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The article presents data on the study of the AI-3359 marine sediment core recovered
from the North Atlantic (east of the Reykjanes Ridge) during the Late Pleistocene
to Holocene (the last 45,000 years). The data on ice-rafted debris (IRD) and

N. pachyderma (s) distribution together with changes in the relative abundance of
CaCOg3 enable assigning several cooling events during the investigated period. In
the period of Late Pleistocene we found 4 cold events, which correspond to Heinrich
events. However, ages of these cold events are slightly different from well-known ages
of the Heinrich events. Six Holocene events in the study area centred at 10,800, 10,100,
6020, 2200, and 1200 years BP are the most pronounced cooling events with relatively
intensive ice rafting in the study area. Cooling of the subsurface layer without intensive
ice rafting is observed at 9300, 8300 and 4100 years BP. In the period of the Little Ice
Age, which is marked by cooling between 200 and 500 years BP, a late response of the
subsurface layer on cooling on the surface is registered. During some warm intervals
(800-1200 years BP, 3200-3900 years BP, 5300-5900 years BP, and 9600-10,000 years
BP), ice rafting still occurred in the study area. Increase in the number of foraminiferal
shells, calcium carbonate, and IRD during the last 230 years BP indicates a shift of
the Arctic Front to the south resulting in intensive ice rafting. KEYWORDS: North
Atlantic; paleocirculation; Heinrich events; Bond events; ice-rafted debris; Holocene.
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Introduction

It is known that reconstruction of climate and
oceanographic conditions is of great importance for
our understanding and modelling of mechanisms
of the current and future climate changes. Three
different Atlantic Meridional Overturning Circula-
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tion (AMOC) states prevailed during interglacials,
glacials, and short-term cold events, or stadials
le.g., Rahmstorf, 2002]. During interglacials, the
circulation of deep water masses was in general
similar to the modern state. Intensive advection of
the warm Atlantic surface waters into the high lati-
tudes occurred. This led to the active deep convec-
tion with the North Atlantic Deep Water (NADW)
formation in the Nordic Seas and stabilization of
the AMOC system [Rahmstorf, Wright and
Flower, . Glacial periods were characterized
by suppressed NADW formation and migration of
the North Atlantic Current (NAC) to the south.
During this time, ice sheets were widespread in the
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Northern Hemisphere, and cold and freshened po-
lar waters, as well as floating icebergs and sea ice,
penetrated into the North Atlantic [e.g., Barash,
Eynaud et al., Oppo and Lehman,

Wright and Flower, [2002].

Glaciers and ice sheets play an active role in
the climate system and the global hydrological cy-
cle. Overall iceberg fluxes increase in cold periods,
peaking within a few centuries of climatic cooling
[Marshall and Koutnik, . During the Late
Pleistocene and Holocene short-term cold events,
weakening of the AMOC occurred because of the
influx of relatively cold and freshened polar water
into the North Atlantic due to icebergs and sea
ice melting [e.g., Denton and Broecker, Ey-
naud et al., Heinrich, Hemming,

Matul, (1994 Wanner et al.,|2011]. This caused in-
stability of the AMOC system [Vidal et al.,|[1997].

There are a lot of studies about origin and al-
ternation mechanism of the Late Pleistocene and
Holocene short-term cold events [Bond and Lotti,
Bond et al., Risebrobakken et
al., . The Late Pleistocene cold events, or
so-called Heinrich events, were discussed in many
papers [Bond et al., 1992} 1999 Heinrich,
Hemming, MacAyeal, [1993} Sarnthein et al.,
2001]. However, some studies still raise a question
about their origin [e.g., Andrews and Voelker,
MacAyeal, . It is well-known that Holocene
climatic conditions were also unstable (an alterna-
tion of warm and cold intervals). Study of cold
Holocene intervals, or Bond events [e.g., Bond et
al., , have shown that there is still no uni-
form theory describing their origin, and the mech-
anisms of their change [e.g., Wang et al.,
Wanner et al., . Bond events are de-
fined as “a series of shifts in ocean surface hydrog-
raphy during which drift ice and cooler surface wa-
ters in the Nordic and Labrador Seas were repeat-
edly advected southward and eastward, each time
penetrating deep into the warmer strands of the
subpolar circulation” [Bond et al., [2007]. It
is believed that meltwater flux into the North At-
lantic, low solar activity, explosive volcanic erup-
tions, and fluctuations of the thermohaline circula-
tion are closely interlinked with Bond events [ Wan-

ner et al., [2011].

The aim of the present work is to trace changes
in the hydrological conditions of the sea surface
to the east of the Reykjanes Ridge during the
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short-term cold events of the Late Pleistocene and
Holocene. For this purpose, two paleohydrolog-
ical proxies, ice-rafted debris (IRD) and relative
abundance of the polar foraminifera Neogloboquad-
rina pachyderma (sinistral coiling) (Ehrenberg) in
the AI-3359 marine sediment core were chosen.
N. pachyderma (s) is a good indicator of the cold
subsurface (70-130 m) waters [e.g. Barash et al.,
Kohfeld et al., Simstich et al., .
Data on IRD distribution could give information
about the presence of seasonal sea ice and icebergs,
their discharges and influx of the meltwater into
the study area. Abrupt increase in IRD in the ma-
rine sediments indicates the short-term cold events
within well-known ages [Bond et al.,
Heinrich, Hemming, MacAyeal,

Study Area

Today, the sea surface hydrological conditions in
the study area are controlled by the NAC. This
surface current is one of the main elements of the
AMOC which transfers relatively warm and saline
water to the high latitudes . While cir-
culating to the northeast, NAC splits into sev-
eral branches. One circulates along the Reykjanes
Ridge to form the Irminger Current (IC). South of
the Denmark Strait, a small branch of the IC sep-
arates to circulate along the west coast of Iceland.
The remainder of the IC merges with the East
Greenland Current (EGC) [Bersch et al.,
Brambilla et al., Haine et al., 2008]. An-
other branch follows to the northeast along the
coast of Norway and further north to the Arctic
Oceans. In the Nordic Seas, this water cools down
and sinks to a depth forming the NADW [Broecker,
Ganopolski and Rahmstorf, Rahmstorf,
2006} Sarafanov et al., Wright and Flower,
2002|. Today in the North Atlantic, the summer
sea ice edge is located north of the studied core
site, close to the Polar Front. The winter sea ice
edge is located slightly west of the Arctic Front
[Alonso-Garcia et al., 2011].

