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Abstract Both planktonic and benthic foraminifera were identified in a sediment core collected from the northern Norwegian
Sea to reconstruct the paleoceanographic evolution since the last glaciation. The assemblages and distribution patterns of
dominant foraminiferal species with special habitat preferences indicated that three marine environments occurred in the
northern Norwegian Sea since 62 ka BP: (1) an environment controlled by the circulation of the North Atlantic Current (NAC);
(2) by polynya-related sinking of brines and upwelling of intermediate water surrounding the polynya; (3) by melt-water from
Barents Sea Ice Sheet (BSIS). At 62-52.5 ka BP, a period with the highest summer insolation during the last glaciatial period,
intensification of the NAC led to higher absolute abundances and higher diversity of foraminiferal faunas. The higher abundance
of benthic species Cibicidoides wuellerstorfi indicates bottom water conditions that were well-ventilated with an adequate food
supply; however, higher abundances of polar planktonic foraminiferal species Neogloboquadrina pachyderma (sin.) indicate that
the near-surface temperatures were still low. During mid-late Marine Isotope Stage (MIS) 3 (52.5-29 ka BP), the marine
environment of the northern Norwegian Sea alternately changed among the above mentioned three environments. At 29-17 ka
BP during the last glacial maximum, the dominant benthic species Bolivina arctica from the Arctic Ocean indicates an extreme
cold bottom environment. The BSIS expanded to its maximum extent during this period, and vast polynya formed at the edge of
the ice sheet. The sinking of brines from the formation of sea ice in the polynyas caused upwelling, indicated by the upwelling
adapted planktonic species Globigerinita glutinata. At 17-10 ka BP, the northern Norwegian Sea was controlled by melt-water.
With the ablation of BSIS, massive amounts of melt water discharged into the Norwegian Sea, resulting in strong water column
stratification, poor ventilation, and an oligotrophic bottom condition, which led to a drastic decline in the abundance and
diversity of foraminifera. At 10-0 ka BP, the marine environment was transformed again by the control of the NAC, which
continues to modern day. The abrupt decrease in relative abundance of Neogloboquadrina pachyderma (sin.) indicates a rise in
near-surface temperature with the strengthening of the NAC and without the influence of the BSIS.
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1 Introduction

The Nordic Seas (Greenland, Iceland, and Norwegian seas)
plays an important role in global climate change (Broeker,
1991; Rasmussen and Thomsen, 2004; Muschitiello et al.,
2019). After the warm North Atlantic Current (NAC) enters
the Norwegian Sea, part of it sinks to initiate the Atlantic
Meridional Overturning Circulation (AMOC) and flows
southward into the Atlantic Ocean as deep water, and the
rest of it flows northward to the Arctic Ocean (Hansen and
Osterhus, 2000; Latarius and Quadfasel, 2016). The
evolution of the marine environment in the Nordic Seas
directly affects the amount of inflowing warm NAC and its
position in the water column (Ezat et al., 2014; Rasmussen
et al, 2016), and subsequently changes in degree of
ice-cover in the region and climate over land in
northwestern Europe (Broeker, 1991; Wang et al., 2020).
Therefore, research on the paleoceanographic evolution of
the Nordic Seas will provide deeper insights into the
mechanisms of global and regional climate change.

To date, much research about paleoceanographic
evolution in the Norwegian Sea has been published based
on sediment cores collected from the north slope of the
Greenland-Scotland Ridge in the southern Norwegian Sea,
and from the Vering Plateau in the south-eastern Norwegian
Sea. These sediment cores record past changes in sea-ice
cover, seawater temperature, NAC, ventilation, etc. (Bauch
et al., 2001; Elliot et al., 2001; Meland et al., 2008;
Rasmussen and Thomsen, 2008, 2009; Simstich et al., 2013;
Ezat et al., 2014, 2017; Sadatzki et al., 2019). The Lofoten
Basin, located in the northern Norwegian Sea, is the deepest
and broadest reservoir of the warm NAC inflow to the
Nordic Seas (Raj and Halo, 2016). During the last glacial
maximum, the Barents Sea Ice Sheet (BSIS) extended to the
Barents Sea shelf edge (Hughes et al., 2016), and massive
icebergs and melt-water were discharged into the
Norwegian Sea (Pope et al., 2016), which weakened the
inflow of the NAC and made the NAC dip underneath the
cold and fresher melt-water layer (Ezat et al., 2014;
Rasmussen et al., 2016). Therefore, the northern Norwegian
Sea provides an ideal site for studying the interaction
between NAC and BSIS. Few studies have been conducted
in the northern Norwegian Sea, and the existing studies only
involve sediment cores collected at shallow water depths, or
span a period less than 30 ka BP (Telesinski et al., 2015;
Knies et al., 2018; Struve et al., 2019). Records that fully
reveal the paleoceanographic evolution of the northern
Norwegian Sea during the last glaciation are lacking.

