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The eastward penetration of Atlantic-derived water (ADW) into the Eurasian Basin of the Arctic Ocean was inves-
tigated at the western Laptev Sea continental margin for the time since c. 17.6 ka. Using a high-resolution investi-
gation of the lithology, geochemistry, planktic and benthic foraminifers, and ostracods on a sediment core from
270 m water depth major steps in the environmental evolution of the region are recognized. In general,
ADW was continuously present in the study area. Between 17.6 and 15.4 ka ADW manifested itself through
open-water polynyas and associated upwelling events. Comparison between the Laptev Sea and northern Svalbard
shelf using Cassidulina neoteretis allows assuming an unmodified subsurface inflow of ADW within its northern
branch between 15.4 and 13.2, whichwas strongest after 14.7-ka and in linewith the overall climate amelioration.
A local freshwater event at 13 ka followed by shelf flooding and the establishment of a freshened shelf water
mass resulted in an off-shelf displacement of ADW from the studied site as suggested by the disappearance of
C. neoteretis between 12 and 7 ka. As evidenced by an abundance peak inNonion labradoricum, the sea-icemargin-
al zone was located at the site around 12–11 ka but then shifted northward during the early Holocene warming.
Enhanced ADW inflow since 7 ka correlated with climate cooling and southward retreat of the seasonal drift-ice
margin. The inflow of ADW during mid–late Holocene differed from deglacial times because of the combined
influence of northern and eastern ADW branches.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The recently observed changes in the Arctic which are commonly
related to global warming are expressed not only by considerable
shrinking of the summer sea-ice cover extent (Serreze et al., 2007;
Comiso et al., 2008; Polyak et al., 2010), but also by intensification of
Atlantic-derived water inflow together with the increasing temperature
of Atlantic water layer (Schauer et al., 2004; Polyakov et al., 2005). Be-
sides instrumental measurements the latter is also evidenced by unprec-
edented changes in the composition of planktic foraminifers from Fram
Strait during the early 21st century compared to the previous 2 thousand
years (Spielhagen et al., 2011). Knowledge about the extent and timing
of past inflows of Atlantic-derived waters carrying heat and salt to the

Arctic Ocean is crucial for reconstructing short and long-term climate
changes. During interglacial epochs, inflows of Atlantic-derived waters
resulted in generally milder climate conditions in the Arctic and reduced
sea-ice coverwithmore open-water leads (Knies et al., 2000; Spielhagen
et al., 2004; Polyak et al., 2010). There is evidence that the subsurface
inflows of these waters along Eurasian continental margin could be
quite intense during both deglacial and glacial times (Knies et al., 1999;
Bauch et al., 2001a; Nørgaard-Pedersen et al., 2003; Kristoffersen et al.,
2004; Wollenburg et al., 2004; Rasmussen et al., 2007). Different
patterns of Atlantic water inflows to subarctic Nordic seas and adjacent
Eurasian Arctic periphery in relation to the extent and disintegration of
the Barents-Kara ice sheet and water mass changes during lateglacial
to Holocene times are fairly well reconstructed (Polyak and Mikhailov,
1996; Polyak et al., 1997; Hald et al., 1999; Bauch et al., 2001a;
Duplessy et al., 2001; Hald et al., 2001; Lubinski et al., 2001; Ivanova
et al., 2002; Koç et al., 2002; Hald et al., 2003, 2004; Duplessy et al.,
2005; Ślubowska et al., 2005; Ebbesen et al., 2007; Hald et al., 2007;
Rasmussen et al., 2007; Ślubowska-Woldengen et al., 2007, 2008;
Aagard-Sørensen et al., 2010; Chistyakova et al., 2010; Risebrobakken
et al., 2010). Contrary to this, sediment records from Siberian Arctic
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margins further eastward are considerably less studied primarily due to
the lack of cores with reliable chronologies.

One of the better records with sufficient time resolution and radio-
carbon chronology is a core from the upper slope of the western Laptev

Sea continental margin (Fig. 1). The core dates back to c. 17.6 cal.ka
and represents so far the longest radiocarbon-controlled record of
postglacial and Holocene events in the region. As shown previously,
the core holds evidence of iceberg-rafting events and meltwater inputs

Fig. 1. a. Location of core PS51/154 in the Laptev Sea. Dashed line along the 100 m isobath shows the approximate position of the shoreline during the last glacial time. Major river
paleovalleys are indicated. b. Extent of the Barents–Kara Ice Sheet during the LGM (after Svendsen et al., 2004). Arrows correspond to the main pathways of Atlantic-derived water
masses in the Arctic; FSBW — Fram Strait Branch Water, BSBW — Barents Sea Branch Water. Other cores mentioned in the text are shown. FVT — Franz Victoria Trough, SAT — St.
Anna Trough, VT — Voronin Trough, VS — Vilkitskii Strait.
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as well as the regional manifestations of Atlantic-derived water (ADW)
masses influence (Taldenkova et al., 2010). The latter was already indi-
cated by the presence of typical, Atlantic-water indicative microfossils,
e.g., benthic foraminifer Cassidulina neoteretis and subpolar planktic
foraminifers. However, in order to gain a better understanding of the
interactions between ADW and climatically-controlled freshwater
input, variability in sea-ice cover extent and productivity changes we
now combine data on lithology, geochemistry and microfossils. Espe-
cially important for interpretation are benthic foraminifers, as this
group has proven itself to be a reliable indicator of environmental
change in Arctic marginal seas (Hald et al., 1994; Korsun et al., 1994;
Steinsund et al., 1994; Wollenburg and Mackensen, 1998; Polyak et
al., 2002; Ślubowska-Woldengen et al., 2008). In this study, we analyze
high-resolution continuous records of benthic and planktic foramini-
fers, ostracods and lithology from the Laptev Sea continental margin
and correlate the observed paleoceanographic events with those
recorded farther west, i.e., along the flowpath of ADW in the Arctic
Ocean.

2. Modern setting

The inflow of thewarm and saline Atlantic water to the Arctic Ocean
and its marginal seas, which is driven by thermohaline and estuarine
forcing as well as winds, has a profound effect on the arctic environ-
ment (ACIA, 2005). Atlantic waters enter the Arctic Ocean via two
main branches (Rudels et al., 2004; Saloranta and Haugan, 2004;
Carmack et al., 2006) (Fig. 1). The Fram Strait Branch Water (FSBW)
flows north of Svalbard with theWest Spitsbergen current. The Barents
Sea BranchWater (BSBW) is formed from interactions between the At-
lantic Water flowing into the southwestern Barents Sea and local
fresher and colder Barents and Kara shelf waters. Besides the difference
in temperature and salinity characteristics, theseAtlantic-derivedwater
masses have specific phytodetrital deposition and nutrient composition
that are essential for benthic species occurring within or underneath
these water masses (Lubinski et al., 2001; Wollenburg et al., 2004).
After entering the Arctic Ocean ADW submerges beneath the fresher

and colder polar water and flows eastward in the depths of 150–800 m
along the continental slope.

In the Laptev Sea, the warm core of ADW (temperature 0.5–1.5 °C,
salinity 34.7–34.9) is usually located in 150–350 m water depth range
(Dmitrenko et al., 2008). It is subject to seasonal on/offshore move-
ments probably related to seasonal wind variations (Dmitrenko et al.,
2006). Interactions between shelf and slope water masses could be also
induced by offshore winds producing reversed bottom water currents
that can periodically penetrate the outer and middle shelf (Dmitrenko
et al., 2001, 2010). Another important mechanism of shelf-slope inter-
actions in the western Laptev Sea is dense water cascading in its
north-western part. It results from ice freeze-up and brine ejection in
coastal polynyas along the steep slope. These waters penetrate down-
slope and contribute to cooling and freshening of ADW (Ivanov and
Golovin, 2007).

The Laptev Sea shelf is contoured by the 80–100 meter lines (Fig. 1).
It is cut by several paleoriver valleys formed in the Pleistocene during
times of sea-level lowstands (Bauch et al., 1999, 2001b; Bauch and
Kassens, 2005; Darby et al., 2006). The shelf hydrography is character-
ized by the interaction of freshwater input from large Siberian rivers,
primarily the Lena River, cold brines produced from sea-ice formation,
and meltwater input during summer sea-ice melting. In winter, the
entire area is ice-covered besides wind-induced narrow open-water
leads, so-called polynyas which separate the fast from the drift ice.
Although the Laptev Sea becomes largely ice-free during the short
summer season, changeable wind patterns canmake amajor difference
on an interannual basis. For instance, in thewestern Laptev Sea a sea ice
massif may exist perennially, often blocking Vilkitskii Strait thereby
occupying between 25 and 75% of the western Laptev Sea in September
(Karklin and Karelin, 2009).