From Holocene to modern, deposition in the
study area was controlled mainly by two pro-
cesses: current sorting and pelagic sedimentation.
The sediments are carbonate-rich with the admix-
ture of terrigenous material. Near-bottom con-
tour current of the Iceland-Scotland Overflow Wa-
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Figure 1. Studied core location and general circulation scheme in the study area: NAC
— North Atlantic Current, IC — Irminger Current, EGC — East Greenland Current (after

[Sarafanov et al., 2012]). Brown arrows indicate inferred routes of icebergs during the

last glacial (after

Peck et al., 20065 Ruddiman, {1977]). Summer sea ice edge is marked

by triangles (after [Alonso-Garcia et al., [2011]).

ter (ISOW), which is the one of the main compo-
nents of the NADW, reworks sediments and trans-
ports silt-size terrigenous material, as well as coc-
coliths and foraminiferal fragments to the study
area [e.g., McCave et al., Sivkov et al.,
. Contour currents form sedimentary drifts
which are good objects for detailed paleoceano-
graphic reconstructions. The sedimentation rates
on the drifts are increased and could be much more
than 9 cm/ka [e.g., Kidd and Hill, ; whereas
regional rates usually do not exceed 0.2-4 cm/ka
[Barash, Lisitzin, . Foraminiferal shells
which are sand-sized are deposited here mainly as
a result of pelagic sedimentation.

The main source of sand-size terrigenous mate-
rial is the ice rafting from the melting sea ice and
icebergs [e.g. Bamsh,. Between 60° and 40°N
locates a so-called IRD belt, which is the area of the
highest concentration of lithic grains in the bottom
sediments [MacAyeal, Ruddz’man,. The
accumulation and stability of the ice sheets during
the last glacial period (reaching the critical mass
during the cold intervals, active ice sheets melting
during the warm intervals, ice shelves degradation,
dynamics in sea level, etc.) influenced the iceberg

discharges in the North Atlantic. These icebergs
drifted to the south and discharged while melting,
leading to IRD deposition.

Material and Methods

In the present study, the AI-3359 marine sedi-
ment core (59°29.885" N, 24°42.105" W, 2517 mbsl,
4.86 mbsf) recovered from the North Atlantic (east
of the Reykjanes Ridge) during the 49th cruise of
R/V Akademik Ioffe (2015) is investigated
[Klyuvitkin et al., . Lithological de-
scription of the core was carried out onboard.

The age model of the upper part of the core
section (0-341 cm) is based on accelerator mass
spectrometry (AMS) radiocarbon (4C) dates.
A total of 5 dates were obtained from plank-
tonic foraminiferal shells of Globigerina bulloides
(d’Orbigny) at the Poznan Radiocarbon Labora-
tory (Poznan, Poland). The standard radiocarbon
age was calibrated using a Calib7.1 software [Stu-
wer and Reimer, (“Marine 13.14¢” calibra-
tion curve, AR = 80 £ 91). The calendar age is
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Figure 2. Age vs. depth profile of the AI-3359 core (upper part) based on AMS C

dates.

presented as an average value within the +10 con-
fidence interval (Table 1 [Figure 2)).

The IRD counts, sand content, as well as changes
in relative abundance of CaCOs and N. pachy-
derma (s) in the sediments were used for strati-
graphic subdivision and age model of the lower
part of the core section (341-486 cm). The rela-
tive abundance of CaCOg (every 10 cm; 1 cm thick
slices) was obtained using an AN-7529 M express
analyzer by means of the coulometric method. The
carbonate content was calculated from the Cgap
with a coefficient of 8.3. Lithic grains (> 150 ym
fraction; every 1 cm) were counted using MPSU-1
microscope. We also counted shells of the polar
foraminifera N. pachyderma (s) in > 150 ym frac-
tion (every 5 cm in the upper part of the section

(0-345 cm), and every 10 cm; in the lower part of
the section (350486 cm); 1 cm thick slices). Sam-
ples were splitted using a microsplitter, and no less
than 300 individuals (or lithic grains) were exam-
ined. The IRD index is determined as the number
of lithic grains per gram of dry sediment. Based
on the IRD counts, cold Heinrich and Bond events
with well-known ages were identified in the core

section [Bond et al., [1992] 1999} Heinrich, [L988
Hemming, 2004 Sarnthein et al.,|2001].

Additionally, the content of sand fraction (0.1-
1 mm; every 10 cm; 1 cm thick slices) in the sedi-
ments was determined using a combined sieve and
pipette method [Petelin, , with the additions
from [Alekseeva and Sval’nov, .

Marine isotope stage (MIS) boundary 2/1 was

Table 1. AMS Radiocarbon (}*C) Dates From the Studied AI-3359 core. BP = AD 1950

# Depth, cm Lab. Code Dated material 14C age, yr BP Calibrated age BP
(lo; AR =80+91)

1 55-56 Poz-95700 G. bulloides 1750 +£ 90 1208

2 195-196 Poz-95695 G. bulloides 5700 + 50 6028

3 295-296 Po0z-95696 G. bulloides 9050 £ 50 9649

4 315-316 Po0z-95698 G. bulloides 9270 £ 50 9992

5 340-341 Po0z-95699 G. bulloides 9960 £ 80 10,838
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Figure 3. Stratigraphic subdivision of the AI-3359 core.

assigned based on the age model which was built
using the AMS *C dates. MIS 3/2 boundary was
allocated based on interpolation between the as-
signed reference points (IRD, sand content and
N. pachyderma (s) peaks).