Foraminifera can be used as indicators of the marine
environment. Planktonic and benthic foraminifera are
sensitive to changes in the marine environment of the
Nordic Seas (Husum and Hald, 2012; Rasmussen and
Thomsen, 2017). In this study, foraminiferal faunas were
investigated in a sediment core collected from the Lofoten
Basin in the northern Norwegian Sea. Based on accelerator

mass spectrometry  (AMS) “C  dating, the
paleoceanographic changes in the northern Norwegian Sea
during the last 60 ka were reconstructed using the changes
of abundance of dominant foraminiferal species and their
species-specific environmental adaptations.

2 Regional marine background

The Nordic Seas are located between Svalbard, Greenland,
Iceland, and Scandinavia, bordering the North Atlantic
Ocean by the Greenland-Scotland Ridge in the south, and
connect the Arctic Ocean via the Fram Strait in the north
(Figure 1) (Drange et al., 2005). Submarine ridges divide
the Nordic Seas into the Greenland Sea, the Iceland Sea,
and the Norwegian Sea (Figure 1). In particular, the
Norwegian Sea connects to the Barents Sea to the east. In
the central Norwegian Sea, the Jan Mayen Fault Zone and
the Vering Plateau divide the Norwegian Sea into the
Lofoten Basin in the north and the Norwegian Basin in the
south (Gernigon et al., 2012), with the former having a
maximum depth of 3250 m.

Figure 1 Oceanographic setting and location of core
ARCS5-BB01 (Red solid arrow — Norwegian Atlantic current;
yellow and blue solid arrow — surface and bottom East Greenland
current, respectively; blue dashed arrow — Nordic Seas overflow;
purple dashed line — Jan Mayen Fracture Zone; orange dashed line
— Greenland-Scotland Ridge; BIT — Bear Island Trough; BTMF —
Bear Island Trough Mouth Fan; DS — Denmark Strait; FS — Fram
Strait; JMR — Jan Mayen Ridge; LB — Lofoten Basin; NB —
Norwegian Basin; VP — Vering Plateau).

The surface circulation in the Nordic Seas is primarily
controlled by the warm and saline NAC to the east and the
cold and fresh East Greenland Current (EGC) to the west,
resulted in higher sea surface temperatures in the east and
lower in the west (Eldevik et al., 2009). The inflow of the
NAC to the Norwegian Sea splits into two branches by the
Faroe Islands, flowing northward and passing through the
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Fram Strait and Barents Sea to the Arctic Ocean (Aksenov
et al., 2010) (Figure 1). Cold and low-salinity polar water
enters the Greenland Sea through the western side of the
Fram Strait, merges with the recirculating Atlantic Water,
and flows southward along the eastern margin of Greenland
Sea shelf carried by the EGC, and finally flows out through
the Denmark Strait into the North Atlantic Ocean. Gyres are
formed between the NAC and the EGC due to temperature
differences, seafloor topographies, and sea surface wind
fields (Rasmussen et al., 2014; Latarius and Quadfasel,
2016). With the heat release from the warm NAC, mixing of
the cold and warm water masses due to the gyres, the NAC
is densified and sinks, which initiates the AMOC and
strengthens the ventilation (Gascard et al., 2002; Eldevik et
al., 2009; Latarius and Quadfasel, 2016). The sinking
seawater mainly overflows the Greenland-Scotland Ridge
and becomes an important component of the North Atlantic
Deep Water NADW) (Hansen and @sterhus, 2000; Eldevik
et al., 2009; Raj and Halo, 2016).

