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Abstract: The objective of this study was to reconstruct the last century’s climatic oscillations in the
Arctic region around the Fram Strait using high-resolution analysis of foraminiferal assemblages as
proxies for surface and deep-water mass properties. In this area, warm Atlantic water masses are
advected to the Arctic Ocean through the West Spitsbergen Current, representing the northernmost
tip of the Global Thermohaline Circulation. The interaction between the cold Arctic and the warm
Atlantic water masses significantly influences the entire foraminiferal community. Planktic species
such as Neogloboquadrina pachyderma and Turborotalita quinqueloba are respectively used as indicators
of cold Arctic water and warm Atlantic water masses. Among the main benthic species, Cibicidoides
wuellerstorfi, Epistominella exigua, and Oridorsalis tener stand out, serving as proxies for the bottom
water mass current velocity and paleoproductivity. The paleoenvironmental reconstruction obtained
with the foraminiferal assemblages, together with data from satellite monitoring of the sea ice extent
and the long-term record of the annual temperature of the West Spitsbergen Current measured over
the last 50 years, support the evidence of a progressively rising heat influx into the Arctic Ocean due
to an increasing Atlantic water inflow, forcing the consequent decay of the sea ice extent.

Keywords: planktic and benthic foraminifera; sea ice; Svalbard; last century

1. Introduction

The Bellsund contouritic drift, located on the western margin of Svalbard, was shaped
through time by the northward-flowing West Spitsbergen Current (WSC), representing the
northernmost tip of the Global Thermohaline Circulation transporting warm North Atlantic
water to the Arctic region. The Bellsund Drift experiences cyclic sediment replenishment
by the WSC, generating a continuous, high-resolution sedimentary sequence containing
details of the depositional history [1] and information on past climatic fluctuations spanning
multiple decades throughout recent centuries. The historical records of glaciers in this
area document the large growth of sea ice observed during the Little Ice Age (1500 to
1890 AD) [2,3]. A previous study emphasised the strong need for high-resolution studies
specifically targeting decadal climate shifts in the Late Holocene, aiming for a better
understanding of the climate variability within the Svalbard region [4].

1.1. Oceanographic Settings

The Fram Strait, located between Greenland and Svalbard, represents the only deep
gateway connection between the Arctic and North Atlantic Oceans. Here, the surface and
warm Atlantic water (AW) is transported northwards by means of the WSC flowing along
the eastern side of the Fram Strait. In the deeper part of the water column, the Norwegian
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Sea Deep Water (NSDW), located between 1000 and 1800 m water depths, constitutes the
colder and slower, deeper core of the WSC that allows the deposition of the sediment
drifts. On the western margin of the Fram Strait, the cold and fresher Arctic water flows
southwards along the eastern margin of Greenland, taking the name of the East Greenland
Current (EGC) [5–7] (Figure 1). The interaction between the surface WSC and the EGC
water masses creates the Polar Front, which determines a strong salinity and temperature
gradient between the two oceans, influencing the climate of the entire Arctic region [8].
The inflow of warm Atlantic water into the Arctic Ocean throughout the Fram Strait and
the Barents Sea is about 5–10 times larger than the inflow of the shallow Pacific water
through the Bering Strait [8–10]. The WSC entering the Arctic Ocean loses heat and salt,
splitting into several minor branches, one of which turns back along the eastern margin
of Svalbard, transporting a modified colder and fresher Arctic water (ArW) through the
East Spitsbergen Current (ESC) (Figure 1). Recent studies indicated that the intensified
heat flux to the Arctic is directly linked to the reduction in ice cover observed in recent
years [11–13], and the progressive heating produces an alteration in the nutrient dynamics
and primary production, along with instability in the seasonal cycle of the region [14–16].
This hydrographic configuration controls the presence and extension of the seasonal sea
ice on the western margin of Svalbard [4]. Studies performed in this area report a highly
variable location of the sea ice margin in the winter during the last ca. 150 years, with
persistent evidence of ice retreat [17] or a lack of sea ice in the western Svalbard area during
the last 200 years [18]. Spielhagen et al. [19] indicated an increasing trend for the ocean
temperatures, showing that an unprecedented warming of the AW occurred during the
past 200 years. Tesi et al. [20] dated the onset of the Atlantification to the early 20th century,
with a consistent amplification during the most recent period.
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Figure 1. Study area showing the location of the box-core GS191-02BC. (a) Location map showing 
the Svalbard archipelago and the study area (yellow square), with the main currents: WSC (West 
Spitsbergen Current, red arrow), ESC (East Spitsbergen Current, blue arrow), EGC (East Greenland 
Current, blue dashed line). (b) Bathymetrical map of Bellsund Drift showing the box-core site (yel-
low dot). 
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The ocean temperature, the sea ice extent, and the sea ice thickness represent im-

portant climate indicators linked to dynamic and thermodynamic processes. The extent 
of the sea ice in the area appears to have been strongly impacted by the thermal effect of 
the currents since 1860 [17]. Among the main factors that affect the sea ice extent are the 
sea and air temperatures. Their inter-annual changes can affect the growth and the persis-
tence of the sea ice. Warmer temperatures during the winter season can inhibit the sea ice 
extent, whereas high temperatures during the summer can accelerate the melt and demise 
of the ice cover on land [21]. Spielhagen et al. [19] indicated that the mean temperature 
values for the Modern Period (since 1890) exceed the temperatures of the last 2000 years, 
and the superficial water has become warmer, which is in accordance with the consistent 
retreat of the sea ice in the studied area [18]. 