Results and Discussion

Stratigraphic Subdivision and Age Model
of the AI-3359 Core Section

The core section is represented by calcareous
silty clay. The upper part (0-15 cm) is enriched

with a large number of foraminiferal shells. Frag-
ments of foraminiferal shells are found throughout
the core section. The IRD and content of sand frac-
tion are in agreement with each other and mirror
the relative abundance of CaCOg. All three pa-
rameters confirm the stratigraphic subdivision of

the lower part of the core section (Figure 3)).
In the AI-3359 core, 3 MIS covering the last

45,000 years are identified . The inter-
vals 348-392 and 392-485 cm correspond to the
cold MIS 2 (14,500-28,000 years BP) and rela-
tively warm MIS 3 (28,000-45,000 years BP), re-
spectively. MIS 2/1 boundary is allocated at the
348 cm. The interval 0-348 c¢cm was accumulated
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during the MIS 1 (0-14,500 years BP) [Lisiecki and
Raymo, . The Holocene boundary is at the
342 cm.

The average sedimentation rate of the upper part
of the core section (0-341 cm) is about 29 cm/ka.
The maximal sedimentation rate is observed be-
tween 9992 and 10,838 years BP (58.3 cm/ka). In
the lower part of the core section (341-486 cm),
the average sedimentation rate is 4.75 cm/ka
(3.25 cm/ka for MIS 2 and 5.47 cm/ka for MIS 3).

The difference between sedimentation rates in
the upper and lower parts of the core section could
be explained by the changes in sedimentary condi-
tions in the study area. After the glacial time, the
relative abundance of the CaCQg increased indicat-
ing an increase in foraminiferal flux. Moreover, we
suggest that an increase in the sedimentation rate
in the study area could be a result of the intensive
transport of silt-sized particles by the ISOW con-
tour current at the onset of the Holocene [Bianchi
and McCave, .

On the eastern flank of the Reykjanes Ridge,
high Holocene sedimentation rates were registered
by many researchers: up to 125 cm/ka [Ruddiman
and Bowles, [1976]; 39 cm/ka in average [Andersen
et al.,[2004], ~ 29 cm/ka in average [Matul, [1994],
etc. Giraudeau et al. have registered maxi-
mal sedimentation rate (193 cm/ka) at the Reyk-
janes Ridge between 10,800 and 9000 years BP, as
well as low sedimentation rate (no more 10 cm/ka)
for the end of the Late Pleistocene. This coincides
with our data about intervals of maximal and min-
imal sedimentation rates in the studied core site.
However, there are differences between values of
rates which could be interpreted as local changes
in sedimentary conditions.

In the AI-3359 core, MIS 2 is marked by strong
IRD and sand peaks. Glacial time (MIS 2 and 3)
is characterized by the low relative abundance
of CaCO3 (no more than 33%), high IRD (up
to 2662 grains/g) and sand (3.95-16.74%) values.
MIS 1 is marked by the high content of CaCOg
(28-46%), as well as low IRD (0-157 grains/g) and
sand (0.45-3.51%) values (Figure 4)).

All data obtained are compared with each other,
and time intervals corresponding to the well-known
short-term cold climatic events (Heinrich and Bond
events) in the North Atlantic during the last 45,000
years are assigned.

CHANGES IN SURFACE CONDITIONS
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Pleistocene Short-Term Cold Events

During the MIS 2 (28,000-145,000 years BP)
and MIS 3 (45,000-28,000 years BP), IRD (47—
2662 grains/g) and relative abundance of N. pachy-
derma (s) (10-89.4%) increased. It is also worth
noting that in MIS 2 values of IRD reach its max-
imum — 2662 grains/g. At the same time, the rel-
ative abundance of CaCQOjs is in the range of 19—
33%. During warm MIS 1, low IRD values are ob-
served (usually no more 100 grains/g). This coin-
cides with the low relative abundance of N. pachy-
derma (s) (usually no more than 2-3%), and high
CaCOg content (25.5-46%).

In the AI-3359 core, four cold events are as-
signed. According to Sarnthein et al. ,
Heinrich events have following ages: 1 — 14,670—
18,100 years BP; 2 — 23,400-24,200 years BP;
3 — 29,000-30,200 years BP; 4 — 38,400-40,000
years BP. Clearly expressed IRD peaks between
17,500 and 19,000 years BP (100-1001 grains/g)
and between 22,500 and 24,000 years BP (1254—
2662 grains/g) in the AI-3359 core are referred
to Heinrich events 1 and 2, respectively. Rela-
tively weak IRD peaks between 28,500 and 30,000
years BP and 39,000-40,000 years BP usually do
not exceed 1000 grains/g and could be referred to
Heinrich events 3 and 4, respectively .
Our data show that in the area of the Reykjanes
Ridge regional signals of ice rafting are somewhat
different from the global. However, cold Pleis-
tocene events, in general, coincide with Heinrich
stadials. Assigned cold events correspond to in-
crease in relative abundance of N. pachyderma (s)
indicating cooling in the surface and subsurface wa-
ter layer.

Holocene Short-Term Cold Events

Previous studies have registered nine Bond events
(0-8) with well-known ages (Table 2). Using the
data on IRD distribution, we tried to document
well-known Bond events in the studied core. Addi-
tionally, data on changes in relative abundance of
N. pachyderma (s) and CaCOg content were used.

In the AI-3359 core site, several pronounced IRD
peaks are registered and could be referred to Bond
events 8, 7, 4, 2, 1 and 0.

Bond event 8 (11,100 years BP) [Wanner et al.,
is recognized in our core between 10,700 and
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Figure 4. Distribution of CaCOs, N. pachyderma (s) and IRD in the studied core during
the last 45,000 years (a), and during the Holocene (b). Heinrich (a) and Bond (b) events
with well-known ages are marked by blue bars; cooling events observed in the AI-3359

core are marked by hatched bars; MIS — marine isotope stage.