Nowadays, due to the influence of the warm NAC,
there is no sea ice in the Norwegian Sea in winter. However,
during the last glacial, the ocean scenario was completely
different from today. The east and west sides of the Nordic
Seas were covered by the Greenland Ice Sheet and the
Barents-Scandinavian Ice Sheet respectively, the two largest
ice sheet in the northern hemisphere, with multiple channels
for melt water and discharge of icebergs (Lekens et al.,
2006). In addition, the evolution of these two ice sheets was
asynchronous (Dokken et al., 2013). In the Last Glacial
Maximum (LGM), the BSIS on the eastern side of the
Norwegian Sea extended to the edge of the Barents Shelf
(Elverhgi et al., 1995; Spielhagen et al., 2004; Hughes et al.,
2016; Patton et al., 2017). Affected by melt water, the NAC
weakened and sank underneath the cold, fresher polar water
to form an intermediate water layer during cold stadial
events during the last glaciation (Ezat et al., 2014), and
convection and seafloor ventilation weakened in the
Norwegian Sea as well. The area of sea-ice cover in the
Norwegian Sea changes with millennial-scale climate
change (Hoff et al., 2016).

The icebergs and melt-water from the BSIS was
mainly discharged into the northern Norwegian Sea. A
~100-km-long trough known as the Bear Island Trough
(BIT) was eroded by an ice stream on the Barents Shelf
south of Bear Island as the BSIS was moving towards the
Norwegian Sea, and fan-shaped, glacial debris-flow
deposits formed at the end of the ice stream (Figure 1).
These deposits are now known as the Bear Island Trough
Mouth Fan (BTMF). The lobe of the glacial debris fan
extended southwestward from the upper continental slope to
a water depth of 2600 m, covering a total area of
28x10*km® (Andreassen et al., 2008).

3 Materials and methods

Sediment core ARCS5-BBO01 (hercinafter BBO01) was
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collected using a gravity core sampler onboard icebreaker
R/V Xuelong (also known as Snow Dragon), in the northern
Norwegian Sea (71°45.81'N, 8°56.94'E, 2613 m water depth)
(Figure 1) during the Sth Chinese National Arctic Research
Expedition (CHINARE) in 2012. The core was 4.25 m in
length, and the sampling site located at the edge of the
BTMF. A total of 86 samples at 5-cm intervals with
1-cm-thick samples were taken for foraminiferal counts and
identification. The samples were processed as follows:
(1) About 1 g of dry sediment was soaked with distilled
water, followed by the addition of a small volume of
hydrogen peroxide solution to remove organic matter. (2) After
the reaction was complete and the sample was disintegrated,
it was wet sieved through a 63-pm mesh, followed by oven
drying. (3) Using a binocular stereo microscope (NIKON
SMZ1500, Japan), the foraminifera in the sieved residue
were counted and identified to species level. At least
300 specimens were identified and counted in each sample
when possible. Abundances (individuals of foraminifera in
per gram dry weight (dwt) of sediments) of planktonic and
benthic foraminifera, simple diversity index (number of
species in a sample), and the percentage of hyaline,
porcelaineous, and agglutinated shells were calculated.

Principal components analysis (PCA) and cluster
analysis were performed using PAST 3 software to identify
the possible groups of species (Hammer et al., 2001). In order
to simplify the matrix, only 12 species with abundance
greater than 5% in at least 5 samples were selected for the
statistical analysis to avoid noise introduced by rare species.

Accelerator mass spectrometry (AMS) '“C datings were
performed on monospecific samples of the planktonic
foraminiferal species Neogloboquadrina pachyderma (sin.)
from nine samples at Beta Analytic Inc. (USA) (Table 1). The
dating results were calibrated using the Marine20 database
and Calib 8.1 software, and the local carbon reservoir
correction (AR) 66 + 25 was applied (Heaton et al., 2020).

