic Ocean in the Canadian Arctic Archipelago (~700-800 yr; Mangerud et al., 2006;
Coulthard et al., 2010). We note that assuming a higher or lower reservoir correction will not
significantly alter the major conclusions of this paper. The temporal resolution of sampling is
sufficient to allow unambiguous statements on the isotopic differences between Npl1-2 and
NpA4-5 for the three time intervals discussed. To plot isotope data versus age, we determined
sediment ages with the Bayesian R package Bacon (Blauuw & Christen, 2011), the IntCal20
data set, and a reservoir correction of 550 years. Within Bacon, we accounted for a hiatus at
25 cm and an age difference of 20 years (from counting the laminae) between 19 and 25 cm.
In the following, ages are given as calibrated kiloyears (ka).

Table 1

Results of radiocarbon datings from core PS93/031-5 performed on planktic foraminifers M.
pachyderma (morphotype 1-2). Calibrated ages were determined with the Calib 8.2 pro-
gram, the IntCal20 data set and a reservoir correction of 550 years (see section 3 for de-
tails)

Interval (cm) Sample code 14C age (yr) Calibrated age Cal. age (yr)
mean (1) 20 range
0.0-0.5 KIA-53302 4023 + 28 3752 3687-3832
5.0-5.5 KIA-53303 5630+ 35 5815 5741-5911
11.0-11.5 KIA-53304 9130+ 40 9540 9482-9564
16.5-17.0 KIA-53766 9790+ 40 10405 10254-10511
19.0-19.5 KIA-53767 11140 + 45 12635 12592-12714
23.0-23.5 KIA-53768 11165+ 45 12652 12608-12723
26.0-26.5 KIA-53305 15970 + 65 18748 18634-18864
30.0-30.5 KIA-53769 16730 + 65 19523 19334-19648
37.0-37.5 KIA-53770 18135+70 21227 20966-21440
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4. Results

4.1 Chronology and coarse fraction content

The age range of the core covers the period between 21.2 ka for the lowermost sample (37.0-
37.5 cm) and 3.8 ka for the core-top (Table 1). The three datings from the lowermost, IRD-
rich unit (25.0-37.5 cm, 6-12% coarse fraction) reveal a sedimentation rate of ~4 cm/ka for
the period 21.2-18.6 ka which corresponds to the younger part of the last glacial maximum
(LGM). The abrupt change in coarse fraction content with a peak value at the top (19%), the
high amount of coarse IRD visible in the X-ray photos (Fig. 2), and the uneven upper bounda-
ry of this unit, which is overlain by a laminated sequence, suggest the presence of a lag depo-
sit and a hiatus in PS93/031-5 which covers the interval of 18.6-12.7 ka. Age determinations
between dated layers are based on linear inter-/extrapolation and consider the hiatus at 25 cm.

Three dates are available from the fine-grained laminated units, of which the two older ones
are equal (12.64 and 12.65 ka) within their uncertainty ranges. The perfect lamination
precludes any influence of bioturbational sediment mixing. We suppose that the lower, gray
laminated unit was deposited very rapidly and that the individual laminae may represent an-
nual layers. As indicated by the age of 10.4 ka at 16.5-17.0 cm, the faintly laminated sequence
at 14-18 cm was deposited more slowly (~2 cm/ka).

The available datings and the relatively invariable coarse-fraction content (6-9 weight-%)
suggest rather uniform sedimentation with rates of ~2 cm/ky for the uppermost dark brownish
unit which was deposited from ~9.9+0.2 to 3.8 ka and thus largely represents the Early and
mid-Holocene. Most likely, Late Holocene sediments are missing due to strong bottom cur-
rents, as indicated by the high abundances of agglutinated foraminifers (cf. Kaminski et al.,
2015) and coarse fraction in the core-top sample (Fig. 2), which may be a relict sediment.

4.2 Neogloboquadrina pachyderma isotope data

In samples from the late LGM (25.5-37.5 cm), 8'°0 values of Np1-2 and Np4-5 are 4.6-4.2%o
and 4.4-3.7%o, respectively, with an average difference (mean) of 0.36%o (Figs. 2, 4). Stan-
dard deviations of mean values are <0.1%o, unless otherwise stated. In some of these samples
the apparent differences are within the error range of the measurements. The 8"°C data of
Np1-2 are almost constant in this interval (0.01%o) while those of Np4-5 are 0.3-0.9%o lower
(average difference 0.61%o). At the boundary to the overlying unit the differences are increa-
sing. Very likely this is a result of the sampling procedure which could not ensure a precise
differential sampling of the two units due to the uneven boundary. Values from the transition
zone (23.5-25.5 cm) were therefore not included in the calculations.