3. Material and methods

Core PS51/154-11 was obtained from the upper continental slope of
the western Laptev Sea (77°15,56 N, 120°36,59E, water depth 270 m)
during TRANSDRIFT V expedition aboard RV Polarstern in 1998 (Fig. 1).

Fig. 2. Lithofacies log and age-depth relationship of core PS51/154. Details of calendar age calculation are given in Table 1.
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It is a gravity kasten corewith a core recovery of 675 cm (700 cm includ-
ing core catcher; Fig. 2). Theupper 6 cmwas lost during coring. Hereafter,
for simplicity the core will be named PS51/154.

The chronology of the core is based on radiocarbon ages from
marine biogenic calcite (single bivalve shells and/or mixed foramini-
fers) determined by means of accelerator mass spectrometry (AMS) at
the Leibniz Laboratory in Kiel (Table 1).

The whole sediment sequence was sampled continuously in 2 cm
thick slices. Samples were freeze-dried and subsequently washed
over a 63-μm-mesh size sieve to determine the proportion of coarse
fraction. Lithic grains were counted in the fraction >500 μm.

Samples for geochemical analysis were taken at 5 cm intervals
in the upper 150 cm, and at 10 cm intervals in the remainder.
Freeze-dried and milled bulk samples of sediments (1 g) were taken
to determine the contents of total organic carbon (TOC), total carbon
(TC), and total nitrogen (TN). Measurements were carried out with a
carbon–nitrogen–sulfur analyzer (Elementar Vario EL III). All samples
were run in duplicate of which the average was used. C/N ratios were
calculated as total organic carbon/total nitrogen ratios based on
weight percentages. The carbonate content is calculated as CaCO3

(%)=(TC−TOC)∗8.333, where TC — total carbon (%), TOC — total
organic carbon (%). Mass accumulation rates of TOC are calculated
using linear sedimentation rates (LSR) for certain intervals between
datings and assuming sediment density to be 1 g/cm3 (Figs. 2, 3).

All microfossils were picked from washed samples (>63 μm frac-
tion) without splitting the sediment. The only exception was the basal
sample of the core, which contained extremely abundant planktic fora-
minifers in the fraction 63–125 μm. From this sample all planktic fora-
minifers were picked from the >125 μm fraction, whereas the fraction
63–125 μm was split 4 times to obtain 450 specimens for counting. The
total abundance of microfossils is expressed as specimens per 100 g
dry bulkweight (Figs. 4, 7). Relative proportions of species andecological
groups of benthic foraminifers were estimated for samples which
containedmore than 100 specimens (Figs. 5, 9). Because of their scarcity,
no relative abundance plots were produced for planktic foraminifers and
ostracods, and species/ecological groups occurrence is shown as speci-
mens per 100 g dry bulk weight (Figs. 6–9). The taxonomic list of all
species of foraminifers and ostracods identified in core PS51/154 is
given as Supplementary online information.

The interpretation of the various microfossil assemblages with re-
gard to ecological groups and index-species is based on published

and/or our own observations using their modern distribution in sur-
face sediments. For benthic foraminifers, we use the classification of
Polyak et al. (2002) who distinguished three ecological groups in

Table 1
Radiocarbon (AMS) dates and calibrated age (Bauch et al., 2001b; Taldenkova et al., 2010).

Lab # Depth, cm Material Radiocarbon age Calendar age calculated with
calibration version Fairbanks
0107

Mean 1 std dev ΔR

KIA-27682 25 Foraminifers/Yoldiella sp. 3425±30 3279a 46 370
KIA-6919 31 Yoldiella intermedia 1540±45 1079 61 370
KIA-32810 39 Foraminifers 5040±50 5398a 73 370
KIA-32811 39 Bivalves/gastropod 1800±35 1322 24 370
KIA-27683 51 Foraminifers/ostracods/Yoldiella sp. 9570±60 10347 93 370
KIA-32812 73 Foraminifers 9410±70 10208b 55 370
KIA-32813 73 Yoldiella lenticula 9605±45 10401 84 370
KIA-27684 85 Foraminifers/Portlandia arctica 9505±50 10265 49 370
KIA-32814 115 Yoldiella lenticula 9630±50 10442a 85 370
KIA-32815 131 Nucula tenuis 10085±45 11165a 51 370
KIA-6920 138 Macoma calcarea 10120±55 11187a 44 370
KIA-6921 204 Nucula tenuis 10235±45 11250a 33 370
KIA-6922 300 Yoldiella intermedia 10725±50 12175a 108 370
KIA-6923 375 Yoldiella lenticula 12180±60 13661a 65 370
KIA-6924 440 Yoldiella intermedia 12525±55 13941a 73 370
KIA-6925 518 Foraminifers/Portlandia arctica 13120±60 14856a 105 370
KIA-9976 567 Foraminifers 13540±90 15338a 145 370
KIA-9977 569 Foraminifers 13570±110 15372a 162 370

a Datings taken for age model calculation.
b Dating assigned for 51 cm core depth (see text for explanation).

Fig. 3. Lithological and geochemical characteristics of core PS51/154: a) linear sedimentation
rates (LSR); b) weight percentage of sediment fraction >63 μm; c) ice- and iceberg-rafted
debris (IRD), lithic grains >500 μm; d) total organic carbon content; e) mass accumulation
rates of the total organic carbon; f) C/N ratio; g) CaCO3 content. Vertical dotted lines show
the boundaries of sediment units. Shading corresponds to the time intervals of prominent
changes in the composition of benthic foraminifers.
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river-affected Arctic environments: river-proximal, river-intermediate,
and river-distal. In the studied core (Fig. 4), the river-proximal group
consists of four species — Haynesina orbiculare, Elphidium incertum,
Elphidium bartletti, and Buccella frigida. The river-distal group is more
abundant and includes Astrononion gallowayi, Melonis barleeanus,
Cibicides lobatulus, Islandiella norcrossi/helenae, Islandiella islandica and
C. neoteretis. Three species, Cibicides lobatulus, Astrononion gallowayi,
and Elphidium subarcticum, comprise a group of epifaunal species with
an attached mode of life, that is, they settle on coarse lithic grains
(Fig. 4). In the assemblages we recognized a number of time intervals
with prominent changes in the composition of the benthic foraminifers
(shadings in Figs. 3–9). In order to further support the visual subdivi-
sion of the benthic foraminiferal record into time intervals we therefore
employed a cluster analysis. The data of total abundance and percent-
ages of 11 major species and 4 ecological groups from a total of 234

benthic foraminiferal samples (those with >100 specimens per sample)
were entered into the PAST software package (Hammer et al., 2001) to
produce a cluster dendrogram.We apply unweighted pair-group average
(UPGMA) using basic Euclidean distance for stratigraphically constrained
R-mode clustering.

Planktic foraminifers are mainly represented by the polar species
Neogloboquadrina pachyderma sin. which is typical for the Arctic. In
addition, we also observe a diverse subpolar assemblage, but at very
discrete intervals only (Fig. 6).

Ostracods were shown to be good indicators of salinity changes
on the Laptev Sea shelf and slope (Stepanova et al., 2003, 2007).
They are represented by several ecological groups ranging from
freshwater to relatively deep-water marine ones (Fig. 7). Among
the latter, a group of shelf-upper slope North Atlantic species
(Whatley and Masson, 1979; Whatley et al., 1998) is distinguished,

Fig. 4. Distribution of benthic foraminifers in core PS51/154: a) total abundance; b) river-proximal species; c) river-distal species; d) epifaunal species with attached mode of life; e) cluster
analysis dendrogramof 234 core samples basedon total abundance of benthic foraminifers and relative abundance of 11major species and 4 ecological groups. Shading corresponds to the time
intervals of prominent changes in the composition of benthic foraminifers.

17E. Taldenkova et al. / Marine Micropaleontology 96-97 (2012) 13–28
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which includes Cytheropteron arcuatum, Cytheropteron biconvexa,
Cytheropteron inflatum,Cytheropteron laptevensis,Cytheropteron occultum,
Cytheropteron paralatissimum, Cytheropteron perlaria, Cytheropteron
porterae, Cytheropteron pseudomontrosiense, Cytheropteron tumefactum,
Bythocythere constricta, Pseudocythere caudata (Fig. 8; Stepanova et al.,
2003, 2004; Stepanova, 2006; Stepanova et al., 2007; Cronin et al.,
2010). These ostracods with North Atlantic affinities are regarded, to-
gether with planktic foraminifers (especially subpolar species) and
the benthic foraminifer species C. neoteretis, as the main indicators of
ADW in the Laptev Sea region.