In order to provide additional age constraints, magnetic
susceptibility (MS) was measured at 2-cm intervals, and the
MS variations were correlated to the Greenland ice-core
(GISP2) oxygen isotope record. The samples for MS
measurement were freeze-dried and then dispersed with an
agate mortar. Portions of 7 to 10 g of the dry samples were
packed into 8-cm’ non-magnetic plastic cubes for MS
measurement at 976 Hz with a MFK1-FA Kappabridge
susceptibility meter. The MS was expressed on a
mass-specific basis in m*kg ™.

4 Results

4.1 Age model

Table 1 presents the AMS "“C dating results for samples of
core BBOI. The "*C age at 400 cm exceeds the working
range for radiocarbon measurement. For 8 samples above
350 cm, '“C ages increase with depth, and there is no age
inversion. The preliminary age-depth model for core BBO1
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was generated by using the free software Bacon
(Figures 2a-2d), which is an approach for developing an
age—depth model by using Bayesian statistics to reconstruct
Bayesian accumulation histories for sedimentary deposits
(Blaauw and Christen, 2011).

The plot of MS versus age according to this preliminary
age model shows that the change of MS is almost in-phase
with the GISP2 8'%0 record after 35 ka BP. However, before
35 ka BP, with the increasing uncertainty of the '*C age, there
is an age offset between the MS and GISP2 8O record
(Figure 2¢). Previous works demonstrate that the MS in
sediment of Norwegian Sea is synchronous with the
Greenland ice-core oxygen isotope records (Rasmussen et al.,
1996; Dowdeswell et al., 1999; Kissel et al., 1999; Elliot et
al., 2001; Rasmussen and Thomsen, 2009). Therefore, the
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age of sediments in core BBO1 was further constrained with
the GISP2 8"™O record using the AnalySeries software
(Paillard et al., 1996) (Figures 2f, 2g). The results showed
that the bottom of core BB01 dates at 62 ka BP, and that the
core spans Marine Isotope Stage (MIS) 1-4.

4.2 Foraminiferal distribution patterns

The total absolute abundance of foraminifera in the core
BBO1 ranges from 2 to 18590 individuals per gram dwt of
sediment (indiv..g ") with a mean of 1876 indiv.-g " (Figure 3a).
At 62-9 ka BP, the abundance of foraminifera shows a
general decreasing trend up the core, but the abundance is
extremely low in two sediment layers. One of these layers
at 52.5-51 ka BP, the foraminiferal abundance reaches a
nadir, less than 8 indiv.-g '. The other layer at 19-9 ka BP,

Table 1 AMS “C dating results and calibrated dates for BBO1 core

AR corrected *C age 1o calibrated age

130 14
Laboratory code Depth/cm 8 °C/%o C age/(a BP) /(a BP) /(cal a BP)
Beta-360794 1 +0.5 920+30 850+30 410-260
Beta-360795 50 +0.9 8860+40 8790+40 9400-9210
Beta-360796 100 2.4 12630+50 12560+50 14080—-13860
Beta-360797 150 -0.2 17500+70 17430+70 20300-20020
Beta-360798 200 -0.4 21430+90 21360+90 2487024520
Beta-363798 250 0.0 28490+160 28420+160 31800-31390
Beta-363799 300 +0.2 35230+300 35160+300 39650-39110
Beta-363800 350 -0.9 41930+630 418604630 44390-43350
Beta-363801 400 +0.9 >43500
a b c
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Figure 2 Age-depth model for core BBO1. a, Markov chain Monte Carlo (MCMC) iterations; b, the initial (green curves) and final (grey
histograms) distributions for the sedimentation rate; ¢, the initial (green curves) and final (grey histograms) distributions for memory; d,
calibrated '*C dates (transparent blue) and the preliminary age—depth model (grey stippled lines indicate the 95% confidence intervals; red
curve shows the “best” fit based on the weighted mean age for each depth); e, magnetic susceptibility versus age according to the age
model of d; f, magnetic susceptibility versus age further constrained with the 8'%0 of the Greenland Ice Core (GISP2) record; g, 3'°0 of

GISP2 versus age.
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Figure 3 Down-core records of statistical parameters of foraminifera in core BBO1.

the foraminiferal abundance is on average of 130 indiv.-g .
The foraminiferal abundance increases again after 9 ka BP,
averaging as high as 1928 indiv..g”'. The variations of
planktonic foraminiferal abundance follow the total
abundance as core BBOl generally is dominated by
planktonic foraminifera (Figure 3b). The abundance of
benthic foraminifera at 62—19 ka BP decreases upwards and
shows a similar trend to that of the planktonic foraminifera

(Figure 3c). At 19-9 ka BP, however, the benthic abundance
increases upwardly, and is counterbalanced by a decrease in
planktonic foraminifera. The proportion of benthic
foraminifera in all foraminifera increases significantly at
this period (Figure 3d).