Figure 1. Study area showing the location of the box-core GS191-02BC. (a) Location map showing
the Svalbard archipelago and the study area (yellow square), with the main currents: WSC (West
Spitsbergen Current, red arrow), ESC (East Spitsbergen Current, blue arrow), EGC (East Greenland
Current, blue dashed line). (b) Bathymetrical map of Bellsund Drift showing the box-core site
(yellow dot).

1.2. Temperature and Sea Ice Record in the Fram Strait from Satellite Monitoring

The ocean temperature, the sea ice extent, and the sea ice thickness represent important
climate indicators linked to dynamic and thermodynamic processes. The extent of the
sea ice in the area appears to have been strongly impacted by the thermal effect of the
currents since 1860 [17]. Among the main factors that affect the sea ice extent are the sea
and air temperatures. Their inter-annual changes can affect the growth and the persistence
of the sea ice. Warmer temperatures during the winter season can inhibit the sea ice extent,
whereas high temperatures during the summer can accelerate the melt and demise of the
ice cover on land [21]. Spielhagen et al. [19] indicated that the mean temperature values
for the Modern Period (since 1890) exceed the temperatures of the last 2000 years, and the
superficial water has become warmer, which is in accordance with the consistent retreat of
the sea ice in the studied area [18].

Hydrographic surveys in the Fram Strait started in 1910 with the primary objective of
documenting the WSC temperature. However, it is important to note that there are gaps in
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the recorded data from 1926 to 1962 and from 1964 to 1973 (https://mosj.no/en/, accessed
on 18 March 2024). Since 1979, monitoring of the sea ice extent around Svalbard has been
carried out using satellites. The whole monitoring record clearly indicates a consistent
diminishing trend in the sea ice extent, resulting in the southern area having sea-ice-free
conditions, also affecting the region of the Bellsund Drift (https://mosj.no/en/) (Figure 2),
with a sea ice loss rate of approximately 13% per decade since the beginning of satellite
monitoring. This general reduction in the sea ice extent has also led to the shrinking and
thinning of ice floes, consequently allowing more sunlight to penetrate deeper into the
ocean. The continuous dataset from 1963 reveals a notable increase in the WSC temperature,
rising from 4.4 ◦C in 1963 to 5.8 ◦C in 2016 (Figure 2).
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Figure 2. On the left axis is the annual maximum temperature (orange line) of the West Spitsbergen
Current (WSC). The decadal average temperature of the WSC from 1962 is indicated by the dashed
purple line, (temperature in ◦C); the linear regression of the WSC temperature (green line) is also
indicated. On the right axis, the sea ice extent is represented in units of 103 km2 for the Fram Strait
during the last 50 years in April, the month associated with the maximum extent (pink line); the
linear regression of the sea ice extent is indicated by the yellow line. Database: Norwegian Polar
Institute (2020).

2. Materials and Methods

The box-core GS191-02BC was collected on the crest of the Bellsund Drift during
the EUROFLEETS-2 Cruise PREPARED on board of the R/V G.O. Sars during June
2014 (Table 1). The recovery of the sediment was carried out using a box-corer with a
30 × 30 × 50 cm steel box to ensure the recovery of the uppermost part of the sedimentary
record [22]. The lithological description was carried out on board during the oceanographic
campaign. The sediment recovered in the box-core was formed at the base by slightly
bioturbated silty clay (25–5 cm below sea floor (bsf)) topped by soft, brown silt and silty
clay, containing abundant bioclasts and sparse ice-rafted debris (IRD) (5–0 cm bsf) [22]
(Figure 3). Six subsamples were collected from the box-corer using plastic liners. For this
study, one core (sediment recovery 19 cm) was selected for micropaleontological, grain size,
and 210Pb analysis, and one core (sediment recovery 22 cm) was used for XRF core scan
analyses, core photographs, and X-radiography.

Table 1. General information on the box-core used for this study (see Lucchi et al. [22] for further details).

Core Code Type of Sampler Coordinates Water Depth (m)
Maximum
Sediment

Recovered (cm)

GS191-02BC Box-corer 76◦ 31.30′ N
12◦ 44.29′ E 1647 25

https://mosj.no/en/
https://mosj.no/en/
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2.1. Sediment Dating and Age Model

Sediment dating was performed using both 210Pb (T1/2 = 22.3 years) along the upper
19 cm of the core and AMS (Accelerator Mass Spectrometry) radiocarbon 14C dating
performed at the bottom of the core at 21–22 cm bsf.