The original data on dinoflagellate cysts from core PS51/154
were published previously (Klyuvitkina, 2007; Klyuvitkina et al.,
2009). Here we now present the distribution of AH-ratio and relative
abundance of the species Operculodinium centrocarpum (Fig. 9). The

AH-ratio, which expresses the proportion between autotrophic and
heterotrophic dinoflagellate species, gives evidence for paleoproductivity,
duration of sea-ice cover season, and the influence of ADW in the Arctic
seas (Bujak, 1984; Mudie, 1992; Mudie and Rochon, 2001; Klyuvitkina
and Bauch, 2006). Although O. centrocarpum occurs in the surface sedi-
ments of polar regions, itsmaximumabundance is observed in temperate
latitudes of the eastern Nordic seas (Mudie, 1992; Rochon et al., 1999). In
the Arctic, this species can therefore be regarded as an indicator of ADW
inflow (Matthiessen et al., 2005; Klyuvitkina and Bauch, 2006).

4. Results

4.1. Core chronology and sedimentation rates

The core chronology is constrained by eighteen AMS14C dates
(Table 1, Fig. 2). For converting the AMS14C dates to calendar years B.P.
(ka) using the Fairbanks 0107 program (Fairbanks et al., 2005), a reser-
voir age of 370 years, as the determined for the modern Laptev Sea
(Bauch et al., 2001b), was applied. All dates mentioned in the text are
in calendar years.

For age model calculations we excluded the two reversal datings
from 31 and 39 cm depth obtained on molluscs (Table 1). These datings
are most likely the result of burrowing of bivalves into the sediment
sequence accumulated under low sedimentation rates (Figs. 2, 3).
The whole sediment section between 51 and 115 cm is more heavily

Fig. 5. Distribution of benthic foraminifers in core PS51/154: relative abundances of
major species. Shading corresponds to the time intervals of prominent changes in the
composition of benthic foraminifers.

Fig. 6. Distribution of planktic foraminifers in core PS51/154: a–e) abundances of different
species; f) total abundance of subpolar planktic foraminifers. Mind reversed scales for
N. pachyderma dex., T. quinqueloba, G. glutinata, G. uvula. Figures in circles correspond to
the out-of-scale-high abundance at c. 17.2 ka. Shading corresponds to the time intervals
of prominent changes in the composition of benthic foraminifers.
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bioturbated and shows, within errors, practically a similar age (Table 1).
Because of that we only used the youngest and the oldest datings for
the age model, and the dating obtained on foraminifers from 73 cm
depth was assigned to 51 cm core depth. Ages between the 13 dated
fixpoints were estimated by linear interpolation and assuming a modern
age for the sediment surface. The extrapolated age of the sediment record
base (core catcher (CC) base) is 17.6 ka, and that of the core itself 17.2 ka
(Table 1, Fig. 2). With the upper 6 cm removed during coring, the actual
core top gave an interpolated age of 0.6 ka (Fig. 2).

Regardless of the age uncertainties associatedwith the upper part of
the core, linear sedimentation rates (LSR) were generally high prior to
10 ka, with peaks at around 14, 11 and 10 ka (Fig. 3). Because the
peak at 11 ka occurs together with signs of enhanced bioturbation,
which would rather indicate reduced LSR (see above paragraph), we
calculated a mean LSR for the interval 51–115 сm (274 cm/kyrs). It
seems more reasonable to conclude that there were two major periods
of elevated sedimentation rates, about 14–13.5 ka and 11.2–10.2 ka.
The sharply reduced LSR down about just 5 cm/kyrs after 10.2 ka, i.e.
is the result of the reorganization of the depositional environment
after the onset of extensive Laptev Sea shelf flooding (Bauch et al.,
2001b).

4.2. Lithology, organic carbon and carbonate contents

The 700 cm-thick sediment sequence of the core and core catcher is
represented by grayish clayey silt and silty claywith sandy lenses in the
lower half of the section andwith signs of bioturbation in the upper one
(Fig. 2). Lithologically, the core is subdivided into three sediment units:
the lower unit of the core (17.6–15.4 ka) is impoverished in fossils,
but enriched in mica flakes, ice-rafted debris (IRD), and authigenic
concretions of vivianite (Fe3[PO4]x8H2O) and rhodochrosite (MnCO3)

(Figs. 2, 3). All these characteristics indicate periods of active
iceberg-rafting truncated by intervals of freshwater-induced stratifica-
tion and heavier sea ice-cover (Taldenkova et al., 2010). The middle
unit (15.4–10.2 ka) is highly fossilferous, contains abundant plant debris,
and is almost devoid of IRD. At the base of this unit amajor sand–fraction
spike occurs which probably relates to a sliding event because of the size
uniformity of the particles (Figs. 2, 3) including valves of brackishwater
and freshwater ostracods (Fig. 7). The fossiliferous upper sediment
unit (10.2–0.6 ka) accumulated under very low sedimentation rates
and is distinguished by high average percentage of the >63 μm fraction
and high IRD concentrations both evidencing a re-establishment of
iceberg-rafting in the region (Taldenkova et al., 2010).

Organic carbon content of the bottom sediments is generally depen-
dent upon primary productivity, terrestrial input, granulometric
composition, and preservation during sedimentation and early diagen-
esis, i.e., sedimentation rates and redox conditions (Romankevich and
Vetrov, 2001; Murdmaa et al., 2004). In core PS51/154 TOC content
varies from 0.4% in the oldest lateglacial sediments to highest values
of 1.2–1.3% found at 12–11 ka (Fig. 3), the latter being comparable
with the modern values of 1.0–1.5% (Stein, 2008). TOC content also
correlates with the granulometric composition of sediments as exempli-
fied by the drop in TOC within the sand layer at 15 ka. Relatively low
values are also found in the lower (>15.4 ka) and upper (b10.2 ka)
sediment units, partly associated with a coarser sediment composition.
Another reason for low TOC levels is a reduction in sedimentation
rates, especially in the Holocene interval. TOC accumulation rates
became sharply reduced at 10.2 ka following the shelf flooding and
southward migration of sediment depocenters and the coastline (Bauch
et al., 2001b). Organic matter in the modern Laptev Sea sediments has
been shown to have a dominant contribution of terrestrial component
delivered by rivers and coastal erosion (Boucsein and Stein, 2000;
Mueller-Lupp et al., 2000; Stein and Fahl, 2000; Stein, 2008). Therefore,
the highest TOC concentrations recorded in the middle sediment unit
(14–10.2 ka) are most likely a manifestation of the growing fluvial influ-
ence upon the site. The drop in TOC content in the middle of this sedi-
ment unit, between 13 and 12 ka, is related to the decrease in
sedimentation rates and probably points to a reduction in river runoff in-
fluence and activity of coastal abrasion due to heavier sea-ice cover.
The simultaneous reduction of C/N ratios is more difficult to explain.
The C/N ratio has been used to distinguish between terrestrial organic
matter, which shows ratios >15, andmarine organicmatter with ratios
b10 (Knies et al., 1999; Vogt et al., 2001) or even b7 (Stein, 2008). As
seen in our record, terrestrial organic matter prevailed throughout the
section. It was only after about 3 ka, when C/N ratios decrease to 8–9
and more marine matter began to accumulate, that the modern-like
marine environment became established. In this context, similar C/N
values found during 13–12 ka might evidence either increased phyto-
plankton productivity or a contribution of inorganic nitrogen (Stein,
2008). The latter assumption seems likely since an increased produc-
tivity is exemplified by the increase in TOC and a decrease in C/N as
observed between 13.7 and 13 ka and, especially, around 12–11 ka
(Fig. 3).

The very low C/N ratios in the lower sediment unit (>15.4 ka) are
likely related to diagenetic alterations. In this part of the section,
authigenic concretions of vivianite occur, and the lowermost C/N values
of 8 precisely correspond to the peak in vivanite which is observed after
the IRD input ceased (Fig. 3; Taldenkova et al., 2010). Also, the spikes
in CaCO3 content in the lower sediment unit, which is almost devoid
of any calcareous microfossils, seem to be somehow related to the
occurrence of concretions. Highest CaCO3 contents of about 5% correlate
with a peak in vivianite at c. 16.2–15.8 ka, whereas the 0% content
of CaCO3 corresponds to the major concretion-formation event at
about 17.2–16.8 ka, when both vivianite and rhodochrosite co-occur
(Taldenkova et al., 2010). In the more fossiliferous part of the core,
CaCO3 content shows a positive correlation with the total abundance
of calcareous microfossils (Figs. 3, 4, 7).