A total of 60 species in 33 genera of foraminifera were
identified in core BBOl. Among them, planktonic
foraminiferal faunas are relatively less diverse, with only
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6 genera and 17 species, all of which are typical polar and
subpolar species. The benthic species are more diverse,
although the abundance of benthic foraminifera in core
BBO1 is lower, and a total of 43 species in 27 genera were
identified. The simple diversity index (the number of
foraminiferal species by sample) ranges from 1 to 19
(Figure 3e). In particular, the diversity of foraminifera at
62-52.5 ka BP is 9 on average; at 52.5-51 ka BP, the
diversity sharply drops to 1 or 2 foraminiferal species; the
diversity at 50-17 ka BP increases to a mean of 6; at 17—
9 ka BP, the simple diversity decreases to a mean of 3;
foraminifera at 9-0 ka BP has the largest diversity with a
mean of 12.

In terms of the type of foraminifera shells, hyaline
foraminifera are by far the most dominant of the benthic
foraminifera in core BBO1, ranging between 95%—100% of
the total foraminiferal assemblage with a mean composition
of 99.6% (Figure 3f), followed by porcelaineous
foraminifera at 0 to 2.3% and a mean of 0.3% (Figure 3g).
There is a relatively high proportion of porcelaineous

foraminifera at 62-52.5 ka BP, 2919 ka BP, and 9-0 ka BP.
The proportion of agglutinated foraminifera ranges from
0-4.2%, with a mean of 0.1% (Figure 3h). Agglutinated
foraminifera are only present in the sediment layers formed
after 30 ka BP (Figure 3h).

For planktonic foraminiferal species, Neogloboquadrina
pachyderma, a representative polar species and with high
resistance to dissolution, is the overall dominant species in
core BBO1, accounting for at least 50% of the planktonic
foraminifera species and a mean proportion as high as 92%
(Figure 4a). N. pachyderma is dominated by sinistral (left)
coiling shells, with dextral (right) coiling shells only
beginning to increase since 10 ka BP (Figure 4b). Other
common planktonic foraminiferal species are: Globigerina
bulloides, Globigerina egelida, and Globigerinita glutinata,
Neogloboquadrina dutertrei, Turborotalita quinqueloba,
(Figures 4c—4g). The benthic foraminiferal species that
occurred more frequently are Bolivina arctica, Cibididoides
wuellerstorfi, Fissurina marginata, Oridorsalis umbonatus,
and Triloculina trihedra (Figures 4h—41).
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Figure 4 Percentage records of dominant planktonic and benthic foraminifera in core BBO1.

4.3 PCA and cluster analysis

The results of PCA indicate that the 3 leading principal
components accounted for 43.9%, 25.65% and 13.6% of the
total data variance, respectively. According to the scores of
each species for principal components, three benthic species
are the dominant contributors to the 3 principal components.
Specifically, O. umbonatus is strongly correlated with the
Ist component; B. arctica is positively correlated with the
2nd component; and C. wuellerstorfi is negatively
correlated with the 2nd component and positively correlated
with the 3rd component (Figure 5). Other species, such as V.
pachyderma (sin.) and F. marginata, have impact on the
components, but they are less important than the above
mentioned. R-mode cluster analysis shows three species
assemblages (Figure 6). Based on these three assemblages,
cluster analysis by k-means method shows that the

Samples in core BBO1 could be divided into 4 clusters
(Figure 4). Samples at 65-52.5 ka BP and 10-0 ka BP belong
to cluster 1, samples at 17-10 ka BP belong to cluster 2,
samples at 29-17 ka BP belong to cluster 3, and samples at
52.5-29 ka BP alternated between cluster 2 and cluster 3.