Modern sediment accumulation rates (SARs) were determined from the activity–depth
profile of the excess 210Pb. The total and supported 210Pb activities were measured using
gamma spectroscopy with high-purity coaxial germanium detector Canberra GX2520 at the
Institute of Geology, Adam Mickiewicz University in Poznań (Poland). For this analysis,
the samples were dried, homogenised, packeted, and sealed, then left for at least 21 days
prior to measurements in order to re-equilibrate 210Pb with its precursor 222Rn before the
following gamma counting of 226Ra, 214Bi, and 214Pb. For the age and SAR calculations,
the constant initial concentration (CIC) model was applied [23]. To avoid the impact of
compaction on the age calculation, the sediment mass accumulation rate (MAR) was also
calculated using the sediment’s dry bulk density to calculate the mass depth (g cm−2).

The base of the core, at 21–22 cm bsf, was dated with AMS C14 radiocarbon dating
at the NOSAMS Laboratory (Woods Hole, MA, USA) using a monospecific sample of
Neogloboquadrina pachyderma tests. The raw 14C data (765 ± 15 years) were calibrated with
CALIB software version 8.2 [24], using the Marine20 calibration curve [25], applying a
global ocean reservoir correction (R) of 400 years and an average marine regional reservoir
effect of delta R = 76 ± 26 years to accommodate local effects in the Svalbard area, as
indicated by Mangerud et al. [26] and Bondevik et al. [27].

2.2. Geochemistry: X-ray Fluorescence (XRF) Core Scan Analysis

Continuous downcore XRF analysis on the box-core GS191-02BC was performed at a
resolution of 1 cm using an Avaatech Superslit X-ray fluorescence core scan (XRF core scan)
under the 10 kv and 30 kv instrumental settings at the ISMAR-CNR, Bologna (Italy). For
this work, we considered the Zr/Rb ratio as a proxy of the sediment grain size, with high
values indicating a higher content of coarse silt and sand fractions, e.g., ref. [28]; the Ca/Ti
ratio as a proxy of the biogenic carbonate content, i.e., refs. [29,30]; and the Br/Ti ratio as a
proxy of the biological paleoproductivity, i.e., refs. [31–33].

2.3. Micropaleontological Analysis

For the micropaleontological analysis, 0.5 cm (for the first 2 cm) and 1 cm thick
sediment samples down to the core bottom were oven-dried, weighed, and wet-sieved
with filtered tap water using a mesh size of 63 µm to eliminate the fine fraction. The sandy
fraction (>63 µm) was dried for 24 h in an oven at 40 ◦C and weighed again. Then, the
sand-sized fraction was dry-sieved at 150 µm.

For the micropaleontological analysis, we used the 150 µm sieved fraction, subdivided
into equal amounts by a microsplitter until a statistically representative sub-portion was
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obtained. At least 300 planktic and 300 benthic foraminifera specimens were dry picked
and identified at the species level. The planktic foraminifera were classified following
the taxonomy of Darling et al. [34], Hemleben et al. [35], and Altuna et al. [36]. The ben-
thic specimens were identified at the species level, following the taxonomy of the Ellis
and Messina catalogues [37], Loeblich and Tappan [38–40], Feyling–Hanssen et al. [41],
Gabel [42], Knudsen [43], Wollenburg and Mackensen [44], Holbourn et al. [45], and Se-
toyama and Kaminski [46]. The foraminiferal data are expressed as the relative abundance
(%) and flux (spec. cm−2 yr−1), as the PFAR (Planktic Foraminiferal Accumulation Rate)
and BFAR (Benthic Foraminiferal Accumulation Rate). We consider as main species those
present in proportions of more than 5% in one or more samples. The paleoenvironmental
significance of each species was established using the literature available for similar ge-
ographical areas (see Table 2). The diversity indexes (dominance D and Shannon index
H) and cluster analysis were computed using the freely available software Paleontological
Statistics PAST version 4.16c [47].

Table 2. Ecological characteristics of the dominant planktic and benthic foraminiferal species.

Main Species Environmental Conditions Refs.

Planktic
species

Neogloboquadrina pachyderma (Ehrenberg, 1861) Polar species. Related to Arctic and polar
surface waters. [48–52]

Neogloboquadrina incompta (Cifelli, 1961),
Globigerina bulloides d’Orbigny, 1826,
Globigerinita glutinata (Egger, 1893)

Subpolar species related to Atlantic water.
Seasonal peak abundances in late summer. [48,49,51,53,54]

Turborotalita quinqueloba (Natland, 1938)

Subpolar species. Arctic water and related to
the Arctic and polar fronts. Near-surface
dweller. In areas influenced by warm
Atlantic water.

[48,49,51–53,55]

Benthic
species

Cassidulina laevigata d’Orbigny, 1826 Warm, high-salinity bottom water of Atlantic
origin and sandy substrates. [56,57]

Cassidulina neoteretis Seidenkrantz, 1995

Cool transformed surface Atlantic water. Stable
salinity. Seasonal ice-free conditions. High
seasonal productivity. Warm bottom conditions.
Epifaunal–shallow infaunal species.