Fig. 7. Distribution of ostracods in core PS51/154: a) total abundance; b–f) abundances
of different ecological groups. Shading corresponds to the time intervals of prominent
changes in the composition of benthic foraminifers. Dark gray shading marks the
prominent slide event at about 15 ka.
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4.3. Benthic foraminifers

Calcareous benthic foraminifers are the major component of micro-
fossil assemblages in core PS51/154 (Figs. 4, 5). They occur throughout
the sediment sequence besides the lower sediment unit (>15.4 ka),
where they are almost absent due to the prevalence of anaerobic bottom
water conditions as indicated by authigenic concretions (Taldenkova
et al., 2010). The co-occurrence of the perfectly preserved tests of rare
planktic foraminifers (Fig. 6) eliminates calcite dissolution as the possible
explanation for the absence of benthics. However, there are two
short intervals within this unit where single benthic foraminifers do

occur, at c. 17.2 and 16.2 ka, time-coeval with IRD peaks (Taldenkova
et al., 2010). The assemblage is comprised of the species Cassidulina
reniforme, C. neoteretis, I. norcrossi/helenae, Elphidium clavatum, Nonion
labradoricum, Pyrgo williamsoni, B. frigida, Quinqueloculina spp. In sedi-
ments younger than 15.4 ka preservation of tests is good, especially be-
tween 15.4 and 12 ka. Only between 12 and 10.2 ka are there some
tests with fragmentation and traces of corrosion. Preservation of tests is
generally good in the Holocene section except the uppermost 15 cm
(b2 ka), where calcareous foraminifers are sparse and replaced by
agglutinated forms.

Time interval 15.4–14.7 ka is characterized by the predominance of
C. reniforme (60–70%), a typical arctic cold-water species preferring
salinities above 30, but able to tolerate slightly more freshened environ-
ments with reduced food supply (Korsun et al., 1994; Steinsund et al.,
1994; Polyak et al., 2002). High percentages of opportunistic species
E. clavatum and cold-water Stainforthia loeblichi indicate heavy seasonal
sea-ice conditions (Hald et al., 1994; Ślubowska et al., 2005). An oppor-
tunistic species Stainforthia feylingiwhich reaches up to 20–30% gives ev-
idence for unstable environmentwith periodically lowoxygen conditions
at the sea floor (Knudsen and Seidenkrantz, 1994; Knudsen et al., 2008).
Arctic species I. norcrossi/helenae, I. islandica, and Cibicides lobatulus are
characteristic of cold and saline water environment (Steinsund et al.,

Fig. 8. Distribution of ostracods in core PS51/154: a) total abundance of North Atlantic
species; b–j) abundances of different species.Mind reversed scales for C. pseudomontrosiense,
C. porterae, C. arcuatum, C. biconvexa, C. perlaria, P. caudata. Shading corresponds to the time
intervals of prominent changes in the composition of benthic foraminifers.

Fig. 9. Overregional comparison of the western Laptev Sea records with North Atlantic
and western Arctic data: a) NGRIP oxygen isotope record (http://www.iceandclimate.
nbi.ku.dk/data/); b) IRD record from the western Laptev Sea upper continental slope
(PS51/154) and outer shelf (PS51/159); c) record of Cassidulina neoteretis percentage
in the western Laptev Sea upper continental slope (PS51/154) and northern Svalbard
shelf (NP94-51; Ślubowska et al., 2005; Šlubowska-Woldengen et al., 2008); d–f) records
from the western Laptev Sea upper continental slope (PS51/154): d) total abundance of
subpolar planktic foraminifers; e) total abundance of North Atlantic ostracods; f) dinocyst
AH-ratio and relative abundance ofOperculodinium centrocarpum. Shading corresponds to
the time intervals of prominent changes in the composition of benthic foraminifers.
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1994; Polyak et al., 2002). Rather remarkable is the high abundance of C.
neoteretis (averaging 15–20%) as this would manifest a continuous pres-
ence of chilled and saline ADW at the site. This is because the occurrence
of C. neoteretis at the Arctic continentalmargins is clearly restricted to the
areas influenced bymodified Atlantic waters, and seems to avoid regions
with admixture of freshened shelf waters (Steinsund et al., 1994;
Wollenburg and Mackensen, 1998; Osterman et al., 1999; Lubinski et
al., 2001; Wollenburg et al., 2004). This species has also been found to
be related to areas of brine release from sea ice freezing at the surface
(Knudsen et al., 2008), and to be common in seasonally ice-free condi-
tionswith high seasonal productivity (Rasmussen et al., 2007). Food pref-
erences of C. neoteretis, probably phytodetritus or associated bacteria,
reflect an associationwith FSBWwith relatively high phytodetrital depo-
sition, temperature and salinity (Wollenburg and Mackensen, 1998;
Lubinski et al., 2001).

Time interval 14.7–13.2 ka is distinguished by the highest relative
abundance of E. clavatum (40–60%) in the core pointing to
more freshened and turbid waters (Hald et al., 1994). Compared to
C. reniforme, a predominance of E. clavatum suggests more stratified
conditions (Duplessy et al., 2001). The highest percentages of
S. loeblichi (15–25%) confirm this interpretation and give evidence
for strong seasonality as this infaunal opportunistic species takes
advantage of pulses of high seasonal productivity (Polyak et al.,
2002). Like in the case with the previous time interval, high percent-
ages of these species point to seasonally heavy sea-ice conditions. The
tendency towards enhancement of seasonal productivity is corroborat-
ed by increasing percentages of Islandiella spp. and P. williamsoni. An ex-
ceptionally high spike of up to 80% of S. feylingi at 14.4 ka likely indicates
reduced ventilation resulting from enhanced productivity (Knudsen et
al., 2008). Subsurface ADW inflow was strong and constant as seen
from the highest percentages of C. neoteretis.

Time interval 13.2–12 ka shows highest total abundance of benthic
foraminifers, up to 5994 tests/100 g dry sediment, around 13 ka concur-
rent with a decrease in the relative representation of all species besides
C. reniforme which reaches up to 90% (Fig. 4). Such combination might
indicate a short-lived establishment of harsh environmental conditions
as this fast-reproducing species can take advantage also of rather unfa-
vorable environments, like glacio-marine fjords (Korsun et al., 1994;
Steinsund et al., 1994; Polyak et al., 2002) or even mud volcanos with
methane seepage (Wollenburg and Mackensen, 2009). As revealed by
cluster analysis the occurrence at 13 ka coincideswith amajor threshold
in the composition of benthic foraminifers in general (Fig. 4). This time
therefore likely marks a change from cold-water glacial-influenced
assemblages to a series of assemblages representing the gradual transi-
tion to the modern assemblage. At 12.6 ka the benthic foraminiferal
assemblage became more diverse with the dominance of C. neoteretis
(up to 40–50%), C. reniforme and E. clavatum. After an intermittent
abundance peak of C. reniforme around 12 ka, C. neoteretis completely
disappeared from the record until about 7 ka.

Time interval 12–10.2 ka is characterized by somemajor changes in
the composition of benthic foraminiferal assemblages. During the inter-
val 12–11 ka, highest representation of I. norcrossi/helenae, I. islandica,
and, especially, the only appearance of N. labradoricum in the core
record, gives evidence of high seasonal productivity in association
with the sea-ice marginal zone (Polyak et al., 2002; Wollenburg et al.,
2004). In the later phase, between 11 and 10.2 ka, C. reniforme domi-
nates the assemblage during times of the highest sedimentation rates.

Time interval 10.2–5.2 ka is rather poorly resolved due to the sharp
drop in sedimentation rates (Figs. 2, 3). Still, growing representation of
Melonis barleeanus and a gradual decrease of C. reniformemark a transi-
tion to the modern-like foraminiferal assemblage (Fig. 5). Melonis
barleeanus is a river-distant, relatively deep-water infaunal species
which often occurs on soft grounds in troughswhere it feeds on organic
detritus (Caralp, 1989; Korsun et al., 1994; Steinsund et al., 1994; Polyak
et al., 2002). Although it has been linked to Atlantic waters within
troughs of the Barents Sea, Melonis barleeanus occurs there together

with cold winter bottom waters and shelf-derived organic matter
(Steinsund et al., 1994).

Time interval 5.2–2 ka is strongly different from assemblages before
as it represents a modern-like community. It is dominated by arctic
river-distal speciesM. barleeanus, Islandiella spp., and Cibicides lobatulus.
The latter epifaunal species is usually regarded as an indicator of current
activity (Polyak et al., 2002), but it can also give evidence for the pres-
ence of coarse particles on which it prefers to settle (Korsun et al.,
1994; Steinsund et al., 1994). The percentage of species with epifaunal
modes of life (C. lobatulus, Astrononion gallowayi, Elphidium subarcticum)
reaches highest values during this time interval in accord with high IRD
content (Fig. 3). Interestingly, simultaneously with the establishment of
modern-like, deep-water assemblage, the share of river-proximal species
also increases (Fig. 4). This is corroborated by the reappearance of
C. neoteretis indicating the return of ADW at the site's water depth.