In the laminated units (16.0-23.5 cm) 8'°0 values of both analyzed morphotypes are signifi-
cantly lower than further below (Figs. 2, 4). With one exception, 8'°0 of Np1-2 ranges within
2.5-3.0%0 while values of Np4-5 show a higher variability (0.6-1.8%o). The average difference
between morphotypes is 1.56+0.12%o but in several samples it is >2%o. The 8'"°C values of
Npl1-2 show a somewhat higher variability than in the late LGM. Some are on the same level
(~0%o) but five samples are around -0.3%o. Like for 8'°0, Np4-5 show significantly higher
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amplitudes for §'°C (range: -0.6 to -1.6%o), with an average difference of 0.77%o to the 8'°C
values of Np1-2.

Omitting a transitional sample from 15.5-16.0 cm, 8'*0 values of Np4-5 and Np1-2 from the
Early and mid-Holocene interval (0-15.5 cm) are between those from the LGM and the lami-
nated unit (Figs. 2, 4). Again, Np1-2 shows a narrower range (3.0-3.4%o) than Np4-5 (2.0-
3.0%o, except two samples at ~10 cm), with an average difference of 0.69%o. The 8'°C ranges
of Np1-2 (0.1-0.8%0) and Np4-5 (-0.3 to 0.8%o0) are relatively large, but the average difference
is small (0.27%o), compared to the other two time intervals.
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Plot of carbon vs. oxygen isotope data, grouped for late LGM data (blue), the deglacial
freshwater interval data (pink), and Holocene data (red). The crosses indicate the differences

between mean data (squares) for morphotypes Npl1-2 (full symbols) and Np4-5 (open sym-
bols).

5. Discussion

5.1. Stable isotopes in planktic foraminifers as environmental recorders

In general, the variability in the isotopic composition of planktic foraminifers reflects corre-
sponding changes of temperatures and/or the isotopic composition of sea water and its dis-
solved inorganic carbon (DIC) in which the individuals calcify their tests (Epstein et al.,
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1953; Erez and Luz, 1982). For oxygen, the isotopic composition of sea water may vary due
to the preferential storage of '°O in continental ice during glaciations ("ice volume effect")
and the return of '°O-enriched freshwater from continents to the ocean, be it as meltwater or
riverine input. In Fram Strait waters with salinities >33.5, as prevailing below ~30 m along
the NE Greenland continental margin (Hévik et al., 2017; Richter et al., 2018), there is a qua-
si-linear relationship between salinity and 8'*0,, (Rabe et al., 2009), as seen also in the inte-
rior Arctic Ocean (Bauch et al., 1995). In the area of site PS93/031 >80% of all N. pachyder-
ma live in the upper 100 m of the water column (Pados and Spielhagen, 2014) where tempera-
tures are (despite some outliers) almost constant and close to the freezing point (-1.7°C; Fig.
1). A priori it cannot be excluded that seasonal variations of temperature and 8'*0,, (related to
salinity) may be responsible for the isotopic differences observed between the morphotypes in
our samples, in particular if the relative abundances of the morphotypes were variable through
the seasons. To test the potential influence of such a seasonal effect, we compared §'°O,. val-
ues calculated from monthly temperature and salinity data (April-October, if available) from
six sectors on the NE Greenland continental margin obtained from the World Ocean Atlas
2018 (WOA 2018) (Boyer et al., 2018; Locarini et al., 2018; Zweng et al., 2018; Fig. 5). In all
sectors (except 79°N 5.5°W), §'°O. values from ~40 m are lower than at ~80 m. Differences
are higher in the North and in the West and amount to 0.3-1.5%o.. Differences on the longitude
of PS93/031 (3.5°W) are 0.2-0.8%o and thus in the range of differences between Npl-2 and
Np4-5 in Holocene samples. The data from July and September (JS) always plot very close to
each other. Values from August (i.e., the middle of summer off NE Greenland) are variable in
the data sets. At 40-100 m depth they are very close to JS values at 2.5°W, lower than JS val-
ues at 3.5°W, and higher than JS values at 5.5°W. Overall, it seems difficult to find systematic
differences of 8'°O,. values between the individual months of the summer season in our rese-
arch area.

Little is known about the seasonal abundance distribution of N. pachyderma morphotypes or
size fractions in the Arctic. Jensen (1998) found that at 72°N 7.7°W (in ice-covered waters of
the Greenland Sea) the small specimens (which may to a large part be Np4-5) have their
abundance maximum very late in the summer season (October). Similar observations were
made southeast of Greenland (Jonkers et al., 2013). According to the monthly vertical §'*Oc.
profiles from the 79°N3.5°W sector (Fig. 5), late summer specimens (assumed to be mostly
Np4-5) from September should show higher 8'*O values than larger (encrusted) specimens
from earlier in the year (August) if both calcified in the same water depths. However, this is
opposite to what we find in our Holocene samples. We conclude that the seasonal abundance
distribution of N. pachyderma morphotypes (and size fractions) apparently does not exert a
strong influence on the distribution of 8'*0 values found and that it is rather the vertical va-
riability of §'*O.. which is reflected in the N. pachyderma in the samples from site PS93/031.
Considering the weak intra-summer temperature changes (T = -1.5°C +0.5°C between 0 and
100 m, data from WOA 2018).we expect an almost negligible influence of vertical or seasonal
temperature changes on the 8'*0 of foraminifers in individual samples. Accordingly, we will
mostly interpret the §'°O variability in our foraminiferal records in terms of salinity changes.
If applicable, the ice volume effect and potential temperature changes are also considered.
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Fig. 5