[44,57–62]

Cassidulina reniforme Nørvang, 1945

Arctic–polar species. Cold and salty. Locally
related to glaciomarine environments.
Associated with E. clavatum.
Epifaunal–shallow infaunal.

[63–68]

Cibicidoides wuellerstorfi (Schwager, 1866)

Associated with Arctic waters and Arctic/polar
fronts. High-energy environments. Bottom
current activity. Epifaunal in coarser sediments
and attached to hard substrates.

[44,63,64,69,70]

Epistominella exigua (Brady, 1884) Opportunistic species, feeds on fresh
phytodetritus. Epifaunal. [44,71,72]

Oridorsalis tener (Brady, 1884) Related to low productivity. Deep water
species, 2000–3000 m [44,73]

3. Results
3.1. Chronology and Sedimentation Rate

The age model was primarily developed using the excess 210Pb profile on the upper
19 cm of the core, and the results were then compared to the radiocarbon 14C dating
results of one sample collected at the bottom of the core (21–22 cm bsf). According to the
excess 210Pb profile, the deeper measured interval at 18–19 cm bsf has an estimated age of
1890 ± 25 y AD, with a sediment accumulation rate in the core of 0.148 cm y−1 (Table S1).
This value is in accordance with the 14C radiocarbon date of 1550–1703 Cal y (1-sigma,
1640 Cal y with median probability) obtained at the bottom of the core.
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3.2. Geochemistry

The profile of the Zr/Rb ratio indicates an initial interval located between the base
of the core and 10.5 cm bsf (1890–1944 AD) characterised by an almost stable trend, fol-
lowed by a progressive coarsening upward to the top of the core (Figure 3). The more
consistent increase in the uppermost 5 cm corresponds with the presence of sparse IRD
and abundant bioclasts, visible in the radiography as white dots and observed during the
micropaleontological analysis. The Br/Ti ratio outlines three main intervals of possible
higher productivity located within 1915–1930 AD (14–12.5 cm bsf), at around 1955 AD
(8 cm bsf), and in the interval younger than 1990 AD (uppermost 5 cm of the core). The
Ca/Ti ratio progressively increases upcore, having a more consistent increase between 1970
and 1990 AD. Minimum values were recorded at the base of the core (1896 AD) and at
12 cm bsf, corresponding to 1937 AD (Figure 3).

3.3. Planktic Foraminifera

Six planktic foraminiferal species were recognised, and five of them were present
in proportions of more than 5% in one or more levels: Globigerina bulloides, Globigerinita
glutinata, Neogloboquadrina incompta, Neogloboquadrina pachyderma, Turborotalita quinqueloba,
and Globigerinita uvula (Figure 4). The total planktic foraminiferal flux (PFAR) shows an
upward decreasing trend, varying from a maximum of ca. 200 spec. cm−2 yr−1 at 1903 AD
to a minimum of 25 spec. cm−2 yr−1 at ca. 2014 AD (Figure 4).
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The diversity indexes are very constant along the whole sediment record, due to the
low number of planktic species, although a prominent change occurs in the record after
1950 AD (Figure 4).

The stratigraphically constrained cluster analysis allowed us to define three planktic
foraminiferal clusters, called 1 to 3 from the bottom to the top of the core, and four outliers
corresponding to the years 1944, 1950, 1991, and 1998 (Figure 4). The first planktic foraminiferal
cluster (cluster 1) ranges from ca. 1890 to 1940 AD and is dominated by a high relative
abundance of N. pachyderma and T. quinqueloba, reaching 55% at ca. 1930 AD and 56% at ca.
1954 AD, respectively. The highest value of PFAR took place during this time interval, together
with the maximum flux of G. bulloides at ca. 1903 AD with 44 spec. cm−2 yr−1.

The period from ca. 1941 to 1953 AD, which cannot fit in any cluster, is characterised
by a high variability in the relative abundances of T. quinqueloba (56% at ca. 1944 AD)
and of N. pachyderma (from 26% to 51%), with G. bulloides reaching the minimum relative
abundance of 3%.

The planktic foraminiferal assemblage of cluster 2 (from ca. 1954 to 1987 AD) is
characterised by a high percentage of G. bulloides with values ranging from 21% to 43%.
Globigerinita glutinata and G. uvula also have their highest abundance during this period,
whereas the Neogloboquadrinids show the lowest abundance (Figure 4).
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The samples recording the period from ca. 1988 to 2000 AD, corresponding to the
four outliers of the cluster analysis, show high variability in the foraminiferal relative
abundances of N. incompta (5–39%), T. quinqueloba (43–26%), and G. bulloides (8–29%),
whereas N. pachyderma maintains constant values (Figure 4). The foraminiferal assemblage
in cluster 3 (from ca. 2001 to 2013 AD) is characterised by a relatively high abundance of
T. quinqueloba, with a maximum of 58% at ca. 2013 AD, and a relatively constant trend for
N. pachyderma, ranging between 23 and 19% (Figure 4).