5 Discussion

5.1 Foraminiferal assemblages and

ceanographic environments

paleo-

The results of the PCA and Cluster Analysis indicate that
the changes in the distribution patterns of the foraminifera
in core BBO1 are mainly controlled by three factors which
are correlated to three foraminiferal species. According to
the statistical results and the distribution patterns of the
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abundance (in percent) of dominant planktonic and benthic
foraminiferal species from core BBO1.

dominant species in core BBOI, three foraminiferal
assemblages were identified and named by the
representative species. Three benthic species, B. arctica,
C. wuellerstorfi, and O. umbonatus, belong to the three
assemblages and three paleoceanographic environments, as
discussed below.

5.1.1 Assemblage 1: C. wuellerstorfi—F. marginata

The relative abundance of the benthic species
C. wuellerstorfi and F. marginata are significantly and
consistently higher during 62—52.5 ka BP and 10-0 ka BP,
respectively. During other time intervals, however, the two
species occur sporadically. C. wuellerstorfi thrives in
high-salinity, oxygen-rich, and strong bottom current
influenced seafloor environments with abundant food
supply (Sejrup et al., 1981; Mackensen et al., 1985; Haake
and Pflaumann, 1989; Bauch et al., 2001). Moreover, the
absolute abundance and diversity of foraminifera during
those two periods are higher than that during other periods,
confirming that the C. wuellerstorfi-F. marginata
assemblage indicates a marine environment with high
productivity, strong AMOC, and ventilation.

5.1.2 Assemblage 2: O. umbonatus—N. pachyderma

The abundances of benthic species O. umbonatus and
planktonic species N. pachyderma are consistently higher at
17-10 ka BP. Other benthic and planktonic species are
scarce during this period. The abundance and diversity of
foraminifera reach its minimum during this period.
O. umbonatus is attracted to areas with extensive ice cover,
cold bottom water, low food supply and oligotrophic
conditions, and is exclusively confined to sediments rich in
ice rafted detritus (Rasmussen et al., 2007; Rasmussen and
Thomsen, 2017). The higher abundance of N. pachyderma
indicated lower temperature in the upper-water column
where N. pachyderma lives. Massive melt water was
discharged into the Norwegian Sea during the last
deglaciation with the ablation of BSIS. The fresher melt
water covered the near-surface and intensified the water
column stratification, which reduced the ventilation and
food supply and lead to a deteriorated environment
excluding many other foraminiferal species.

5.1.3 Assemblage 3: B. arctica—G glutinata assemblage

B. arctica frequently appears and is the dominant benthic
species during 29-17 ka BP. However, it is almost absent in
other periods. At the same time, the planktonic species
G. glutinata appears more frequently and its abundance is
significantly higher than that in other periods. In addition,
the relative abundance of porcelaineous foraminifera is also
relatively high at 29-17 ka BP (Figure 3g). B. arctica is an
endemic species in the Arctic Ocean (Hull et al., 1996; Scott
et al., 2008), and G. glutinata prefers upwelling
environments (Hilbrecht, 1996). The porcelaineous
foraminifera mainly occur in environments with abnormal
salinity (Thunell et al., 1994). The higher abundance of
B. arctica and G. glutinata in the Norwegian Sea during the
last glacial maximum indicate an extreme cold environment
with polynya and upwelling. The BSIS to the east of the
Norwegian Sea expanded to a maximum at 29 ka BP (Clark
et al., 2009), reaching to the shelf edge of the Barents Sea
(Elverhgi et al., 1995; Spielhagen et al., 2004; Hughes et al.,
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2016; Patton et al., 2017). Vast polynya formed at the edge
of the ice sheet (Bauch et al., 2001; Knies et al., 2018). Sea
ice formation in the polynya caused an increase in salinity,
with cold and high-salinity seawater sinking to the seafloor
and in turn increasing the seafloor salinity. As a result of
brine sinking in the polynya, upwelling occurred in the
intermediate-seawater layer in the sea surrounding the
polynya (Knies et al., 2018).

5.2 Paleoceanographic evolution in the northern
Norwegian Sea

5.2.1 62-52.5 ka BP

The C. wuellerstorfi-F. marginata assemblage at 62—
52.5 ka BP indicates a bottom environment with

high-salinity, oxygen-rich bottom water, and strong currents.