Oxygen isotope data of equilibrium calcite calculated for the upper 200 m of the water co-
lumn in six 1° x 1° sectors on the NE Greenland continental margin. Coordinates of the sector
centers are given on the top margin and in the center row. Data were calculated using tempe-
rature and salinity data (averaged decades) from the World Ocean Atlas (Boyer et al., 2018;
Locarini et al., 2018; Zweng et al., 2018). Grayish horizontal bars mark water depths assumed
to represent average habitat depths of Np4-5 (~40 m) and Np1-2 (~80 m).

Exact calcification depths for the investigated morphotypes cannot be determined from our
data. According to plankton tow data, in perennially ice-covered Arctic seas the encrusted
specimens of N. pachyderma were found deeper in the water column than the non-encrusted
ones (Kohfeld et al., 1996; Simstich et al., 2003; Schiebel et al., 2017). Eynaud (2011, p. 5)
notes that "the wall texture and the degree of encrustation is also a discriminating feature of
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the different morphotypes". Combining both observations, in this study we suppose that the
isotopic composition of Np4-5 mostly reflects conditions in a shallower layer than the one of
Np1-2 which likely integrates over shallow and somewhat deeper waters. Supporting evi-
dence comes from the fact that in none of our samples both the carbon and the oxygen isotope
compositions of Np1-2 and Np4-5 were similar, which would be expected if they had the sa-
me habitat. The overall positive differences in 8'°0 between Np4-5 and Npl-2 (average
0.69%o in the Holocene) are very much similar to the difference in 8'*0 of equilibrium calcite
calculated for waters from 40 and >65 m (Fig. 1b). Again, this observation is in line with the
assumption that Np1-2 specimens have formed their shells in a depth range reaching deeper
than that of Np4-5. According to the above considerations, from the observed isotopic diffe-
rences between both types we will draw semiquantitative estimates on the vertical variation of
water mass parameters (mostly salinity) and the stratification in the investigated time inter-
vals. Over time these variations, in addition to changing ice coverage and food availability,
may have induced shifts in the habitat depths of the foraminifers (see Greco et al., 2019, for
modern relations).

Size-dependent isotopic differences among N. pachyderma specimens have been observed by
several sediment and plankton tow studies (e.g., Healy-Williams, 1992; Kohfeld et al., 1996;
Hillaire-Marcel et al., 2004; Jonkers et al., 2013; Xiao et al., 2014; El Bani Altuna et al.,
2018) and attributed to a variety of effects (e.g., temperature variability, seasonality, ontoge-
netic/metabolic effects). We did not perform our measurements on specimens selected strictly
size-dependent. Still, a size-dependent isotopic variability is likely inherent to the observed
isotopic differences between Np1-2 and Np4-5 and probably related to the supposed encrusta-
tion on Npl-2 at greater depths. An important finding of our study, however, is that the diffe-
rences of both 8'°0 and 8"°C between the morphotypes are strongly diverse when three en-
vironmentally different time intervals are compared. These differences can thus not be ascri-
bed to a constant size effect and will be discussed in more detail further below. Variable vital
effects (offsets between the isotopic value of foraminifers and the calculated value of
equilibrium calcite) of N. pachyderma have been ascribed to changes in temperature and wa-
ter masses (e.g., Bauch et al., 1997; Simstich et al., 2003; Nyland et al., 2006). As will be dis-
cussed below, we do not find evidence for strong temperature variability or changes in the
general structure of the water column off NE Greenland in the time intervals considered. Ac-
cordingly, we do not presume a strong influence of vital effects on the isotopic differences
between the morphotypes.

On the timescales discussed here, the carbon isotope ratio in DIC depends on the atmosphere-
ocean exchange of CO; and the bioproduction and decomposition of carbon in the water col-
umn. The LGM-Holocene difference of 8"°C in atmospheric CO, was only ~0.1%o (Schmitt et
al., 2012) and can thus be neglected here. High primary production results in high 8"°C values
of the DIC because '*C is preferentially taken for photosynthesis (Kroopnick, 1974; Fogel and
Cifuentes, 1993), leaving the upper waters enriched in *C. By microbial degradation of or-
ganic matter in the less well ventilated layers below the productive zone of the water column,
"2C is returned and 8"°C values are usually significantly lower. This general pattern is found
also in modern waters in the research area (Bauch et al., 2015; Pados et al., 2015) which are
strongly stratified due to vertical temperature and salinity differences (Fig. 1b). Accordingly,
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we will interpret the 8"°C values of the analyzed planktic foraminifers in terms of bioproduc-
tion and decomposition of carbon from organic matter, indicating variable degrees of ventila-
tion and stratification. However, terrestrial sources of carbon with specific isotopic signatures
will also be considered. We note that variations in the carbonate ion concentration in seawater
can have a strong effect on the offset between the 8'°C values of DIC and foraminifers (Spero
et al., 1997). Since we do not have information on such variations in our research area in the
past, some caution must be applied with interpretations of our 8'°C records, in particular when
they are not backed up by other data.