11,000 years BP by a sharp increase in IRD (from
10 to 78 grains/g) centred at 10,800 years BP. Due
to the low resolution of the data on the relative
abundance of the N. pachyderma (s) and CaCOs
we do not discuss these two parameters. As for
IRD peak, most likely, increased sea ice formation

occurred close to the study area. This resulted in
intensive discharging and lithic grains accumula-
tion .

A weak but recognizable IRD peak (12.9
grains/g), as well as decrease in relative abundance
of calcium carbonate and N. pachyderma (s) be-
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Table 2. List of Well-Known Bond Events

Event (#) Years BP Name References

Bond event 8 11,100 years BP 11.1 ka event Wanner et al., 2008
Bond event 7 10,300 years BP 10.3 ka event Wanner et al., [2008

Bond event 6
Bond event 5
Bond event 4
Bond event 3
Bond event 2
Bond event 1
Bond event 0

9200-9500 years BP
8000-8600 years BP
5900-6500 years BP
4100-4300 years BP
2500-3300 years BP
1350-1750 years BP
150-700 years BP

The Migration Period
The Little Ice Age (LIA)

9.4 ka event Rasmussen et al , [2007]

8.2 ka event Wanner et al., 2011
2011

4.2 ka event Booth et al.,

2.8 ka event Wanner et al ,

Wanner et al. 2011]
Wanner et al.,

[
[
|
5.9 ka event [Wanner et al.,
[
[
[
[

tween 10,100 and 10,400 years BP, could be re-
ferred to Bond event 7 (10,300 years BP) [ Wanner
et al., . Rashid et al. have shown that
Bond event 7 is associated with melting of the Lau-
rentide Ice Sheet and the influx of meltwater into
the Labrador Sea through the Hudson Strait. An-
dersen et al. have also registered cooling
around 10,400 years BP at the Reykjanes Ridge.
It is known that N. pachyderma (s) prefers a shal-
low mixed layer depth (upper 70-130 m) [Simstich
et al., [2003]. In the study area, the low relative
abundance of this species could be related to the
absence of response from the subsurface layer to
the minor changes in the surface water layer.

A strong IRD peak (23 grains/g) at 6020 years
BP, as well as increase in relative abundance of
N. pachyderma (s) (up to 1.7%) and decrease in
calcium carbonate at the 5800 years BP coincide
with Bond event 4 (5900-6500 years BP) [ Wanner
et al., . We suggest that this cooling indi-
cates a sea ice penetration in the study area fol-
lowed by ice rafting. Cooling near the 5900 years
BP was also observed further north, in the Fram
Strait [Werner et al., [2016]. There is an evidence
that after 6000 years BP, rainfall in the subtropics
of the Northern hemisphere decreased resulting in
drought [Brooks, [2006]. The event 5900 years BP
also coincides with the end of the African wet pe-
riod [Wang et al., . Our data together with
previous studies allow suggesting that circulation of
the NAC was slightly suppressed during this time.
The summer sea ice edge could migrate south in
comparison with its modern location.

Relatively high IRD values (20 grains/g) and a

decrease in CaCOgs content (39%) at 2200-2400
years BP, indicating a cooling in the AI-3359
core site, correspond to Bond event 2 (2500-3300
years BP) [ Wanner et al.,[2011]. This cooling could
be an analog of “2.7 ka cooling event” observed at
the Reykjanes Ridge [Moros et al., [2012]. How-
ever, increase in relative abundance of N. pachy-
derma (s) (up to 2.6%) was registered long after,
between 1600 and 2000 years BP. We interpret this
as a late response of the subsurface to the changes
in the surface water layer. On the central East
Greenland Shelf, increase in EGC flow was regis-
tered earlier, during the cold phase centred at 2400
years BP [Perner et al., . This strengthening
of the EGC led to increased sea ice formation, and,
obviously, subsequent cooling in the study area via
freshening of the surface water layer.

Cold interval which was observed in the studied
core site between 1100 and 1300 years BP could be
an analog of Bond event 1 (1350-1750 years BP)
[Wanner et al., [2011]. This Bond event is also
known as the Migration Period. Relatively high
values of IRD (18 grains/g) and N. pachyderma (s)
(1.2%), as well as a slight decrease in CaCOj3 con-
tent, indicate increased sea ice formation and cool-
ing of the surface and subsurface water layers dur-
ing this interval. This is in agreement with the
data from the Reykjanes Ridge about cooling at
1300 years BP [Moros et al., [2012].

Two most pronounced IRD peaks between 200
and 500 years BP (up to 85 grains/g) are registered.
This interval is referred to Bond event 0 (150-700
years BP), or the Little Ice Age (LIA) [Wanner et
al., . A significant increase in IRD indicates
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the distribution of the sea ice south of the Iceland
and cooling of the surface water layer. This co-
incides with data about maximal propagation of
the sea ice in the North Atlantic during the last
phase of the LIA (17th—early 19th century) [Den-
ton and Broecker, . A high content of ter-
rigenous grains in the sediments from the North
Atlantic during the LIA was also registered by pre-
vious researchers [e.g. Alonso-Garcia et al.,
Moros et al., 2004]. The appearance of N. pachy-
derma (s) in the study area was registered after
the Medieval Warm Period (c. 650-1150 years BP)
[Ljungquist, . A sharp increase in relative
abundance of the polar species (up to 4.4%) only
after 300 years BP with a simultaneous decrease
in calcium carbonate content (from 46 to 39%) in-
dicate the cooling of the subsurface water layer in
the study area which occurred later than cooling of
the surface .

We did not found a clear IRD signal of three
Bond events (6, 5 and 3) in the studied core site.
However, an abrupt increase in N. pachyderma (s)
and a slight decrease in CaCQOg are observed here.
This allows us to use these parameters as indicators
of the cooling events in the study area.

Thus, there are no clearly pronounced IRD peaks
during the Bond event 6 (9200-9500 years BP)
[Rasmussen et al., 2007]. However, a sharp in-
crease in relative abundance of N. pachyderma (s)
(up to 1.8%) and a decrease in relative abundance
of CaCO3 (up to 29%) are observed during this
interval, indicating a slight cooling of the subsur-
face layer. This coincides with data about cooling
at 9300 years BP and decrease in salinity of the
surface waters in the North Atlantic [Came et al.,
Young et al., . Increase in IRD is ob-
served later, at 8996 years BP, most likely marking
sea ice melting because of warming.