3.4. Benthic Foraminifera

Seventy-one benthic foraminiferal taxa were identified, and twelve of them were main
species. These included seven calcareous perforate taxa (Cassidulina laevigata, Cassidulina
neoteretis, Cassidulina reniforme, Cibicidoides wuellerstorfi, Epistominella exigua, Oridorsalis
tener, and Parrelloides cf. healdi) and five agglutinated taxa (Adercotryma cf. glomeratum,
Labrospira crassimargo, Labrospira subglobosa, Recurvoides trochamminiforme, and Reophax
scorpiurus) (Figure 5). The secondary species were present in proportions of less than 5%
(see Supplementary Materials Table S2 and Figure S1). The BFAR reached a maximum
of 141 spec. cm−2 yr−1 at ca. 1923 AD and a minimum value at ca. 1910 AD, with
17 spec. cm−2 yr−1 (Figure 5). The Shannon index (H) shows its maximum values (up to
2.73 at ca. 1937 AD) in the bottom part of the record, decreasing to a minimum value of
2.13 at ca. 1971 AD. From 1971 AD to 1987 AD, the Shannon index has high values (2.48),
decreasing toward the top of the core. The dominance (D) slightly increases from ca. 1950
AD until ca. 1980 AD, reaching its maximum value of 0.225. Then, the D record becomes
relatively stable, ranging between a minimum of 0.112 at ca. 1984 AD and a maximum of
0.197 at ca. 2003 AD (Figure 5).
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Figure 5. Benthic foraminiferal species percentages vs. age. Dashed black line: percentage of relative
abundance of benthic foraminiferal species; Light-grey area: flux of benthic foraminiferal species;
Dark-grey area: Benthic Foraminiferal Accumulation Rate (BFAR); Shannon index (blue line) and
Dominance (green line) of the benthic foraminiferal assemblages; Stratigraphically constrained cluster
analysis of the benthic foraminifera, distinguished from A to C and highlighted by lime-yellow areas.

The stratigraphically constrained cluster analysis indicates three clusters of benthic
foraminiferal assemblages, which were identified as A to C, with three outliers (Figure 5).
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The first benthic foraminiferal assemblage, cluster A (from ca. 1890 AD to 1974 AD), shows a
generally high relative abundance of the main species: C. wuellerstorfi, reaching a maximum
of 44% at ca. 1950 AD; E. exigua (6–14%); C. reniforme (1–11%); C. neoteretis (2–8%); and O.
tener (10–5%). The relative percentages of the agglutinated species R. trochamminiforme and
L. subglobosa vary from 1 to 9% and from 2 to 10%, respectively, and R. scorpiurus displays
a variable trend, reaching 15% at ca. 1937 AD. The BFAR is characterised by high values,
except for a major decrease at ca. 1917 AD.

The foraminiferal assemblage of cluster B (from ca. 1975 AD to ca. 1987 AD) reveals a
decreasing trend for C. wuellerstorfi, E. exigua, and O. tener, with ranges of 20 to 9%, 13 to 8%,
and 9 to 4%, respectively, whereas a consistent increase was observed for the agglutinated
foraminifera L. subglobosa (16 to 20%), R. trochamminiforme (9 to 16%), and R. scorpiurus (10 to
13%) (Figure 6). The BFAR is generally characterised by low values (35–51 spec. cm−2 yr−1).
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Figure 6. Main benthic and planktic foraminifera species with indications of their ecological signifi-
cance. The graphics are colour-coded to represent different types of marine species: AW affinity (red),
ArW affinity (blue), productivity-related (green), and current-energy-related (brown) species (for
more information about the ecology of the species, refer to the main text and Table 2). The PFAR
and BFAR are represented with dashed black lines. On the left, cluster divisions are represented
with lime-yellow areas for the benthic foraminiferal clusters and baby-blue areas for the planktic
foraminiferal clusters. On the right is the division of the three main climatic periods, as discussed in
the main text.

According to the cluster analysis, the period from ca. 1988 to 2000 AD is characterised
by a high variability in the relative abundance of C. wuellerstorfi (17–38%), a peak of 7%
for C. neoteretis, and an increase in agglutinated species, such as L. subglobosa (11%) and R.
trochamminiforme (8%).

The foraminiferal assemblage in cluster C (from ca. 2001 to ca. 2011 AD) is charac-
terised by the occurrence of C. laevigata and high percentages of C. wuellerstorfi, reaching
41%, and E. exigua (10%). Cassidulina reniformis and some agglutinated species, such as
L. subglobosa, A. cf. glomeratum, and P. cf. healdi, strongly decreased. The last recorded
period (from ca. 2012 to ca. 2013 AD, identified as an outlier by the cluster analysis) is
characterised by a lower presence of C. wuellerstorfi, at 34%; a strong decrease in E. exigua
and C. neoteretis; and the appearance of the agglutinated species L. crassimargo.