5.2. The (late) last glacial maximum

The LGM §'0 values of ~4.4%o in Np1-2 from PS93/031-5 are typical for thick-shelled N.
pachyderma in deep-sea LGM samples from the Nordic Seas and the Fram Strait (cf.
Sarnthein et al., 1995; Nergaard-Pedersen et al., 2003). Moreover, the Holocene average
(3.2%0) resembles the values of sediment surface samples from the western Fram Strait (cf.
Bauch et al., 2001; Pados et al., 2015). The resulting 5"*0 change from the LGM to the Holo-
cene in Npl-2 is thus equivalent to the global ocean glacial-interglacial shift originating from
the preferential storage of '°O in continental ice sheets which is 1.1-1.4%o (Mix et al., 2001).
We conclude that LGM-Holocene temperature changes were negligible in the habitat depth
range of Npl-2 and had no significant effect on the isotopic composition of these morphoty-
pes.

In the late LGM sediments of core PS93/031-5 the 8'*0 difference between Np1-2 and Np4-5
is relatively low (average 0.36%o; Fig. 4) and only half of that seen in Holocene samples. In
some LGM samples no significant difference is detectable, considering the average analytical
error of +0.08%o of isotope measurements. Assuming that, in general, the isotopic composi-
tion of Np4-5 reflects a shallower habitat than that of the encrusted specimens, the vertical
gradient of 8'*0 of equilibrium calcite (8'*0..) in the upper water column was apparently
lower than today (Fig. 1), indicating lower salinity differences and a weaker stratification.
This may result from comparatively small quantities of liquid freshwater export from the Arc-
tic Ocean and Greenland, as indicated by the high 8'%0 values of both Np1-2 and Np4-5. A
strong vertical temperature gradient with higher near-surface temperatures than below is ra-
ther unlikely, as indicated by the evidence for a closed sea ice cover discussed below. Pre-
sumably, there were smaller differences (if compared to today) of temperature and salinity
between both habitats which resulted in an isotopical balance. This assumption is supported
by a comparison of the oxygen isotope records from both morphotypes (corrected for the glo-
bal ice volume effect using the data set of Lisiecki and Stern, 2016) when the 8'*O,. values
from ~40 m (mean of 35-45 m) and ~80 m (mean of 70-90 m) are subtracted from the 8'°0
values of Np4-5 and Np1-2, respectively (Fig. 6). While such Ad'®O values of Np4-5 from the
LGM are in the range of middle Holocene values, the Ad'*O values of Np1-2 are more nega-
tive than middle Holocene counterparts. Although assumptions of &' *O. for the pre-Holocene
have to be taken with great caution because of many inherent uncertainties, these more nega-
tive values from the LGM may be indicative of somewhat lower salinities at ~80 m and thus a
weaker stratification than today. In principle, the similarity of 8'°0 values could also result
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from a strongly reduced vertical migration of N. pachyderma during its life cycle. However,
the carbon isotope difference between Np1-2 and Np4-5 is rather large (average 0.61%o0) and
suggests that the morphotypes did not inhabit the same water depth. Moreover, Np1-2 con-
sistently show higher 8'"°C values than Np4-5. This is opposite to what can be expected when
Np4-5 had the shallower habitat and the vertical 8"°C profile were solely the result of in-situ
carbon cycling in the water column (cf. Mackensen and Schmiedl, 2019). Some caution has to
be applied to such considerations, though, because vertical variations in carbonate ion concen-
trations may have affected the 8"°C of DIC in our research area in the LGM. Today, these
vertical variations are very low ([COs>] = 110+£10 pmol/kg; Pados et al., 2015) in the upper
500 m of the western Fram Strait, in waters which are supersaturated with calcium carbonate
(Anderson et al., 2017). The modern variations could explain only shift of 0.2%o in 8"°C (cf.
Spero et al., 1997), but conditions may have been different in the LGM. The similarity of the
relatively high 8'°O values of both morphotypes precludes a strong influence of terrestrial
freshwater with a low 8'"°C signature as an explanation for the low 8"°C values in shallow
living Np4-5 during LGM times. They may rather be the result of very limited bioproduction
under a perennial sea ice cover.