A sharp increase in relative abundance of N.
pachyderma (s) (up to 2%) between 8200 and 8670
years BP indicates cooling of the subsurface wa-
ter layer in the study area. There are no changes
in CaCOg relative abundance and no IRD peaks
observed in our core section during this interval.
However, we assign this interval to Bond event 5
(8000-8600 years BP; so-called 8.2 ka event) [ Wan-
ner et al., only based on data on N. pachy-
derma (s) distribution, as this species a good in-
dicator of cold subsurface waters and marks a de-
crease in sea surface temperature. It is well-known
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that a rapid release of a large amount of cold fresh
water from the Lake Agassiz preceded cooling at
8200 years BP [e.g. Clarke et al., 2004). Ander-
sen et al. have registered decreased sea sur-
face temperatures at the Reykjanes Ridge at 8300
years BP marking a cooling in this area. At the
same time, in the studied core site, this event is
not related to sea ice penetration and IRD deposi-
tion (Figure ).

A decrease in CaCOs3 (from 40 to 34%) and in-
crease in N. pachyderma (s) (from 0.9 to 2.2%) be-
tween 3900 and 4200 years BP could be an evi-
dence of cooling of the subsurface water layer in
the study area. This time interval coincides with
Bond event 3 (4100-4300 years BP) [Booth et al.,
. The sharp climate changes that occurred
about 4200 years BP are recorded in different ar-
eas: from the North Atlantic to North Africa and
South Asia [Booth et al., 2005]. This event is con-
sidered to be one of the most pronounced Bond
events: severe droughts affected the mid-continent
of North America between 4100 and 4300 ka [Booth
et al., . However, in the studied core site,
relatively low IRD values (8%) are registered at
3900 years BP. At the same time, in the Fram
Strait slight increase of IRD was observed dur-
ing the Bond event 3 indicating conditions cooler
than those near the Reykjanes Ridge area surface.
[Werner et al., 2016].

Warm intervals are marked by increased CaCOg
and decreased N. pachyderma (s) relative abun-
dance. However, during some warm intervals
(800-1200 years BP, 3200-3900 years BP, 5300—
5900 years BP, and 9600-10,000 years BP), IRD
peaks indicating sea ice melting are registered.
This could be evidence of cooling of the surface
water layer during these intervals. Despite the sea
ice melting, warming of the subsurface water layer
(decrease in N. pachyderma (s)) occurred during
this time.

Increase in the number of foraminiferal shells (ac-
cording to the lithological description of the studied
core) during the last 230 years BP coincides with
the abrupt increase in CaCOs, N. pachyderma (s)
and IRD. It is known that Arctic Front is related
to high planktonic foraminiferal flux, 20-40% car-
bonate, and high N. pachyderma (s) relative abun-
dance, whereas Polar Front is characterized by low
foraminiferal flux, less than 10% carbonate, and
high N. pachyderma (s) relative abundance [Johan-
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nessen et al.,|1994]. Thus, our data indicate a shift
of the Arctic Front to the south during this interval
resulting in intensive ice rafting.

Conclusions

Our data have shown that AI-3359 core sec-
tion was formed during the Late Pleistocene to
Holocene (last 45,000 years). The temporal res-
olution of the Late Pleistocene does not allow us
to discuss this interval in detail. In the Late Pleis-
tocene, four cold events corresponding to the Hein-
rich events are assigned. However, the data ob-
tained show that in the area of the Reykjanes Ridge
regional signals of ice rafting are somewhat differ-
ent from the global.

During the Holocene, the surface circulation that
influenced sedimentary conditions in the study area
varied considerably. Nine well-known Bond events
are compared with assigned cooling events regis-
tered east of the Reykjanes Ridge. Six Holocene
events centred at 10,800, 10,100, 6020, 2200, and
1200 years BP are the most pronounced cooling
events with relatively intensive ice rafting in the
study area. These events are referred to Bond
events 8, 7, 4, 2, 1 and 0. We did not found a
clear IRD signal of three Bond events (6, 5 and
3) in the studied core site. However, cooling of
the subsurface water layer at 9300, 8300 and 4100
years BP is observed. This cooling is marked by
the increase in relative abundance of polar species
N. pachyderma (s). LIA is marked by the cooling
between 200 and 500 years BP. A late response of
the subsurface layer to the cooling on the surface
(sea ice melting) is registered.

During some warm intervals (800-1200 years
BP, 3200-3900 years BP, 5300-5900 years BP, and
9600-10,000 years BP), ice rafting still occurred
in the study area without cooling of the subsur-
face layer. Increase in the number of foraminiferal
shells, calcium carbonate, and IRD during the last
230 years BP indicates a shift of the Arctic Front
to the south resulted in intensive ice rafting.

Acknowledgments. The authors are grateful to Aca-
demician A. P. Lisitzin for general leadership and to
A. G. Matul for his valuable advices and constructive
comments. The field research, lithological description,
and analysis of the sand content were supported by

CHANGES IN SURFACE CONDITIONS

ES5004

RSF project No. 14-50-00095; IRD counts were sup-
ported by the IKBFU “5-100” Russian academic excel-
lence Project; AMS!*C dating and calibration, as well
as foraminiferal counts, were supported by the Grant
of the President of the Russian Federation for young
Ph. D. holders (project No. MK-204.2017.5); interpre-
tation of IRD and foraminiferal data was carried out
with support of RSF project No. 18-77-10016; strati-
graphic subdivision and interpretation of the data on
calcium carbonate content were obtained with a sup-
port of the state assignment of I0 RAS (Theme No.
0149-2018-0012).

References

Alekseeva, T. N., V. N. Sval’'nov (2005), The refined
wet sieving method for the analysis of fine-grained
sediments, Lithology and Mineral Resources, 40, No.
6, 564-576.