4. Discussion

The sediment record collected in the Bellsund Drift allowed us to recognise some
important oceanographic changes that were identified in both the planktic and benthic
foraminiferal assemblages, together with geochemical indicators. The planktic assemblages
reflect the surface and subsurface hydrographic changes that are often diachronous with
respect to the changes occurring in the benthic assemblages. The latter reflect the evolution
of the bottom water masses, but they are also strongly influenced by the flux of the organic
matter derived from the primary productivity of surface waters.
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The planktic–benthic decoupling is clearly depicted by the results of the two-cluster
analysis performed on the planktic and benthic foraminifera assemblages, which have
clusters separated by different stratigraphic boundaries. In the following paragraphs, we
discuss the evolution of surface and deep-water masses since 1890 AD considering three
main periods: 1890–1987 AD, 1987–2001 AD, and 2001–2013 AD (Figure 6).

The first period (1890 to 1987 AD) is a century characterised by generally cold con-
ditions, interrupted by an event, between ca. 1940 and 1954 AD, characterised by milder
conditions reflected only in the surface water masses. For ca. 1890–1940 AD, the domi-
nance of N. pachyderma in the planktic assemblage indicates the prevalence of cold surface
conditions. Divine and Dick [18] reported an expanded winter ice edge in the Fram Strait
during the same period that was determined by cold winters. The cold conditions are also
recorded in our dataset by the low abundance of the subpolar species T. quinqueloba, N.
incompta, G. bulloides, and G. glutinata, which can be related to an increase in the influx of
cold ArW in the region, as mentioned by Vinje [17]. The sea-bottom environment during
ca. 1890–1974 AD was characterised by cold, oligotrophic, and high-energy conditions,
indicated by the respective occurrence of C. reniforme and O. tener and the high abundance
of C. wuellerstorfi [74]. The presence of a high-energy environment is also supported by the
presence of relatively coarse-grained sediments, as indicated by the increase in the Zr/Rb
ratio (proxy of grain size), suggesting an intensification of the bottom currents that could
be related to enhanced deep convection.

A brief event characterised by warmer conditions was recorded between ca. 1940
and 1954 AD, and it was related to the influx of warm AW arriving from the Norwegian
Sea [4,19,48,53]. The warmer conditions of the surface water led to an increase in the
primary productivity and determined a high flux of planktic foraminifera, as also indicated
in [48] and [75]. In our record, the increase in PFAR is linked to an increase in subpolar
species N. incompta, G. bulloides, G. glutinata, and T. quinqueloba [55] (Table 2 and Figure 6)
and an increase in the Br/Ti ratio (proxy of primary productivity). Werner et al. [4] argued
that the contemporaneous high abundance of both ArW and AW species is associated with
a warmer temperature of the upper part of the water column, associated with an increased
inflow of AW, suggesting water mass stratification. The same authors suggested that this
strong stratification in the water column was a common hydrographic structure during the
20th century.

The last part of the first period, ca. 1954–1987 AD, indicated cooler conditions in the
surface water masses, inferred from the increase in the ArW indicator species T. quinqueloba,
but also from the presence of the AW indicators G. bulloides, G. glutinata, and N. incompta.
This cooler period has also been reported by several authors, e.g., refs. [17,76–78], who, on
the basis of the planktic foraminiferal assemblage, hypothesised a raised temperature of the
WSC transporting AW. Dickson et al. [79] and Spielhagen et al. [19] reported an increase in
warm water planktic species occurring since ca. 1980 AD, confirming the spreading of AW
into the Arctic Ocean. At the end of this phase, between ca. 1975 and 1987 AD, the studied
area was influenced by a strong intensification of the AW, which previously influenced
the upper water column and then deepened, reaching the sea bottom, as indicated by
the higher abundance of the benthic foraminifera C. neoteretis. The warmer conditions
created a stronger temperature gradient in the (sub)surface waters and improved the
seasonal food supply, as indicated by the increase in the opportunistic taxon E. exigua, the
presence of C. neoteretis and the agglutinated foraminifera, and the low abundance of C.
reniforme. The decline of C. wuellerstorfi and the lower Zr/Rb ratio indicate a lower energy
of the bottom currents. The high variety of benthic species, including the agglutinated
foraminifera, indicates the presence of an organic-rich substrate supporting a high diversity
of the benthic foraminifera populations [80].

The second period (1987–2001 AD) is characterised by generally warm conditions
giving way to a stronger influence of warm waters, supported by the proliferation of
warm species and by increasing diversification of the benthic foraminiferal assemblages. A
cold spell influencing the surface water column is hypothesised to have occurred at the
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beginning of the 1990s, identified by the increase in the cold planktic species N. pachyderma,
the increase in the benthic foraminifera C. wuellerstorfi, and a coarser grain size (Zr/Rb ratio),
all suggesting an intensification of the bottom current (Figure 3). This event was correlated
with the cold event indicated to occur during the late 1980s by Divine and Dick [18]. A
further rise in temperature was recorded between ca. 1995 AD and ca. 2000 AD, with the
proliferation of G. bulloides and G. glutinata (Table 2 and Figure 6). This general warmer
trend is in agreement with the warming trend dated ca. 1970-2008 AD recorded in the
Arctic area [81]. This event was also documented by Quadfasel et al. [82], which, in turn,
agreed with a study by Kinnard et al. [11] that indicated that a warm-water inflow in the
Arctic Ocean started during the 1990s, producing heat conditions affecting the entire water
column [6,79,83]. In the studied core, this warming trend was also recorded at the sea
bottom from ca. 1988 to 1994 AD, with a high abundance of C. neoteretis and C. laevigata
suggesting a continuous increasing influx of AW (Table 2 and Figure 6).