A thickened cover of rigid sea ice has been proposed for the LGM in the Arctic Ocean
(Nergaard-Pedersen et al., 2003; Bradley and England, 2008) and it is conjecturable that also
the major export area for sea ice, the western Fram Strait, was heavily ice-covered. To explain
the high 8"°C values of Np1-2, we suppose that their deeper habitat was influenced by hori-
zontal advection from the east. High LGM §"°C values of Np1-2 of 0-0.2%o in cores from the
central and eastern Fram Strait stem from a time with seasonally open waters and enhanced
planktic bioproduction in that area (Nergaard-Pedersen et al., 2003), caused by advection of
relatively warm Atlantic Water (e.g., Hebbeln et al., 1994; Zamelczyk et al., 2014; Falardeau
et al., 2018). Most likely, the 8'°C values in foraminifers from cores from the eastern Fram
Strait reflect remineralization of '*C-enriched organic matter below the upper waters with
photosynthetic activity. A westward branching (and underway cooling) of this Atlantic Water
and its subduction below the halocline, in a basically similar pattern as today (Fig. 1), could
explain values of ~0%o in Np1-2 and the relatively high vertical difference of 8'°C values in
the western Fram Strait at site PS93/031. A decoupling in terms of carbon cycling is also in-
dicated by the almost constant 8'°C values of Np1-2 in the late LGM (0.0%0) which are in
contrast to values of 0.6+0.15%o in Np4-5.

The evidence for Atlantic Water advection to the NE Greenland margin in the late LGM has
implications for the interpretation of the Np1-2 8'°0 values. Together with the rather negative
AS"0 values (Fig. 6), these values, which are ~0.4%o lower than LGM values in cores from
the eastern and central Fram Strait (Nergaard-Pedersen et al., 2003), may reflect a habitat near
the lower halocline which was possibly shallower than today. There, encrustation would add
calcite with a high Atlantic Water 8'°O signature to formerly low-8'0 calcite specimens (for
modern analogs see Kozdon et al., 2009). Combined, the oxygen and carbon isotope data of
N. pachyderma morphotypes suggest a severly ice-covered environment for the western Fram
Strait during the late LGM, with a weaker vertical salinity gradient in the upper waters than
today, very limited bioproduction, and a noticable advection of Atlantic Water from the east.
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Left: Differences of oxygen and carbon isotope values between Npl-2 and Np4-5. Oxygen
isotope values are normalized for the 8'°O difference between modern equilibrium calcite
calculated values for water depths of 35-45 m (Np4-5) and 70-90 m (Np1-2) which is ~0.87.

Right: Differences between oxygen isotope records from morphotypes (Npl-2 and Np4-5,
corrected for the global ice volume effect using data of Liesicki and Stern, 2016) and the 8'°0
value of modern equilibrium calcite calculated for water depths of 35-45 m (Np4-5) and 70-90
m (Np1-2). Since temperature variability is minimal in the upper 120 m, lower A8'*O values
indicate lower salinities in the habitat.

5.3. The deglacial freshwater interval

No sediments from the early part of the last glacial-interglacial transition are preserved at site
PS93/031. Above the hiatus the 8'°O values of Np1-2 and Np4-5 are lower by ~1.5%o and
~3%o, respectively (Fig. 2). Only ~0.5%o of this change can be attributed to the change of the
global ice volume effect between 18.6 and 12.7 ka (cf. Fairbanks, 1989). There is no planktic
foraminifer evidence for warmer waters (subpolar planktic foraminifers make up <1% of the
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total assemblage in the >100 pm fraction throughout our core). Moreover, records from the
eastern Fram Strait and the Nordic Seas show that there was no enhanced heat advection to
the Arctic by Atlantic Water before ~10.8 ka (Kog et al., 1993; Sarnthein et al., 2003; Aa-
gaard-Serensen et al., 2014; Werner et al., 2016). Accordingly, we ascribe the remaining 8'*0
difference between 18.6 and 12.7 ka to a major freshwater event at the NE Greenland conti-
nental margin which decreased the salinity throughout the upper water column. Due to the
hiatus, its onset cannot be determined. The presence of a lag deposit underneath and the une-
ven boundary to the laminated sediments suggest erosion or selective deposition of mostly
coarse IRD due to intense bottom currents. Therefore, the freshwater event may have started
some time before 12.7 ka. Other sediment cores from off NE Greenland (Figs. 1, 7) have also
recorded a freshwater event at this time. However, their low temporal resolution does not al-
low a detailed specification of its onset or duration and overall the ages appear somewhat
higher than in PS93/031-5 if the IntCal20 data set and R = 550 are applied. The §'*O record
from site PS1230 shows a ~1%o decrease in one sample (Bauch et al., 2001) which dates to
13.6+0.8 ka (using Calib 8.2 and linear interpolation between '“C-dated samples) or 14.3 ka
(using Bacon). A ~0.5%0 decrease found in two samples from core PS2887 (Nergaard-
Pedersen et al., 2003) dates to 12.3-13.0 ka. (Calib 8.2) or 12.7-13.2 ka (Bacon). In both cores
the low 8'*0 peaks, measured on Np1-2, reach ~2.5%o and are thus in the same range as in
PS93/031-5. Thus, the freshwater event at the NE Greenland continental margin may have
been at least a regional phenomenon.