Alonso-Garcia, M., F. J. Sierro, J. A. Flores (2011),
Arctic front shifts in the subpolar North Atlantic
during the Mid-Pleistocene (800-400 ka) and their
implications for ocean circulation, Palaeogeography,

Palaeoclimatology, Palaeoecology, 311, 268-280,
Crossref
Alonso-Garcia, M., et al. (2017), Freshening

of the Labrador Sea as a trigger for Little Ice Age
development, Clim. Past, 13, 317-331, Crossref

Andersen, C., N. Koc, M. Moros (2004), A highly
unstable Holocene climate in the subpolar North At-
lantic: evidence from diatoms, Quaternary Science
Reviews, 23, 2155-2166, |Crossref

Andrews, J. T., A. H. L. Voelker (2018), “Hein-
rich events” (& sediments): A history of terminology
and recommendations for future usage, Quaternary
Science Reviews, 187, 31-40, Crossref

Barash, M. S. (1988), Quaternary paleoceanology of
the Atlantic ocean, 272 pp. Nauka, Moscow. (in
Russian)

Barash, M.S., I.G. Yushina, R.F. Spielhagen (2002),
Reconstructions of the Quaternary Paleohydrology-
cal Variability by Planktonic Foraminifers (North At-

lantic, Reykjanes Ridge), Oceanology, 42, No. 5,
T11-722.

Bersch, M., J. Meincke, A. Sy (1999), Interannual
thermohaline changes in the northern North Atlantic
1991-1996, Deep-Sea Research Part II, 46, 5575,
Crossref

Bianchi, G. G., I N. McCave (1999), Holocene

periodicity in North Atlantic climate and deep-ocean
flow south of Iceland, Nature, 397, 515-517, Cross-
ref

Bond, G. C., R. Lotti (1995), Iceberg discharges into
the North Atlantic on millennial time scales during
the last glaciation, Science, 267, 1005-1010, Cross-
ref

10 of 12


https://doi.org/10.1016/j.palaeo.2011.09.004
https://doi.org/10.5194/cp-13-317-2017
https://doi.org/10.1016/j.quascirev.2004.08.004
https://doi.org/10.1016/j.quascirev.2018.03.017
https://doi.org/10.1016/S0967-0645(98)00114-3
https://doi.org/10.1038/17362
https://doi.org/10.1038/17362
https://doi.org/10.1126/science.267.5200.1005
https://doi.org/10.1126/science.267.5200.1005

ES5004 SAVKINA ET AL.:

Bond, G., et al. (1992), Evidence for massive
discharges of icebergs into the North Atlantic ocean
during the last glacial period, Nature, 360, No. 6401,
245-249, |Crossref

Bond, G., et al. (1997), A pervasive
millennial-scale cycle in the North Atlantic Holocene
and glacial climates, Science, 278, No. 5341, 1257-
1266, Crossref

Bond, G. C., et al. (1999), The North At-
lantic’s 1-2 kyr climate Rhythm: Relation to Hein-
rich Events, Dansgaard/Oeschger cycles and the Lit-
tle Ice Age, Mechanisms of Global Climate Change at
Millennial Time Scales Geophysical Monograph, 112
p-35-58, AGU,  Washington, DC.

Bond, G.,etal.  (2001), Persistent solar influence on
North Atlantic climate during the Holocene, Science,
294, 2130-2136, Crossref

Booth, R. K., et al. (2005), A severe centennial-
scale drought in midcontinental North America 4200
years ago and apparent global linkages, The Holocene,
15, No. 3, 321-328, Crossref

Brambilla, E., L. D. Talley, P. E. Robbins (2008),
Subpolar Mode Water in the northeastern Atlantic:
1. Averaged properties and mean circulation, J. Geo-
phys. Res., 113, No. S04025, 1-18, Crossref

Broecker, W. S. (1991), The Great Ocean Conveyor,
Oceanography, 4, 79-89, Crossref

Brooks, N. (2006),  Cultural responses to aridity in
the Middle Holocene and increased social complexity,
Quaternary International, 151, 29-49,|Crossref

Came, R. E., D. W. Oppo, J.F. McManus (2007),
Amplitude and timing of temperature and salinity
variability in the subpolar North Atlantic over the

past 10 k.y., Geology, 35, No. 4, 315-318, Cross-
ref
Clarke, G. K. C., et al. (2004), Paleohydraulics of

the last outburst flood from glacial Lake Agassiz and
the 8200 BP cold event, Quaternary Science Reviews,
23, 389-407, Crossref

Denton, G. H., W. S. Broecker (2008), Wob-
bly ocean conveyor circulation during the Holocene?,
Quaternary Science Reviews, 27, 1939-1950, Cross-
ref

Eynaud, F., L. de Abreu, A. Voelker (2009), Po-
sition of the Polar Front along the western Iberian
margin during key cold episodes of the last 45 ka,

Geochemistry, Geophysics, Geosystems, 10, No. 7,
QO07U051-21.
Ganopolski, A., S. Rahmstorf (2001), Rapid

changes of glacial climate simulated in a coupled cli-
mate model, Nature, 409, 153-158, Crossref

Giraudeau, J., et al. (2000),  Coccolith evidence
for instabilities in surface circulation south of Iceland
during Holocene times, Farth and Planetary Science
Letters, 179, 257-268, Crossref

Haine, T., et al. (2008),  North Atlantic Deep
Water Formation in the Labrador Sea, Recirculation
through the Subpolar Gyre, and Discharge to the
Subtropics, Arctic-Subarctic Ocean Fluzes, Defining
the Role of the Northern Seas in Climate, R. R. Dick-

CHANGES IN SURFACE CONDITIONS

ES5004

son, J. Meincke, and P. Rhines (Eds.) p.653-702,
Springer,  Dordrecht.