4.4. Planktic foraminifers

The polar species N. pachyderma sin. is by far the dominant species
in the core, and its abundance variability mirrors the distribution
of the total abundance of planktic foraminifers (Fig. 6). The peak
abundance of planktic foraminifers is found at the base of the core
(c. 17.2 ka), and in the same samples which contain only few benthic
foraminifers. Most of these specimens are of rather small size with
tests mainly occurring in the size-fraction 63–125 μm. This is notably
the only interval within the core where the abundance of diverse
subpolar species exceeds that of N. pachyderma sin. (Fig. 6).

Subpolar planktic foraminifers, which may be indicative of
subsurface-derived Atlantic water inflow to the Laptev Sea (Bauch,
1999; Volkmann, 2000) already appeared at the very base of the core,
at c. 17.6 ka. They are represented by several tests of Globigerinita uvula
(Fig. 6). However, themost diverse assemblage of subpolar planktic fora-
minifers (>3000 tests/100 g sediment) is recorded slightly later, at
c. 17.2 ka. The group is now comprised ofN. pachyderma dex.,Globigerina
bulloides, Globorotalia scitula, Globorotalia inflata, Globigerinita uvula,
Globigerinita glutinata, and Turborotalita quinqueloba (Fig. 6).

Until 15.4 ka subpolar planktic foraminifers occur periodically in
low numbers, a few tests per sample. After 15.4 ka the total abundance
of all planktic foraminifers increases and remains high until about
13 ka. The percentage of subpolar species is relatively high, 10–20%.
Similar to the total abundance, taxonomic diversity of subpolar planktic
foraminifers decreases at about the same time, i.e. 13 ka. Both facts
point to the influence of freshened shelf water masses as a possible rea-
son for observed changes. During the time interval 12–10.2 ka subpolar
planktic foraminifers as well as N. pachyderma sin. are especially rare,
probably, due to the strongest freshwater influence on the site.

Inmid–late Holocene times, another increase in the total abundance
of planktic foraminifers in the interval 5.2–2 kamarks a transition to the
modern-like conditions. Unlike during lateglacial and deglacial times,
taxonomiс diversity of subpolar planktic foraminifers is low. Only
three species, N. pachyderma dex., G. bulloides and T. quinqueloba, are
present, the latter two being extremely rare (Fig. 6).

4.5. Ostracods

With regard to the ostracod components in core PS51/154, we con-
centrate on the distribution of different ecological groups (Fig. 7) and
representatives of the North Atlantic group, i.e., species found on
shelf-upper slope in both North Atlantic and Arctic oceans, together
with the Arctic cold-water species Krithe glacialis (Fig. 8); a more
detailed record of all ostracod species from core PS51/154 is given in
Stepanova et al. (in press). The ecology of ostracod species has gained
considerably less attention compared to foraminifers. Therefore, the
relationship between the group of North Atlantic ostracods and the
inflows of ADW is rather provisional. These species are restricted to
the continental slope in the marginal Arctic Ocean seas, thus implying
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their association with the ADW (Stepanova et al., 2003, 2004, 2007;
Cronin et al., 2010), whereas in the North Atlantic they occur at consid-
erably larger water depths (Whatley et al., 1996; Alvarez Zarikian et al.,
2009).

The oldestfinding of ostracod valves refers to the same sediment layer
(c. 17.2 ka) where also the abundant but small-sized subpolar planktic
foraminifers were recognized. This finding includes two North Atlantic
species, C. laptevensis and C. paralatissimum (Fig. 8). During the time
interval 15.4–10.2 ka, ostracod assemblages demonstrate the highest
diversity as they include the full range of ecological groups fromrelatively
deep-water North Atlantiс species to species indicative of brackish- and
even freshwater environments (Fig. 7). This gives evidence of the prox-
imity of the Siberian paleo-coast relative to the site aswell asfluvial influ-
ence on one hand, and the presence of cold andmarine open-sea waters,
on the other. Abundance peaks of ostracods at about 14.7–14.5, 13 and
12 ka correlate with the peaks of benthic foraminifers implying either
high surface water productivity or, in contrary, a better preservation of
calcareous tests due to more permanent sea ice and low input of organic
matter to bottom sediments (Wollenburg et al., 2004; Schell et al., 2008).

Continuous presence ofNorth Atlantic species since 15.4 ka suggests
constant influence of ADWon thewestern Laptev Sea continental slope.
The relative abundance of these species is high during time-intervals
15.4–14.7 and 13–12 ka, but diminishes during subsequent periods of
stronger fluvial influence and growing seasonal productivity 14.7–13
and 12–10.2 ka. Thus, we assume that from the ecological point of view
these species are indicators of more saline, cold-water environments
withweakwater stratification. Like in the casewith subpolar planktic for-
aminifers, North Atlantic ostracods are more taxonomically diverse prior
to c. 10.2 ka than in the Holocene. Several species, like C. paralatissimum,
C. pseudomontrosiense, C. inflatum, B. constricta, P. caudata disappear at
this time level. Others persist in theHolocene, and the onlyNorthAtlantic
species introduced as new is C. perlaria.

Since 5.2 ka the percentage of North Atlantic ostracods decreases, and
shallow-water marine species Sarsicytheridea punctillata (Stepanova
et al., in press) becomes dominant. Simultaneously, the percentage of
inner-shelf euryhaline species also increases. These species are likely
being ice-rafted to this distant locality (Stepanova et al., in press).

5. Past environmental changes in the western Laptev Sea in
relation to Atlantic water mass influence

There is ample evidence for a continuous inflow of Atlanticwaters to
the Arctic Ocean, namely along the eastern Nordic seas and Fram Strait
to the northern Barents Sea margin, during various phases of the
last 150 ka (Knies et al., 1999), including the Last Glacial Maximum
(LGM), the last deglaciation and Holocene (Bauch et al., 2001a;
Nørgaard-Pedersen et al., 2003; Wollenburg et al., 2004; Ślubowska et
al., 2005; Rasmussen et al., 2007; Ślubowska-Woldengen et al., 2007,
2008). Due to the complicated history of regional sea-level changes,
glaciation and deglacial processes, the influx of ADW to the troughs of
the northern Barents and Kara seas after the LGM was intermittent
(Hald et al., 1999; Lubinski et al., 2001; Ivanova et al., 2002). Core
PS51/154 from the upper Laptev Sea continental slope is located in
the vicinity of the exposed Laptev Sea shelf which was not glaciated
during the LGM (Fig. 1; Svendsen et al., 2004), but which was always
connected to the global ocean. It is therefore well-suited to record
inflow patterns of ADW through time for both, lateglacial and early
deglacial periods when the only pathway with the FSBW existed, and
those times since 12–10 ka when the BSBW pathway to the troughs
was re-established (Polyak and Mikhailov, 1996; Lubinski et al., 2001).

5.1. Time interval c.17.6–15.4 ka

Already at the very base of core PS51/154 sediment record with
extrapolated age of 17.6 ka rare tests of subpolar planktic foraminifer
G. uvula give evidence for ADW influence on the western Laptev Sea

continental slope. During the lateglacial and early deglacial period
single subpolar planktic foraminifers occur sporadically, except for an
outstanding short-lived event at c.17.2 ka, when their diversity and
abundance increase drastically (Figs. 6, 9). Co-occurrence of benthic
microfossils including C. neoteretis and North Atlantic ostracods, which
are otherwise almost absent prior to 15.4 ka, indicates concurrent ame-
lioration of bottom water environment at the site likely due to the influ-
ence of ADW. However, the general absence of benthic microfossils
during 17.6–15.4 ka (which was not the result of dissolution) and the
occurrence of authigenic concretions point to predominantly anaerobic
conditions at the sea floor that were unfavorable for benthos.

The overall glacial-like environment of the studied site at the upper
continental slope prior to 15.4 ka represented a cold-water marine
setting, with closely located coastline on exposed permafrost shelf
(Hubberten et al., 2004). Low TOC content in the sediments suggests
there was little supply of organic matter from the frozen mainland,
also because of reduced river discharge under cold and dry climatic
conditions (Tarasov et al., 1999). Predominance of cold-water euryha-
line dinocysts and the absence of autotrophic species indicate dimin-
ished biological production due to heavy sea-ice conditions (Fig. 9;
Klyuvitkina, 2007; Klyuvitkina et al., 2009). However, the four IRD
peaks document more seasonally open-water conditions with drifting
icebergs, whereas subsequent periods of meltwater-induced stratifica-
tion and concretion formation evidence more severe sea ice covered
environment in summer (Taldenkova et al., 2010).