The freshwater provenance cannot be determined from the isotope records presented here.
The Greenland ice sheet had advanced beyond the modern coastline on the NE Greenland
shelf during the LGM, but it is still debatable whether it reached the shelf break (Funder et al.,
2011; Larsen et al., 2018). Morphological features on the shelf sea floor suggest the deve-
lopment of two major ice streams in the Westwind and Norske troughs and the possible deve-
lopment of an ice dome on the shallow bank between the troughs (see Arndt et al., 2017, for a
review of available evidence). No datings have been published so far constraining the degla-
ciation history of the shelf area. However, the disintegration of the ice sheet on the shelf must
have released large amounts of freshwater and fine grained sediment. It may be responsible
for a strongly reduced salinity just southeast of the mouth of Westwind Trough and the forma-
tion of laminated layers at our site on the continental margin. Our data show that the freshwa-
ter-affected interval lasted until ~10.2 ka when oxygen isotope values of both N. pachyderma
morphotypes approached the Holocene level (Fig. 2). The lower calculated sedimentation
rates from the layer with faint laminae (deposited ~12.5-10.2 ka) may indicate a two-phase
retreat of the ice sheet margin on the NE Greenland shelf towards the modern coastline. A
rapid recession early during the event (i.e., before 12.5 ka) with a strong sediment export
through Westwind Trough may have been followed by a slower retreat with sediment trans-
port mostly southward through Norske Trough. A lithologic change at ~10.1 in sediment core
PS100/270 obtained close to the present-day coastline (Fig. 1a) has been interpreted to reflect
the onset of glacimarinemarine sedimentation (Syring et al., 2020a) at this site. Apparently,
the last phase of the freshwater event recorded in PS93/031-5 was contemporaneous with the
final retreat of the ice sheet to the modern coastline.
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Stable oxygen and carbon isotope records of N. pachyderma from radiocarbon-dated sediment
cores from the NE Greenland continental margin (from Nergaard-Pedersen et al., 2003, and
this study). Age models applied were calculated using Bacon, the IntCal20 data set, and a
reservoir correction of 550 years.

Considering the timing of the early freshwater event, it is remarkable that the oldest dates
from the the layer with low 8'°O values are close to the onset of the Younger Dryas event
(12.9 ka; Rasmussen et al., 2006). This major cooling was most likely caused by a combinati-
on of several factors (Renssen et al., 2015), involving as a major one the freshwater-induced
slowdown of the AMOC (Broecker et al., 1985). Recent research suggests that the freshwater
outburst occurred through the Mackenzie Valley into the Arctic Ocean (Keigwin et al., 2018).
To reach the areas of deepwater convection in the Greenland Sea, the freshwater must have
left the Arctic Ocean through Fram Strait. Accordingly, the freshwater spike in 8'*O records
from PS93/031-5 and other cores from the western Fram Strait dated 12.5-13.8 ka may also
reflect the massive export of meltwater from North American ice sheets which weakened the
AMOC and triggered the drastic Younger Dryas cooling in the North Atlantic region. It can-
not be excluded, though, that the freshwater outburst in North America and the deglaciation
of the NE Greenland shelf were coeval and together contributed to the freshwater event re-
corded on the continental margin.
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The 80 differences between Np1-2 and Np4-5 are 0.7-2.2%o in the laminated layers from the
deglacial freshwater interval recorded in PS93/031-5 (Figs. 2, 4) and can be interpreted to
reflect strong and variable salinity differences between the habitat depths of both mor-
photypes. Apparently, the oxygen isotope composition of Np4-5 is a considerably more sensi-
tive recorder than that of Np1-2 regarding changes in seawater salinity near the ocean surface
caused by the rapid input of freshwater from continental sources (e.g., ice sheet mel-
ting/disintegration or ice-dammed lakes). The stronger offset of Np4-5 values from the 8'°0
of equilibrium calcite (Fig. 6) supports this inference. Applying the modern 8'*0/S relation-
ship in the upper ~300 m of the NW Fram Strait (Rabe et al., 2009; Pados et al., 2015), a
2.2%o difference in 8'°O between the morphotypes is equivalent to a salinity difference of 1.6
practical salinity units (PSU). Since N. pachyderma does not live directly at the sea surface,
the 8'*0 values of Np4-5 most likely do not reflect the actual sea surface salinity which must
have been significantly lower during the freshwater event than before or after. Today, salinity
is ~3 PSU lower at the sea surface than at 40 m water depth (Rabe et al., 2009; Richter et al.,
2018). We can use this value as an estimate for the possible vertical salinity difference in the
uppermost waters during the freshwater event and arbitrarily assume that 8'*0 of Np4-5 re-
flects the salinity at 40 m depth (a value near the shallower end of most depth estimates for
the N.pachyderma habitat; cf. Greco et al., 2019). When 0.5%o is accounted for the global ice
volume change, the 8'°0 change of 3.2%o in Np4-5 between the late LGM and the peak
freshwater event would thus imply a salinity decrease of ~4-5 PSU at the sea surface. Such a
hypothetic value is slightly above the modern sea surface salinity difference between the
Beaufort Sea and our research area (3-4 PSU), as revealed by the World Ocean Atlas 2018
(Boyer et al., 2018; Zweng et al., 2018). We note that it is in the range of the surface salinity
perturbation in our research area produced by the model experiment of Condron and Winsor
(2012) which simulates the export of freshwater from the Arctic through Fram Strait at the
onset of the Younger Dryas event.