Heinrich, H. (1988), Origin and consequences of cyclic
ice rafting in the Northeast Atlantic Ocean during the
past 130,000 years, Quaternary Research, 29, No. 2,
142-152, Crossref

Hemming, S. R. (2004), Heinrich events: Massive
Late Pleistocene detritus layers of the North Atlantic
and their global climate imprint, Rev. Geophys., 42,
No. RG1005, 1-43,|Crossref

Johannessen, T., et al. (1994),  The relationship
between surface water masses, oceanographic fronts
and paleoclimatic proxies in surface sediments of the
Greenland, Iceland, Norwegian Seas, NATO ASI Se-
ries, I, 61-86, Crossref

Kidd, R. B., P. R. Hill (1987), Sedimentation on
Feni and Gardar sediment Drifts, Init. Repts. DSDP,
94 (Eds. Ruddiman W. F., Kidd R. B., Thomas E.,
et al.) p.1217-1244, US Government Printing Office,
Washington, US.

Klyuvitkin, A. A.;etal.  (2016), Geological Studies
of the Northern Atlantic during the 49th Cruise of the

R/V Akademik Ioffe, Oceanology, 56, No. 5, 760-
762, Crossref
Kohfeld, K. E., et al. (1996), Neogloboquadrina

pachyderma (sinistral coiling) as paleoceanographic
tracers in polar waters: Evidence from Northeast Wa-
ter Polynya plankton tows, sediment traps, and sur-
face sediments, Paleoceanography, 11, No. 6, 679—
699, Crossref

Lisitzin, A. P. (1978), Processes of Ocean Sedimen-
tation, 392 pp. Nauka, = Moscow. (in Russian)

Lisiecki, L. E.,, M. E. Raymo (2005), A Pliocene-
Pleistocene stack of 57 globally distributed benthic
080 records, Paleoceanography, 20, No. PA1003,
1-17.

Ljungqvist, F. C. (2010), A new reconstruction of
temperature variability in the extra-tropical North-
ern Hemisphere during the last two millennia, Geogr.
Ann., 92, 339-351, Crossref

MacAyeal, D. R. (1993), Binge/Purge oscillations
of the Laurentide Ice Sheet as a cause of the North
Atlantic’s Heinrich Events, Paleoceanography, 8, No.
6, 775-784, Crossref

Marshall, S. J., M. R. Koutnik (2006), Ice sheet ac-
tion versus reaction: Distinguishing between Heinrich
events and Dansgaard-Oeschger cycles in the North
Atlantic, Paleoceanography, 21, No. PA2021, 1-13,
Crossref

Matul, A. G. (1994), On the problem of paleo-
ceanological evolution of the Reykjanes ridge region
(North Atlantic) during the last deglaciation based
on a study of radiolarian, Oceanology, 34, No. 6,
881-889.

McCave, I. N.; B. Manighetti, S. G. Robinson (1995)
Sortable silt and fine sediment size/composition slic-
ing: Parameters for paleocurrent speed and palaeo-
ceanography, Paleoceanography, 10, No. 3, 593-610,
Crossref

McCave, I. N.; D. J. R. Thornalley, I. R. Hall (2017),

11 of 12


https://doi.org/10.1038/360245a0
https://doi.org/10.1126/science.278.5341.1257
https://doi.org/10.1126/science.1065680
https://doi.org/10.1191/0959683605hl825ft
https://doi.org/10.1029/2006JC004062
https://doi.org/10.5670/oceanog.1991.07
https://doi.org/10.1016/j.quaint.2006.01.013
https://doi.org/10.1130/G23455A.1
https://doi.org/10.1130/G23455A.1
https://doi.org/10.1016/j.quascirev.2003.06.004
https://doi.org/10.1016/j.quascirev.2008.08.008
https://doi.org/10.1016/j.quascirev.2008.08.008
https://doi.org/10.1038/35051500
https://doi.org/10.1016/S0012-821X(00)00113-8
https://doi.org/10.1016/0033-5894(88)90057-9
https://doi.org/10.1029/2003RG000128
https://doi.org/10.1007/978-3-642-78737-9_4
https://doi.org/10.1134/S0001437016040081
https://doi.org/10.1029/96PA02617
https://doi.org/10.1111/j.1468-0459.2010.00399.x
https://doi.org/10.1029/93PA02200
https://doi.org/10.1029/2005PA001247
https://doi.org/10.1029/94PA03039

ES5004 SAVKINA ET AL.:
Relation of sortable silt grain-size to deep-sea cur-
rent speeds: Calibration of the “Mud Current Meter”,
Deep-Sea Research Part I, 127, 1-12,|Crossref

Moros, M., et al. ~ (2004), Sea surface temperatures
and ice rafting in the Holocene North Atlantic: cli-
mate influences on northern Europe and Greenland,
Quat. Sci. Res., 23, 2113-2126, Crossref

Moros, M., et al. (2012), Reconstruction of the late
Holocene changes in the Sub-Arctic Front position at
the Reykjanes Ridge, North Atlantic, The Holocene,
22, 877-886, Crossref

Oppo, D. W.,  S.J. Lehman (1993), Mid-depth
circulation of the subpolar North Atlantic during the
Last Glacial Maximum, Science, 259, 1148-1152,
Crossref

Peck, V. L., et al. ~ (2006), High resolution evidence
for linkages between NW European ice sheet instabil-
ity and Atlantic Meridional Overturning Circulation,
FEarth and Planetary Science Letters, 243, 476488,
Crossref

Perner, K., et al. (2015),  Mid to late Holocene
strengthening of the East Greenland Current linked to
warm subsurface Atlantic water, Quaternary Science
Reviews, 129, 296-307, Crossref

Petelin, V. P. (1967), Grain-Size Analysis of Sea
Bottom Sediments, 128 pp. Nauka, Moscow. (in
Russian)

Rahmstorf, S. (2002),
during the past 120,000 years, Nature,
214, |Crossref

Rahmstorf, S. (2006), Thermohaline Ocean Circula-
tion, Encyclopedia of Quaternary Sciences (Ed. S. A.
Elias) p.1-10, Elsevier, = Amsterdam.