The last period, from ca. 2001 to 2013 AD, corresponds to a high-productivity phase
that probably started at the end of the 1990s, indicated by the relatively high abundance of
T. quinqueloba and the consistent presence of N. pachyderma [48,84] (Table 2 and Figure 6).
The high organic flux to the sea bottom is supported by the presence of E. exigua, a phytode-
tritivorous species that proliferates when a pulse of labile organic matter reaches the sea
floor. The satellite monitoring indicated a persistent warmer trend of the WSC, with pro-
gressive retreat of the sea ice in the northern area (Figure 2), producing a shortening of the
winter periods and a decrease in seasonal sea ice. The planktic foraminiferal assemblages
reflect these conditions in the sea surface water with increasing abundance of the warmer
indicator species, such as T. quinqueloba, N. incompta, G. glutinata, and G. bulloides (Table 2).
A general decreasing trend in the occurrence of the cool-water indicator N. pachyderma
confirms the decrease in cold-water influx. Instead, the increase in the heat influx into the
water column is associated with a strong reduction in the sea ice extent [21] and is depicted
in the studied core by an increase in C. laevigata and C. neoteretis (Table 2 and Figure 6) with
a stronger input of warm bottom currents through the WSC, depicted by the consistent
presence of C. wuellerstorfi in coarse-grained sediments (high Zr/Rb ratio) (Table 2 and
Figure 6). According to Kaufman et al. [85], the period within ca. 1999–2008 AD was the
warmest of the last 200 years.

5. Conclusions

The sedimentary record of box-core GS191-02BC documents the past 120 years of the
paleoceanographic history in the area of the Bellsund Drift, located south of the Fram Strait.
The high-resolution analyses of the benthic and planktic foraminiferal assemblages allowed
us to produce new insights into the recent and modern oceanic configuration in association
with the climatic variability of the North Atlantic Ocean at the gate to the Arctic Ocean.

Three oceanographic periods were identified, outlining an overall warming trend.
The first period (ca. 1890–1987 AD) was characterised by consistently cold surface and

bottom water masses, occasionally punctuated by brief intervals of warmer surface waters
associated with Atlantic Water input.

The second period (ca. 1987–2001 AD) was characterised by warm surface and cold
bottom water masses, with incursions of cold Arctic surface waters.

The third period (ca. 2001–2013 AD) was characterised by warm surface and bottom
water masses clearly associated with a consistent inflow of Atlantic water.

The environmental reconstruction covering the past 120 years highlighted the ampli-
fied heat influx into the Arctic Ocean as an effect of the documented increasing inflow of
Atlantic water (Arctic Atlantification), impacting the sea ice formation and distribution, with
a strong effect on the oceanographic structure and climate.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jmse12040559/s1, Table S1: Samples analysed for 210Pb analysis and
estimated age (AD). Table S2: Benthic foraminiferal taxa with relative abundance <5%. Figure S1: Benthic
foraminiferal taxa with relative abundance <5% on the total benthic assemblage.

https://www.mdpi.com/article/10.3390/jmse12040559/s1
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J. Mar. Sci. Eng. 2024, 12, 559 11 of 14

Author Contributions: C.M. and R.G.L. conceived and designed the research. R.G.L. directed the data
acquisition during the EUROFLEETS-2 Cruise PREPARED and contributed to the sedimentological
data interpretation. L.L. and R.G.L. defined the age model and sedimentation rate. V.M.G.S. processed
and analysed the foraminiferal assemblage, combined the micropaleontological and sedimentological
datasets, and led the writing of the manuscript. C.M. supervised the micropaleontological work,
the data interpretation, and the writing of the manuscript. All authors have read and agreed to the
published version of the manuscript.

Funding: Data acquisition for this research was supported by the European research infrastructure
EUROFLEETS funding the project PREPARED (grant agreement n. 312762). Digital X-radiography
was performed at ENI laboratories, and initial data analyses on the sediment cores (XRF core scan,
digital photo, grain size) were supported by the Spanish project DEGLABAR (CTM2010-17386) and
the Italian project CORIBAR-IT (PdR 2013/C2.01) funded by PNRA.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding authors, C.M. and V.M.G.S., upon reasonable request.