In winter, offshore winds blowing from the cold permafrost main-
land should have maintained open water coastal polynyas. Given the
proximity of the coastline and the steepness of submarine slope
(Fig. 1), the past environment likely resembled the modern regions of
the NW Laptev Sea close to Severnaya Zemlya. Here, active sea-ice
formation in polynyas produces cascading of dense saline cold waters
which ventilate bottom waters on the slope and facilitate upwelling of
ADW (Ivanov and Golovin, 2007). Also, similarly to modern observa-
tions, stronger offshore winds forced the core of ADW tomove onshore
(Dmitrenko et al., 2006, 2010). It couldwell be the case that periodically
strong upwellings of ADW to the site of core PS51/154, like the c.
17.2 ka event correlative with IRD peak, resulted from such active
water circulation in the former nearcoastal zone. In lateglacial and
early deglacial times, Atlantic water in the Nordic seas was flowing as
a strong subsurface current beneath the polar meltwater layer and
transported considerable warmth to the Arctic Ocean (Bauch et al.,
2001a; Rasmussen et al., 2007). As a subsurface inflow it continued
further into the Arctic along the continental slope and definitely also
reached the Laptev Sea. The fact that it carried abundant “exotic”
warm-water subpolar planktic foraminifers suggests that it was not un-
dergoing considerable alterations on the way. Between c. 17.6 and
15.4 ka global sea level was more than 100 m lower than now
(Fairbanks, 1989). Therefore, the core site was located at water depths
of about 160–170 m, probably, above the upper limit of the ADW
layer. As a result, only periodically did strong upwellings advect these
waters upslope to reach the site.

5.2. Time interval 15.4–14.7 ka

During this time interval environmental setting resembled that of
the previous period in terms of proximity to the Siberian coastline and
cold-water predominantly ice-covered conditions. Proximity to the
coast is evidenced by the prominent sand slide event at 15 ka with
freshwater and brackishwater ostracods and river-proximal foramini-
fers. Growing but still low TOC content and the absence of autotrophic
species among dinocysts (Fig. 9; Klyuvitkina, 2007; Klyuvitkina et al.,
2009) indicate reduced surfacewater productivity due to heavy season-
al sea-ice cover. The same is generally suggested by the taxonomic
composition of benthic assemblages where cold-water arctic species
predominate among benthic foraminifers (C. reniforme) and ostracods
(K. glacialis).
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The major change relates to the drastic decrease in IRD and increase
in benthic and planktic microfossils. Low IRD content suggests that
iceberg-rafting almost ceased due to the inland retreat and melting of
ice caps (Taldenkova et al., 2010). Continuous presence of benthic
organisms and relatively high total abundance imply amelioration of
bottom water environment, which was most likely due to the growing
influence of ADW. The latter might have been also induced by local up-
welling events as indicated by the high percentages of S. feylingi
(Knudsen et al., 2008). Upwelling of ADW to the site location occurred
frequently as evidenced by almost continuous presence of C. neoteretis,
diverse subpolar planktic foraminifers and North-Atlantic ostracods
(Fig. 9). In the eastern Nordic seas strong northward advection of Atlan-
tic water in the subsurface layer occurred in the stratifiedwater column
beneath the surface meltwater-freshened layer (Bauch et al., 2001a;
Rasmussen et al., 2007). In cores JM03-373 and JM02-460 to the south-
west from Spitsbergen (Fig. 1), the relative abundance of C. neoteretis
reached up to 40% (Rasmussen et al., 2007). This subsurface inflow
was rather strong also north of Spitsbergen, where the percentage of
C. neoteretis in core NP94–51 (Fig. 1) was 20–25% (Fig. 9; Ślubowska
et al., 2005; Ślubowska-Woldengen et al., 2008). The relative abun-
dance of C. neoteretis in core PS51/154 in the western Laptev Sea is
comparable, up to 20–25%, thus indicating the far reaching rather
unmodified subsurface inflow of ADW with its northern branch
(FSBW). The pathway of ADW through the Barents shelf (BSBW) was
likely still non-existent (Lubinski et al., 2001).

5.3. Time interval 14.7–13.2 ka

This period corresponds to the warm Bølling–Allerød interstadial
that abruptly started at 14.7 ka as indicated by the Greenland ice core
data (Fig. 9; Steffensen et al., 2008). The sea-level rose above −100 m
water depth that led to the onset of the Laptev shelf flooding
(Fairbanks, 1989; Bauch et al., 2001b). Due to climate amelioration,
active coastal erosion, increased river runoff and still rather close loca-
tion of the coastline to the site of core PS51/154 sedimentation rates
increased, as did the amount of terrestrial organicmatter (Fig. 3). Stron-
ger fluvial influence upon the site likely induced by climate warming is
primarily evidenced by the dominance of E. clavatum among benthic
foraminifers which took advantage of thriving in more stratified and
turbid waters. Seasonal ice cover remained rather heavy as indicated
by high percentages of S. loeblichi, E. clavatum among benthic foramin-
ifers andK. glacialis among ostracods. However, the growing abundance
of Islandiella spp. since 14.4 ka, high abundance of planktic foraminifers
including numerous subpolar speciesmanifest a shift to more seasonal-
ly open conditions as compared to previous times.

The inflow of subsurface ADWwas strong and constant as seen from
the highest percentages of C. neoteretis sometimes rising up to 60%
(Fig. 9). Due to the rapidly increasing water depths, the core site prob-
ably became located within the upper part of the ADW layer. In the
west, the subsurface flow of Atlantic waters was strong along the west-
ern Barents Sea margin and affected the shelf areas (Ebbesen et al.,
2007; Rasmussen et al., 2007; Ślubowska-Woldengen et al., 2008).
Relative representation of C. neoteretis in cores JM03-373, JM02-460
and JM02-440 was around 20%. Even higher values, up to 50–60%,
were recorded north of Svalbard in core NP94-51 (Fig. 9; Ślubowska
et al., 2005; Ślubowska-Woldengen et al., 2008) and in cores from
Franz Victoria and St. Anna troughs (Lubinski et al., 2001). The remark-
able similarity in the outline of C. neoteretis records in the western
Laptev Sea and Northern Spitsbergen shelf demonstrates that it was
the same subsurface inflow of ADW with the FSBW that continued
largely unmodified along Eurasian continental slope (Fig. 9). Although
the troughs in the northern Barents and Kara seas were deglaciated by
about 15 ka, the timing of the establishment of another pathway of
Atlantic waters through the Barents shelf remains questionable
(Lubinski et al., 2001). In the southwestern Barents Sea shelf, sporadic
occurrence of C. neoteretis and the absence of planktic foraminiferal

fauna in cores JM05-085 and PSh-5159 (Fig. 1) prior to 13.8 ka allows
assuming brief influence of Atlantic waters at the seafloor with gradual
intensification afterwards between 13.8 and 12.7 ka (Aagard-Sørensen
et al., 2010; Chistyakova et al., 2010).

5.4. Time interval 13.2–12 ka

This time interval largely corresponds to the cold Younger Dryas pe-
riod characterized by freshwater-induced weakening of the North At-
lantic thermohaline circulation and, therefore, reduced influence of
Atlantic waters in the eastern Nordic seas and the Barents Sea (Bauch
et al., 2001a; Bradley and England, 2008; Ślubowska-Woldengen et al.,
2008). In the western Laptev Sea it is distinguished by drastic changes
in lithology and composition of benthic assemblages. Reduction in sed-
imentation rates during thewhole interval is combinedwith the drop in
TOC and C/N after 13 ka. Total abundances of allmicrofossil groups peak
at 13 ka, and to a lesser degree at 12 ka. The largest peak at 13 ka is rep-
resented by a single dominant species C. reniforme among benthic fora-
minifers concurrent with the disappearance of ADW-indicative species
C. neoteretis.

It is likely that the abundance peaks at 13 ka and still high TOC
content between 13.2 and 13 ka are the result of environmental de-
velopment during the Bølling–Allerød period that culminated in lon-
ger seasonally ice-free conditions and surface water warming. Indeed,
the data on aquatic palynomorphs, especially the first appearance of
autotrophic species among dinocysts at 13 ka confirms this interpre-
tation (Fig. 9; Klyuvitkina, 2007; Klyuvitkina et al., 2009).