Rashid, H., et al. (2014),  Signature of the Gold
Cove event (10.2 ka) in the Labrador Sea, Quaternary
International, 352, 212-221,|Crossref

Rasmussen, S. O., et al. (2007),  Early Holocene
climate oscillations recorded in three Greenland ice
cores, Quaternary Science Reviews, 26, 1907-1914,
Crossref

Risebrobakken, B., et al. (2011),  Early Holocene
temperature variability in the Nordic Seas: The role
of oceanic heat advection versus changes in orbital
forcing, Paleoceanography, 26, No. PA4206, 1-17,
Crossref

Ruddiman, W. F. (1977), Late Quaternary deposition
of ice-rafted sand in the subpolar North Atlantic (lat
40°to 65°), Geol. Soc. Amer. Bull., 88, 1813-1821,
Crossref

Ruddiman, W. F., F. A. Bowles (1976), Early inter-
glacial bottom current sedimentation on the eastern
Reykjanes Ridge, Marine Geology, 21, 119-120,
Crossref

Sarafanov, A., et al. (2012), Mean full-depth
summer circulation and transports at the northern
periphery of the Atlantic Ocean in the 2000s, J. Geo-
phys. Res., 117, No. C01014, 1-22, Crossref

Ocean circulation and climate

419, 207-

CHANGES IN SURFACE CONDITIONS

ES5004

Sarnthein, M., et al. (2001), Fundamental
modes and abrupt changes in North Atlantic circu-
lation and climate over the last 60 ky — Concepts,
reconstruction, and numerical modeling, The North-
ern North Atlantic: A Changing Environment (Eds.
P. Schifer, W. Ritzrau, M. Schliter, and J. Thiede)
p-365-410, Springer-Verlag, Heidelberg. |Crossref

Simstich, J., M. Sarnthein, H. Erlenkeuser (2003),
Paired 680 signals of Neogloboquadrina pachyderma
(s) and Turborotalita quinqueloba show thermal strat-
ification structure in Nordic Seas, Marine Micropale-
ontology, 48, No. 1-2, 107-125, Crossref

Sivkov, V. V., E. V. Dorokhova, L. D. Bashirova
(2015), Contour Currents of the North Atlantic
during the Last Glacial Cycle, Oceanology, 55, No.
6, 899-905, |Crossref

Stuiver, M.,  P. J. Reimer (1993), Extended 4C
data base and revised CALIB 3.0 '*C age calibration
program, Radiocarbon, 35, No. 1, 215-230.

Vidal, L., et al. (1997),  Evidence for changes in
the North Atlantic Deep Water linked to meltwater
surges during the Heinrich events, Farth Planet Sci.
Lett., 146, 13-27,|Crossref

Wang, S., et al. (2013),  Abrupt Climate Changes
of Holocene, Chinese Geographical Science, 23, No.
1, 1-12, Crossref

Wanner, H., et al. (2008), Mid- to late Holocene
climate change: an overview, Quaternary Science Re-
views, 27, 1791-1828, Crossref

Wanner, H., et al. (2011), Structure and origin
of Holocene cold events, Quaternary Science Reviews,
30, No. 2122, 3109-3123, Crossref

Wanner, H., et al. (2014), Holocene climate
variability and change; a data-based review, J. Geol.
Soc., 172, No. 2, 254-263.

Werner, K., et al. (2016),  Holocene sea subsur-
face and surface water masses in the Fram Strait —
Comparisons of temperature and sea-ice reconstruc-

tions, Quaternary Science Reviews, 147, 194-209,
Crossref
Wright, A. K., B. P. Flower (2002), Surface and

deep ocean circulation in the subpolar North Atlantic
during the mid-Pleistocene revolution, Paleoceanogra-
phy, 17, No. 4, 1-16,|Crossref

Young, N. E.; et al.  (2013), Age of the Fjord Stade
moraines in the Disko Bugt region, western Green-
land, and the 9.3 and 8.2 ka cooling events, Quater-
nary Science Reviews, 60, 76-90, Crossref

K. E. Savkina, Immanuel Kant Baltic Federal Univer-
sity, 14 A. Nevskogo Str., 236041 Kaliningrad, Russia.
(svetphonya@yandex.ru)

L. D. Bashirova and E. A. Novichkova, Shirshov In-
stitute of Oceanology, Russian Academy of Sciences, 36
Nahimovskiy prospekt, 117997 Moscow, Russia.

12 of 12


https://doi.org/10.1016/j.dsr.2017.07.003
https://doi.org/10.1016/j.quascirev.2004.08.003
https://doi.org/10.1177/0959683611434224
https://doi.org/10.1126/science.259.5098.1148
https://doi.org/10.1016/j.epsl.2005.12.023
https://doi.org/10.1016/j.quascirev.2015.10.007
https://doi.org/10.1038/nature01090
https://doi.org/10.1016/j.quaint.2014.06.063
https://doi.org/10.1016/j.quascirev.2007.06.015
https://doi.org/10.1029/2011PA002117
https://doi.org/10.1130/0016-7606(1977)88%3C1813:LQDOIS%3E2.0.CO;2
https://doi.org/10.1016/0025-3227(76)90059-1
https://doi.org/10.1029/2011JC007572
https://doi.org/10.1007/978-3-642-56876-3_21
https://doi.org/10.1016/S0377-8398(02)00165-2
https://doi.org/10.1134/S0001437015060181
https://doi.org/10.1016/S0012-821X(96)00192-6
https://doi.org/10.1007/s11769-013-0591-z
https://doi.org/10.1016/j.quascirev.2008.06.013
https://doi.org/10.1016/j.quascirev.2011.07.010
https://doi.org/10.1016/j.quascirev.2015.09.007
https://doi.org/10.1029/2002PA000782
https://doi.org/10.1016/j.quascirev.2012.09.028

	Abstract
	Introduction
	Study Area
	Material and Methods
	Results and Discussion
	Stratigraphic Subdivision and Age Model of the AI-3359 Core Section
	Pleistocene Short-Term Cold Events
	Holocene Short-Term Cold Events

	Conclusions
	References