The carbon isotope values of the investigated N.pachyderma morphotypes from the freshwa-
ter interval are exceptionally low (Figs. 2, 4). With one exception, all values are on or below
the ~0%o 8"°C level of Np1-2 from the LGM. Like for §'°0, the 8'°C amplitudes in the Np4-5
record are 2-3 times larger than those from Npl-2. The good correlation (R=0.70) of both
8"°C records suggests that the habitats of both morphotypes were not decoupled in terms of
carbon cycling as in the LGM. Instead, we suppose that the low values were caused by the
large fraction of continental freshwater in the upper water column. The DIC in modern runoff
from high Arctic continental sources like Ellesmere Island, Greenland, and Svalbard is
strongly depleted in °C (Wadham et al., 2004; Long, 2016; St. Pierre et al., 2019). The ad-
mixture of freshwater from Greenland, North America and/or other terrestrial sources to the
surface waters off NE Greenland must therefore have decreased significantly the 8"°C value
of DIC in the near-surface waters during the freshwater event. Since the reduced salinity must
have fostered sea ice formation, we assume that bioproduction and the associated preferential
12C uptake were severely limited by a dense sea ice cover so that the uppermost waters re-
mained under the influence of the terrestrial carbon input, depleted in >C. The low coarse
fraction content and the lack of of coarse IRD also point at a perennial ice cover with little
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melting. The isotope data do not show any evidence of Atlantic Water at the NE Greenland
continental margin in the younger part of the deglaciation documented in core PS93/031-5.

5.4. The Holocene

The increasing amount of coarse fraction and the decreasing isotopic differences between
Npl1-2 and Np4-5 between 15 and 12 cm in PS93/031-5 (Fig. 2) indicate that Holocene mean
conditions were reached around 9.9 ka, at a time when the Greenland ice sheet had retreated
to the present coastline west of site PS93/031 (Syring et al., 2020a). Thereafter, the average
8'%0 difference (0.69%o) is less than half of that in the freshwater interval, but almost twice as
high as in the late LGM (Fig. 4). It is very similar to the average summer difference in §'*Oec
as calculated by modern oceanographic data from the sector containing our core site (~0.8%o;
Fig. 5). This indicates that off NE Greenland the modern water mass structure with a well-
expressed halocline was established in the early Holocene. Today, relative changes of calcu-
lated 8'*O,. values are minimal (+0.1%o) between 90 and 400 m water depth (Fig. 1), reve-
aling that the temperature increase in and below the halocline is balanced isotopically by an
increase of sea water-8'*0 which correlates with the salinity increase. Assuming similar sali-
nity and temperature gradients as today for the halocline in the early and mid-Holocene and
applying the modern 8'*O/salinity relationship (Rabe et al. 2009; Pados et al, 2015), the
average 8'°0 difference of 0.69%o (Fig. 6) between Np4-5 (~2.5%0) and Npl-2 (~3.2%o)
would translate to a salinity difference of only 0.5 PSU. However, we assume that in reality
the difference was higher, in particular in the Early Holocene. One reason was probably a
significant freshwater runoff from North Greenland glaciers and ice caps which continued to
retreat after 10 ka (e.g., Briner et al., 2016; Larsen et al., 2019). Its influence on the isotopic
values of N. pachyderma can be seen in Ad'°O values between 10 and 9 ka which are so-
mewhat more negative than thereafter (Fig. 6). On the other hand, the Early Holocene in the
Fram Strait saw a relatively strong advection of Atlantic Water (e.g., Aagaard-Serensen et al.,
2014; Werner et al., 2016) which also reached the NE Greenland continental margin (Bauch
et al., 2001) . High-resolution planktic and benthic 8'°0 records from site PS93/025 on the
outer NE Greenland shelf (290 m water depth) show very similar values for the 10.6-7.2 ka
interval, but Zehnich et al (2020) argue for uniform isotopic values of foraminiferal calcite
resulting (i) from low-saline, low-8'*0 waters near the surface and (ii) from unusually warm,
high-saline, high-8'°0 Atlantic Water below. A similar situation with an enhanced stratifica-
tion can be expected for site PS93/031, situated ~130 km further SSE. If the 8'°0 of Np4-5
reflects shallower conditions and Np1-2 integrates its signal over shallow and somewhat dee-
per waters (cf. Kohfeld et al., 1996), the isotopic difference must be considered a minimum
value for the 8'°0,. difference between the Npl1-2 habitat and the maximum calcification
depth, in particular in the Early Holocene when both freshwater runoff and Atlantic Water
advection were strongest. While the first depth can be estimated to be around 40 m, the latter
was likely in or below the halocline, as suggested by the 8'"°C values of Holocene Np1-2 in
PS93/031-5 discussed further below. If compared to the LGM and the freshwater interval, in
the Holocene the differences between A8'O values of both morphotypes are rather low (Fig.
6). The differences may still be explained by encrustation of Np1-2 in deeper waters. How-
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ever, one should be aware that in the early and mid-Holocene the halocline off NE Greenland
may have been in a shallower position than today, i.e., under conditions of modern global
warming and increased freshwater export from the Arctic (Polyakov et al., 2008; Jahn and
Laiho, 2020).