Although the period of 62-52.5 ka BP was in the last
glaciation, the summer insolation during this period was the
highest (Figure 3j) and this period was the warmest period
during the Weicheselian glaciation. The ameliorated
conditions correlated with a strengthening in the flow of
NAC into the Norwegian Sea and AMOC. The stronger
AMOC increased the ventilation, bottom salinity and
currents, which is favorable for benthic foraminifera leading
to the significant increase in its abundance and diversity.
However, the planktonic foraminifera were dominated by
N. pachyderma, and the abundance of subpolar planktonic
species such as G. bulloides, G. egelida, and T. quinqueloba
was lower or scarce, indicating that the temperature of near
surface sea water is still low.

5.2.2 52.5-29 ka BP

The planktonic foraminiferal fauna continued to be
dominated by N. pachyderma at 52.5-29 ka BP, indicating
lower surface temperatures. Subpolar planktonic species,
such as G. bulloides, G. egelida, and N. dutertrei, and
T. quinqueloba occurred intermittently, although in low
abundance, indicating the NAC was periodically enhanced
on a small scale. In addition, the periodic appearance of
benthic species such as O. umbonatus indicates intermittent
stadial environmental conditions with water column
stratification, weaker ventilation, and oligotrophic seafloor
conditions (Rasmussen et al., 2007; Rasmussen and
Thomsen, 2017). The presence of G glutinata during this
period also indicates that upwelling happened periodically
in the northern Norwegian Sea (Hilbrecht, 1996). The
period of 52.5-29 ka BP is in the mid-late marine isotopic
stage 3 (MIS 3), the northern Norwegian Sea was
undergoing the rapid alternation between stadial and
interstadial periods, similar to the rapid atmospheric climate
changes over the Greenland ice sheet at the same time
(Dansgaard et al., 1993). The marine environment was
controlled by a weak NAC, melt water and upwelling.

5.2.3 29-17 ka BP

faunas are

The foraminiferal characterized by the

B. arctica—G. glutinata assemblage during 29-17 ka BP.
The occurrence of the benthic species B. arctica indicates
an extremely cold environment during this period, and the
appearance of planktonic G. glutinata indicates an
upwelling environment. In addition, the higher abundance
of porcelaineous foraminifera indicates a high salinity
bottom environment. At 29 ka BP, the BSIS expanded to the
edge of the shelf (Elverhei et al., 1995; Spielhagen et al.,
2004; Hughes et al., 2016; Patton et al., 2017), and an open
water corridor in front of BSIS formed (polynya) (Knies et
al., 2018). The site of core BBOI is located close to the
former front of the BSIS, and located at the end of a glacial
debris-flow fan. Sea ice formed in the polynya and moved
away due to the katabatic winds blowing offshore, resulting
in the increase of salinity. The saline water formed in the
polynya descended along the fan surface due to gravity,
affecting the seafloor environment where the core BBO1 is
located. As a result of sinking saline water in the polynya,
upwelling occurred in the seawater intermediate-layer
surrounding the polynya (Knies et al., 2018).

5.2.4 17-10 ka BP

The foraminiferal assemblage is dominated by the
O. umbonatus—N. pachyderma assemblage during 17-10 ka
BP. O. umbonatus is the overwhelming dominant benthic
species during this period, indicating an extreme
environment controlled by melt water. The retreat of BSIS
started at 19.5 ka BP and the polynya environment stopped
finally at ~17 ka BP (Knies et al., 2018). Massive melt
water was discharged into the northern Norwegian Sea
along with the ablation of BSIS, which strengthened the
stratification of the upper water column, reduced the
ventilation and food supply to the sea floor. The
temperature of the near-surface water was lower as
indicated by the dominance of the planktonic species
N. pachyderma (sin.), the cooling was probably a result of
the massive discharge of cold melt water. Although the
BSIS had retreated by 13 ka BP (Hormes et al., 2013;
Telesinski et al., 2015), the melt water from Svalbard and
Franz Josef Land maintained the extreme conditions for
benthic fauna until 10 ka BP (Patton et al., 2017).