However, the “monospecific” composition of the benthic foraminif-
eral assemblage dominated by the Arctic opportunistic species
C. reniforme at 13 ka gives evidence for a shift to harsh environmental
conditions. It could be initiated by a strong influx of freshwater that pro-
duced a stratified water column in the coastal region and displaced the
ADWwater layer offshore. Strong freshening of the upperwater layer at
around 13 ka was recorded by the negative shift in δ18O composition of
planktic foraminifers N. pachyderma sin. from nearby core PS2458 on
the eastern Laptev Sea continental slope in front of the former Lena
River mouth (Fig. 1; Spielhagen et al., 2005). It was proposed that the
freshwater influx resulted from an outburst of river water after the dis-
appearance of a dam across the Lena River formed by an extension of
mountain glaciers (Spielhagen et al., 2005). Similar prominent δ18O
minimum in planktic foraminifers was identified at about 13 ka further
eastward at the Chukchi margin. It was likely caused by meltwater dis-
charge from the Laurentide ice sheet possibly associated with the
flooding from Lake Agassiz (Polyak et al., 2007). These freshwater in-
puts to the Arctic Ocean in combination with sea-level rise and intensi-
fication of water circulation also due to the Bering Strait opening close
to 13 ka resulted in the massive evacuation of the thick multiyear ice
to the North Atlantic thus contributing to initiation of the Younger
Dryas event (Bradley and England, 2008; England and Furze, 2008).

As a consequence of 13 ka freshwater event(s) the seasonal ice cover
at the studied location became heavier. Sedimentation rates and TOC
content decreased because of lower primary productivity and weaker
coastal erosion. The total abundance of microfossils, especially planktic
foraminifers, decreased between about 12.7 and 12 ka. However, at the
same time the prominent peak in the percentage of C. neoteretis of up
to 40–50% shows that ADW likely affected the bottom water layer
below the freshened and stratified water column (Fig. 9). This peak in
C. neoteretis in the western Laptev Sea does not correlate to the evidence
from the “upstream” regions in the northern Barents and Kara troughs
(Lubinski et al., 2001) and around Svalbard (Fig. 9; Ślubowska et al.,
2005; Ślubowska-Woldengen et al., 2007, 2008) which all indicate
reduced inflow of ADW during this time. The same is true for the
southwestern Barents Sea shelf. Although the influence of Atlantic wa-
ters gradually intensified there, the continued inflow reflected by
similarly high representation of C. neoteretis began at 11.9–11.8 ka
(Aagard-Sørensen et al., 2010; Chistyakova et al., 2010). It might be
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assumed that the observed C. neoteretis peak in thewestern Laptev Sea is
a result of specific past regional development.

5.5. Time interval 12–10.2 ka

Although rather unstable, the period of the late Younger Dryas–
Holocene transition corresponding to the times of summer insolation
maximum (Berger and Loutre, 1991) is characterized by evident
climate-induced surface water warming at the western Laptev Sea con-
tinental slope as reflected by microfossils. Especially between 12 and
11 ka, relatively high total abundances of benthicmicrofossils in combi-
nationwith increased percentages of such species as I. norcrossi/helenae,
I. islandica, and the single peak of N. labradoricum give evidence for
high seasonal productivity. These species are known to prefer fresh
phytodetritus associated with sea-ice marginal zone (Polyak et al.,
2002;Wollenburg et al., 2004). It is likely, that during 12–11 ka the sea-
sonal drift ice limit was located close to the core site. High seasonal pro-
ductivity is corroborated by the highest TOC values accompanied by a
decrease in C/N ratio thus indicating growing contribution ofmarine or-
ganic matter. The observed fragmentation of foraminiferal tests and a
decrease in CaCO3 content likely result from dissolution produced by
corrosive bottom waters. The latter are linked to sea-ice production
and remineralization of organic matter occurring in the regions with
seasonal sea-ice cover and enhanced summer productivity (Steinsund
and Hald, 1994; Bauch et al., 2001a; Wollenburg et al., 2004; Schell et
al., 2008). Also, the percentage of autotrophic species of dinocysts in-
creases considerably, especially after 11 ka, as does the relative abun-
dance of North Atlantic species O. centrocarpum (Fig. 9; Klyuvitkina
and Bauch, 2006; Klyuvitkina, 2007; Klyuvitkina et al., 2009). Palyno-
logical data evidence that regional climate conditions were warmer
than present after 11.3 ka and until 5.3 ka (Naidina and Bauch, 2011).

Both, the highest TOC values and sedimentation rates result from
active coastal erosion in the course of extensive outer and middle
shelf flooding by rapidly rising sea level (Bauch et al., 1999, 2001b;
Taldenkova et al., 2005, 2008). Together with increasing fluvial sup-
ply due to climate warming this caused formation of freshened shelf
water mass that actively interacted with the open-sea waters. The
resulting freshening and stratification of the open-sea waters on the
upper continental slope created environmental conditions that were
unfavorable for planktic foraminifers and C. neoteretis (Lubinski et
al., 2001). The latter species is completely absent in our record during
12–10.2 ka. It is possible to assume that ADW was shifted offshore
away from the core site.

In the central Nordic seas and western Barents shelf margin, the
reconstructed warmest surface waters after 11 ka are assumed to indi-
cate enhanced inflow of surface Atlantic waters (Sarnthein et al., 2003;
Hald et al., 2004; Ebbesen et al., 2007; Hald et al., 2007; Rasmussen et
al., 2007; Ślubowska-Woldengen et al., 2007, 2008). Since warm
Atlantic water flowing into the Nordic seas suffers substantial heat
loss on its way to the north, at the northern Svalbard margin the inflow
of Atlantic water is recorded mostly as an increase in salinity and pro-
ductivity, whereas C. neoteretis content is rather low in the cores west-
ward and northward from Svalbard (Ślubowska et al., 2005; Rasmussen
et al., 2007; Ślubowska-Woldengen et al., 2007, 2008). However, it
might be also due to the ecological preferences of C. neoteretis which
is rather associated with chilled subsurface than surface Atlantic waters
(Wollenburg and Mackensen, 1998; Osterman et al., 1999; Lubinski et
al., 2001; Wollenburg et al., 2004).

In contrast, the relative abundance of C. neoteretis was high in the
southwestern Barents Sea after 11.8–11.5 ka reaching up to 50–60%
in core PSh5159 (Aagard-Sørensen et al., 2010; Chistyakova et al.,
2010). Here at 11–9.8 ka, Atlantic water was in the subsurface over-
lain by cold freshened surface water and extensive seasonal sea ice
cover (Chistyakova et al., 2010; Risebrobakken et al., 2010), the con-
ditions which are favorable for C. neoteretis. However, further north-
ward in Franz Victoria and St. Anna troughs the subsurface and

bottom waters were apparently occupied by cold BSBW after 11 ka,
as suggested by the very low abundance of C. neoteretis and specific
changes in the isotopic composition of planktic and benthic forami-
niferal tests (Lubinski et al., 2001). Continuous and strong inflow of
Atlantic water to the southwestern Barents Sea might be related to
the changes in atmospheric circulation preferentially pushing Atlantic
water in the lateral direction to the Barents Sea (Lubinski et al., 2001).
Inference about stronger westerlies during early–mid Holocene gets
support in the eastward shift of subsurface Arctic water recorded in
the core from the Vøring plateau (Risebrobakken et al., 2003). Further
distribution of Atlantic waters on the Barents shelf was guided by
overdeepening of the northern Barents Sea caused by a thicker glacial
load in the north compared to its southern part (Lubinski et al., 2001).
Both processes explain the dominance of cold BSBW in the northern
troughs. The enhancement of BSBW influence in the troughs might
be also tentatively related to the disappearance of C. neoteretis in
core PS51/154 after 12 ka as this site in the western Laptev Sea
experiences combined influence of both Atlantic water branches,
and C. neoteretis is largely restricted to FSBW (Lubinski et al., 2001).

5.6. Time interval 10.2–5.2 ka

This time interval in core PS51/154 is poorly resolved due to the
sharp break in sedimentation rates after the flooding of outer and mid-
dle shelf completed, and depositional centers shifted farther inland
(Bauch et al., 1999, 2001b). The core site gradually became located at
the modern water depth and at a considerable distance from the
coast. The low total abundances of all groups of microfossils and the de-
creasing representation of “phytodetritus” species might be an indica-
tion of offshore displacement of the average summer drift ice margin
from the core site due to progressive surface water warming. This as-
sumption is corroborated by the near absence of IRD and ice-rafted mi-
crofossil species from the inner shelf region, i.e. river-proximal
foraminifers and euryhaline/brackishwater ostracods. These species, to-
gether with coarse sediment fragments, are entrained into the newly
formed ice in the nearshore zone during autumn storms and brought
to the seasonal drift ice margin, from where they start their drift
through the ocean partly melting away on the way (Reimnitz et al.,
1987, 1994; Eicken et al., 1997). This implies that the colder the summer
is, the farther onshore is the seasonal drift ice limit, and more IRD and
shallow-water microfossils are released next summer within the outer
Laptev Sea. In the surface samples from the Laptev and Kara seaswe ob-
served two maxima in the distribution of euryhaline ostracods, the
main one in the inner shelf zone, where these species predominate,
and a second subordinate one on the outer shelf and upper continental
slope, where relatively deep-water species are dominant (Stepanova et
al., 2003, 2007). In the Barents Sea cores, it has been also observed that
the distribution of benthic foraminifers largely relates to migrations of
sea-icemargin and Polar front, and that theHolocenewarming deduced
from isotopic data is accompanied by decreasing abundance of forami-
nifera (Ivanova et al., 2002).