Acknowledgments: We thank the participants and crew on the EUROFLEETS-2 Cruise PREPARED
on the R/V G.O. Sars. We especially thank Captain John Hugo Johnson, the officers, and the crew
of Expedition 191 and the technicians Martin Dahl, Ingve Fjelstad, Dag Inge Blindheim, and Åse
Sudman for their strong support during the acquisition activities.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Rebesco, M.; Wåhlin, A.; Laberg, J.S.; Schauer, U.; Beszczynska-Möller, A.; Lucchi, R.G.; Noormets, R.; Accettella, D.; Zarayskaya,

Y.; Diviacco, P. Quaternary contourite drifts of the Western Spitsbergen margin. Deep Sea Res. Part I Oceanogr. Res. Pap. 2013,
79, 156–168. [CrossRef]

2. Werner, A. Holocene moraine chronology, Spitsbergen, Svalbard: Lichenometric evidence for multiple Neoglacial advances in the
Arctic. Holocene 1993, 3, 128–137. [CrossRef]

3. Svendsen, J.I.; Mangerud, J. Holocene glacial and climatic variations on Spitsbergen, Svalbard. Holocene 1997, 7, 45–57. [CrossRef]
4. Werner, K.; Spielhagen, R.F.; Bauch, D.; Hass, H.C.; Kandiano, E.; Zamelczyk, K. Atlantic Water advection to the eastern Fram

Strait—Multiproxy evidence for late Holocene variability. Palaeogeogr. Palaeoclimatol. Palaeoecol. 2011, 308, 264–276. [CrossRef]
5. Quadfasel, D.; Rudels, B.; Kurz, K. Outflow of dense water from a Svalbard fjord into the Fram Strait. Deep Sea Res. Part A

Oceanogr. Res. Pap. 1988, 35, 1143–1150. [CrossRef]
6. Nilsen, F.; Skogseth, R.; Vaardal-Lunde, J.; Inall, M. A simple shelf circulation model: Intrusion of Atlantic Water on the West

Spitsbergen Shelf. J. Phys. Oceanogr. 2016, 46, 1209–1230. [CrossRef]
7. Langehaug, H.R.; Falck, E. Changes in the properties and distribution of the intermediate and deep waters in the Fram Strait.

Prog. Oceanogr. 2012, 96, 57–76. [CrossRef]
8. Rudels, B.; Friedrich, H.J.; Quadfasel, D. The Arctic circumpolar boundary current. Deep Sea Res. Part II Top. Stud. Oceanogr. 1999,

46, 1023–1062. [CrossRef]
9. Karcher, M.J.; Gerdes, R.; Kauker, F.; Köberle, C. Arctic warming: Evolution and spreading of the 1990s warm event in the Nordic

seas and the Arctic Ocean. J. Geophys. Res. Ocean. 2003, 108, 1–16. [CrossRef]
10. Schauer, U.; Fahrbach, E.; Osterhus, S.; Rohardt, G. Arctic warming through the Fram Strait: Oceanic heat transport from 3 years

of measurements. J. Geophys. Res. Ocean. 2004, 109, C06026. [CrossRef]
11. Kinnard, C.; Zdanowicz, C.M.; Fisher, D.A.; Isaksson, E.; de Vernal, A.; Thompson, L.G. Reconstructed changes in Arctic Sea ice

over the past 1,450 years. Nature 2011, 479, 509–512. [CrossRef]
12. Müller, J.; Werner, K.; Stein, R.; Fahl, K.; Moros, M.; Jansen, E. Holocene cooling culminates in sea ice oscillations in Fram Strait.

Quat. Sci. Rev. 2012, 47, 1–14. [CrossRef]
13. Wang, Q.; Wekerle, C.; Wang, X.; Danilov, S.; Koldunov, N.; Sein, D.; Sidorenko, D.; von Appen, W.J.; Jung, T. Intensification of the

Atlantic Water supply to the Arctic Ocean through Fram Strait induced by Arctic Sea ice decline. Geophys. Res. Lett. 2020, 47,
e2019GL086682. [CrossRef]

14. Tuerena, R.E.; Hopkins, J.; Buchanan, P.J.; Ganeshram, R.S.; Norman, L.; von Appen, W.J.; Tagliabue, A.; Doncila, A.; Graeve, M.;
Ludwichowski, K.U.; et al. An Arctic strait of two halves: The changing dynamics of nutrient uptake and limitation across the
Fram Strait. Global Biogeochem. Cycles 2021, 35, e2021GB006961. [CrossRef]

15. Hofmann, Z.; von Appen, W.J.; Wekerle, C. Seasonal and mesoscale variability of the two Atlantic Water recirculation pathways
in Fram Strait. J. Geophys. Res. Oceans 2021, 126, e2020JC017057. [CrossRef]

https://doi.org/10.1016/j.dsr.2013.05.013
https://doi.org/10.1177/095968369300300204
https://doi.org/10.1177/095968369700700105
https://doi.org/10.1016/j.palaeo.2011.05.030
https://doi.org/10.1016/0198-0149(88)90006-4
https://doi.org/10.1175/JPO-D-15-0058.1
https://doi.org/10.1016/j.pocean.2011.10.002
https://doi.org/10.1016/S0967-0645(99)00015-6
https://doi.org/10.1029/2001JC001265
https://doi.org/10.1029/2003JC001823
https://doi.org/10.1038/nature10581
https://doi.org/10.1016/j.quascirev.2012.04.024
https://doi.org/10.1029/2019GL086682
https://doi.org/10.1029/2021GB006961
https://doi.org/10.1029/2020JC017057


J. Mar. Sci. Eng. 2024, 12, 559 12 of 14
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