A short period around 8.8 ka with decreased near-surface salinities is recorded by two low
8'%0 values of Np4-5 only (Fig. 2). Since other records from the area, including the high-
resolution Holocene record from site PS93/025 (Zehnich et al., 2020), located ~150 km to the
northeast on the outer NE Greenland shelf (Fig. 1a), do not show a coeval peak, it may be
related to a regional deglaciation event on Greenland. 4 priori we cannot rule out that Holo-
cene conditions at the NE Greenland margin were punctuated by further short-term freshwater
events which cannot be identified in the isotope records due to sediment mixing from biotur-
bation.

In contrast to the LGM and the freshwater interval, after ~9.9 ka the 8"°C values of Np4-5 are
only slightly below or even on the same level as those of Np1-2 (Figs. 2, 4). Biomarker data
from site PS93/025 show that in this period the research area was characterized by a disin-
tegrated or seasonal sea ice cover which allowed a considerable bioproduction (Syring et al.,
2020b). Accordingly, we interpret the 8'°C values of Np1-2, which are significantly higher
than in the LGM and the freshwater interval, as evidence of a relatively strong biological '*C
consumption in the upper water column of the Fram Strait. Like for 8'*0 of Np1-2, the §"°C
values of this morphotype may to a large part reflect the subsurface advection of Atlantic Wa-
ter from the east, where perennially open waters allow for an even stronger bioproduction
than off Greenland and 8"°C values of Np1-2 can reach 1%, (Werner et al., 2013, 2016). The
even lower 8'°C values of Np4-5 are more difficult to interpret. Pados et al., (2015) tentatively
attributed low 8'°C values of planktic foraminifers caught alive in the uppermost waters of the
western Fram Strait to the "carbonate ion effect”" (Spero et al., 1997). Moreover, the producti-
ve zone may have been limited to the uppermost 10-20 m of the water column in the early and
mid-Holocene, when sea ice coverage was possibly still denser than today under global war-
ming conditions. Back then, remineralization of organic carbon may have been particularly
strong in the habitat of Np1-2. Today, the vertical 8"°C record of DIC from 78.8°N, 4°W
shows a minimum at 25 m water depth (Pados et al., 2015) and this minimum may have been
even more pronounced in the early and mid-Holocene. Overall, the Holocene 8'°C records are
more ambiguous than §'°0 data and exemplify the complexity of 8'"°C data of DIC in Arctic
waters (cf. Bauch et al., 2015).

6. Conclusions

+ Stable oxygen and carbon isotope records established on different Neogloboquadrina
pachyderma morphotypes from sediment cores can significantly improve our ability to in-
vestigate the structure of the upper water column in polar waters where other species are lar-
gely absent. Although exact calcification depths are not known, the paired records reveal de-
tails on the upper ocean stratification that cannot be obtained from single records.
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* The isotopic offsets between the investigated morphotypes are different in the three scena-
rios, which cannot be explained solely by the effect of foraminifer size on the isotopic com-
position. Changes in water mass parameters and stratification must also be considered.

* The isotope record of thin-shelled specimens is a considerably more sensitive recorder of
near-surface salinity changes through time than that of encrusted specimens. During freshwa-
ter events, the amplitudes in the records can differ by a factor of 2-4.

* The records from the late LGM reveal a weakly stratified upper water column on the NE
Greenland continental margin and only a minor export of freshwater from the Arctic Ocean
and Greenland. Bioproduction was strongly reduced, probably by a dense sea-ice cover. There
is isotopic evidence for advection of Atlantic Water under the halocline waters.

* [sotope data reveal a deglacial freshwater event off NE Greenland with a sea surface salinity
reduction of possibly more than 4 PSU with reference to the LGM and the Holocene. Its onset
is not preserved in the record presented here, but it may be coeval with the beginning of the
cold Younger Dryas event. The freshwater source cannot be ascertained; it may be connected
to the disintegration of the ice sheet on the NE Greenland shelf and/or the export of freshwa-
ter from the Arctic Ocean. Most likely. the western Fram Strait was severely ice covered and
bioproduction was low.

» The modern water mass structure off NE Greenland with a well-expressed halocline under-
lain by Atlantic Water was established in the early Holocene at ~9.9 ka. The sea ice coverage
was less dense than before and allowed for a considerable planktic bioproduction.
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