It might be concluded that the seasonal sea-ice marginal zone
shifted northward from core site PS51/154 during 11–7 ka. As the
Laptev Sea was not subject to meltwater influence at this time, this
early Holocene optimumwas likely due to surfacewaterwarming in ac-
cordance with the peak summer insolation. During most of the early
Holocene the sea-ice cover was strongly reduced in the Arctic with pe-
riods of ice-free summers even in the central Arctic Ocean (Jakobsson et
al., 2010; Polyak et al., 2010).Warm surface water conditions at the site
are also evidenced by high percentages of autotrophic dinocyst species
and high relative abundance of O. centrocarpum (Fig. 9; Klyuvitkina,
2007; Klyuvitkina et al., 2009). Pollen spectra suggest that climate con-
ditions between 10.3 and 8 ka were not only warmer but also more
humid than now (Naidina and Bauch, 2011).

In theNorth Atlantic and the Barents Sea bothmeridional and lateral
inflows of warm Atlantic water remained strong (Duplessy et al., 2001;
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Lubinski et al., 2001; Ebbesen et al., 2007; Rasmussen et al., 2007;
Ślubowska-Woldengen et al., 2007, 2008; Aagard-Sørensen et al.,
2010; Chistyakova et al., 2010). BSBW dominated the northern troughs
until 8.3 ka. Then FSBW returned and occupied thewater column in the
troughs down to the sea floor during the Holocene thermal optimum
7.8–6.8 ka (Duplessy et al., 2001; Lubinski et al., 2001; Duplessy et al.,
2005). Thereafter, due to continuing shoaling a separation between
Atlantic-derived water masses in the Barents Sea resulted in more
FSBW in Franz Victoria trough, and more BSBW in St. Anna trough
(Lubinski et al., 2001).

At about 7 ka the modern-type circulation started to evolve in the
Nordic seas with strong inflow of Atlantic water in the east to the Arctic
Ocean and outflow of the polar waters along Greenland (Bauch et al.,
2001a). By this time the last remaining Laurentide ice sheet vanished,
and this led to the enhancement of overturning strength of the thermo-
haline circulation (Renssen et al., 2009). A general cooling trend since
about 7 ka is recorded along the western Barents Sea margin and has
been interpreted as decrease in heat advection by Atlantic water during
times of diminishing northern insolation intensity (Sarnthein et al.,
2003; Hald et al., 2004; Ebbesen et al., 2007; Rasmussen et al., 2007;
Ślubowska-Woldengen et al., 2007, 2008). The combination of strong
advection of chilled ADW and climate cooling is manifested in our re-
cord by enhanced IRD input since 7.2 ka (due to the re-growth of ice
caps on Severnaya Zemlya) and simultaneous re-appearance of C.
neoteretis (Fig. 9; Taldenkova et al., 2010).

5.7. Time-interval 5.2–0.6 ka

During this time interval environmental changes became increas-
ingly influenced by climate variables other than sea-level-driven fac-
tors. Climate cooling is manifested in our record by enhancement of
iceberg-rafting due to regrowth of ice caps on Severnaya Zemlya
(Taldenkova et al., 2010). The better resolved record of IRD in nearby
core PS51/159 on the outer shelf (Fig. 1) showed that the IRD
peaks are centered at 7.2, 6.4, 5.4, 3, and 2 ka with the strongest
iceberg production recorded between 5.4 and 2 ka in both cores
(Fig. 9). In core PS51/154 a small IRD peak is also seen at c. 0.6 ka.
This millennial-scale variability in IRD input might be related to
overregional changes in atmospheric circulation. These are variations
in the mode of the North Atlantic (NAO) and Arctic (AO) oscillations
similar to millennial-scale variability in the intensity of westerlies as-
sociated with the NAO (Duplessy et al., 2005) or millennial-scale
climate-induced shifts in sea-ice drift pathways, freshwater discharge
and its spatial distribution controlled by the changes in the phase of
AO/NAO (Darby and Bischof, 2004; Darby et al., 2006).

Due to the low resolution of core PS51/154 record it is difficult to
trace similar climate-controlled variability in the ADW inflows to the
western Laptev Sea continental slope. However, it is evident that the
peaks in C. neoteretis percentages and abundance of subpolar planktic
foraminifers and North Atlantic ostracods generally correlate with the
observed IRD peaks (Fig. 9). The character of ADW inflows in the
mid–late Holocene and the overall environmental setting differ from
deglacial times. The percentage of C. neoteretis does not exceed 10%
compared to the average 20–30% during deglacial times (Fig. 9). Taxo-
nomic diversity of subpolar planktic foraminifers and North Atlantic os-
tracods is lower. The possible explanation is that instead of a strong
unmodified subsurface inflow of chilled ADW with FSBW during
deglacial times, in the mid–late Holocene both branches of ADW con-
tributed to the flow reaching the Laptev Sea.

The overall environmental setting was also different. Flooding of the
whole vast Laptev shelf resulted in less freshwater influence on the
distant regions on the western upper continental slope. Progressively
decreasing TOC content and C/N ratio result from reduction in terrestrial
organic matter supply and increasing contribution of marine organic
matter, especially after 3 ka. Drastic changes occurred in the benthic
foraminiferal assemblage, where M. barleeanus became dominant; a

relatively deep-water species thriving on slightly altered organic matter
and thus restricted to the distal areas with periodical delivery of organic
matter. High relative abundance of species with attached mode of life is
likely a result of increasing abundance of coarse IRD fragments in the
sediments. Growing representation of river-proximal foraminifers, and
re-appearance of euryhaline ostracods whichwere almost absent during
times of the early Holocene surface water warming, indicate onshore
shift of the summer drift ice margin and surface water cooling. All to-
gether, these features characterize establishment of the modern-like
environment with the variability of environmental parameters largely
induced by atmospheric forcing.

6. Conclusions

A new, high-resolution reconstruction of paleoceanographic
events at the western Laptev Sea upper continental slope is correlated
with those recorded in the western regions located on the pathway of
ADW from the North Atlantic.

• Subsurface ADW masses were continuously present at the western
Laptev Sea continental margin throughout the recorded time span,
i.e. since c. 17.6 ka.

• Until around 13 ka the ADW inflow to the Laptev Sea was an almost
unmodified continuation of the strong subsurface flow of chilled
FSBW water along the northern Eurasian continental slope. This is
judged from abundant diverse subpolar planktic foraminifers and
similarly high representation of C. neoteretis in the waters around
Svalbard and in the western Laptev Sea. With the exposed shelf,
the western Laptev Sea upper continental slope represented a
cold-water marine setting with heavy seasonal sea-ice cover and fre-
quent, wind-induced coastal polynyas in winter that facilitated up-
welling of ADW. Gradual climate amelioration since 14.7 ka resulted
in a longer seasonal ice-free period and a stronger fluvial influence.

• Between 13 and 7 ka environmental changes at the studied site in
the western Laptev Sea upper continental slope were largely driven
by sea-level factors, i.e. active shelf flooding, coastal erosion and es-
tablishment of freshened shelf water mass. The resulting freshening
and stratification of the open-sea waters forced the ADW flow to
shift offshore away from the core site. This is suggested by the dis-
appearance of C. neoteretis from the record between 12 and 7 ka.
The absence of C. neoteretis, which is largely restricted to the
FSBW, could be also tentatively related to enhancement of BSBW in-
fluence in the northern Barents and Kara troughs during the early
Holocene. The studied site was located within the sea-ice marginal
zone at 12–11 ka as seen from the only peak of Nonion labradoricum
and high percentages of other “phytodetritus” species. Later, during
the early Holocene climate warming, the sea-ice marginal zone was
displaced further offshore.

• Enhanced ADW inflow since 7 ka correlates with the establishment
of a modern-like environment, climate cooling, enhanced iceberg
production and southward retreat of the seasonal drift-ice margin.
ADW inflow during mid-late Holocene differed from deglacial
times because of the combined influence of both ADW branches.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.marmicro.2012.06.007.
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