5.2.5 10-0 ka BP

Without the effect of melt water and with the enhanced
inflow of NAC, the northern Norwegian Sea transformed
into a marine environment similar to modern. The
foraminifera assemblage is characterized by the
C. wuellerstorfi-F. marginata assemblage, indicating an
environment with high productivity, enhanced ventilation
and AMOC (Telesinski et al., 2015). However, compared
with time interval 62—-52 ka BP, the NAC and AMOC were
stronger and the temperature of the near-surface water was
higher. The abundance of N. pachyderma (sin.) decreased
significantly and the abundance of other planktonic species,
such as G. bulloides, G. egelida, N. pachyderma (dex), and
T. quinqueloba increased abruptly at 10 ka BP. G. bulloides
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is a sub-polar warm-water species with higher abundance in
interglacials, and used as a proxy of strengthening of NAC
or increasing surface water temperature (Johannessen et al.,
1994; Rasmussen et al., 2016). G. egelida is also related to
the NAC strengthening (Cifelli and Smith, 1970). The
increase of G. bulloides and G. egelida indicate a
strengthening of the NAC in the northern Norwegian Sea
since 10 ka BP. T. quinqueloba is a species whose
distribution is closely related to the Arctic front area
(Johannessen T., 1994; Risebrobakken et al., 2003).
N. pachyderma (sin.) is the most common species in cold
polar water masses below 10 °C, while N. pachyderma (dex)
dominates in seawater above 15 °C (Ujiié and Ujiié, 1999;
Eguchi et al., 2003). The decrease in relative abundance of
N. pachyderma (sin.) and the increase of N. pachyderma
(dex) and T. quinqueloba after 10 ka BP indicate the
northward migration of the Arctic front and warming of the
upper surface water layer because of stronger inflow of the
warm NAC (Rasmussen and Thomsen, 2008; Husum and
Hald, 2012). The higher relative abundance of the benthic
species C. wuellerstorfi indicates a strengthening of AMOC
and better ventilation.

6 Conclusions

The distribution patterns of planktonic and benthic
foraminiferal species with specific environmental
adaptations and three distinct foraminiferal assemblages in
core BBO1 demonstrate that the northern Norwegian Sea
experienced three kinds of marine environments over the
last 62 ka. The three different environments were controlled
by circulation of the NAC, by saline water sinking in
polynya associated with upwelling of the surrounding water,
and by melt-water flows.

In particular, during 62-52.5 ka BP and 9-0 ka BP, the
northern Norwegian Sea was controlled by circulation of
inflow of the NAC. The enhancement of NAC and AMOC
resulted in the increase of near-surface temperature, higher
levels of oxygen and nutrient supply to the seafloor. This, in
turn promoted the productivity and diversity of foraminifera,
increased the relative abundance of subpolar planktonic
species and the benthic species C. wuellerstorfi thriving in
high-salinity, well-ventilated, and a food-rich seafloor
environment.

At 29-17 ka BP, and during the last glacial maximum,
the northern Norwegian Sea was under the control of saline
water sinking and upwelling around the polynya. During
this extreme cold period, the benthic foraminiferal faunas
were dominated by B. arctica. The BSIS advanced to the
shelf break, and polynya formed at the rim of the ice sheet.
The salinity increased due to the forming of sea ice in the
polynya, and the brine sank to the seafloor, while the
surrounding intermediate-layer water compensated by
moving upward, thereby forming a special environment,
which was characterized by appearance of the planktonic
foraminiferal species G. glutinata (adapted to upwelling

September (2021) Vol. 32 No. 3

environments), and benthic foraminiferal species B. arctica
(adapted to extreme cold conditions).

At 17-10 ka BP, the marine environment of the
Norwegian Sea was under the control of meltwater flows. A
large amount of fresh melt water entered the northern
Norwegian Sea, lead to the strengthening the stratification
of the upper water column and poor ventilation at depth.
The melt water controlled environment caused the lowest
abundance and diversity of foraminifera. Only
O. umbonatus adapted to oligotrophic  benthic
environmental conditions prevailed.

At 52.5-29 ka BP, during mid-late MIS 3, the marine
environment of the northern Norwegian Sea frequently
alternated among the above three environments with the
transition between stadial and interstadial periods.
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