Polarforschung 82 (1), 37-71, 2012

Proxy Reconstruction of Cenozoic Arctic Ocean Sea-Ice History
— from IRD to IPys -

by Ruediger Stein!, Kirsten Fahl! and Juliane Miiller!

Abstract: This review paper focusses on reconstructions of the long- and
short-term history of past Arctic Ocean sea-ice cover. Based on commonly
used sedimentological, geochemical and micropaleontological proxies (ice-
rafted debris (IRD), mineralogical composition of terrigenous sediment frac-
tion, and abundances of specific diatoms and foraminifers), three examples of
reconstructions of glacial history, sea-ice cover and surface-water characteris-
tics are presented and discussed: (1) the onset Arctic Ocean sea-ice cover near
47 Ma and its long-term variability through Cenozoic times; (2) the Quater-
nary glacial/interglacial variability in Arctic Ocean ice-rafting and its relation-
ship to sea-ice and ice-sheet history; and (3) Last Glacial Maximum (LGM),
Deglacial to Holocene changes in Arctic Ocean sea-ice cover and ice-sheet
decay.

In the second part of this paper we concentrate on Arctic Ocean sea-ice recon-
structions, using a recently developed biomarker approach that is based on the
determination of sea-ice diatom-specific highly-branched isoprenoids with 25
carbon atoms (IP,s) and IP,5 in combination with phytoplankton biomarkers
(PIP,5). The diene/ IP,5 ratio might give additional information about sea-
surface temperature (SST) in the low temperature Arctic environment. The
high potential of these novel biomarker proxies to improve reconstructions of
paleo-sea-ice cover and its variability through time is demonstrated in three
examples: (a) the sea-ice variability in Fram Strait over the last 30 ka, (b)
the deglacial/Holocene variability of central Arctic sea-ice cover with special
emphasis on the Younger Dryas Cooling Event, and (c) a comparison of
historical sea-ice observations off northern Iceland over the last millennium
and a corresponding high-resolution IP,5 record.

In a pilot study carried out in a sediment core from the Barents Sea continental
slope we were able to prove for the first time that IP,s is even preserved in
Arctic Ocean sediments as old as 130 to 150 ka (MIS 6), i.e., IP,5 can be used
for reconstruction of sea-ice variability during older glacial/interglacial inter-
vals (MIS 6/MIS 5).

In order to establish the IP,5 approach as a key proxy for reconstruction of
past Arctic Ocean sea-ice conditions, more basic information about produc-
tion, degradation and preservation/burial of the IP,s signal is still needed.
Furthermore, the hypothesis that the diene/IP,5 ratio might be used as reliable
proxy for SST reconstructions in the low temperature Arctic environments has
to be verified by a ground-truth study including the IP,5 and diene data as
well as independent SST proxies like alkenone-derived SST. All these data
should be obtained in future investigations of sea-ice, water column, and sedi-
ment-trap samples as well as surface sediments and sediment cores with large
spatial coverage from different environments of the entire Arctic Ocean.

Zusammenfassung: Meereis ist ein wichtiges Charakteristikum des Arkti-
schen Ozeans und von grofier Bedeutung fiir das globale Klimasystem. Um die
Verdnderungen der Meereisdecke in jiingster Vergangenheit besser verstehen
zu konnen, ist die Untersuchung der Meerausdehnung in der geologischen
Vergangenheit und seiner zeitlichen Variabilitit mittels meeresgeologischer
Stellvertreterdaten (Proxys) von groem Nutzen. In drei Beispielen werden
im ersten Teil Rekonstruktionen der Meereisverteilung und deren zeitliche
Anderungen (1) im Verlauf des Kinozoikums, (2) im Spitquartir und (3) fiir
den Zeitabschnitt vom Letzten Glazialen Maximum bis heute vorgestellt, die
auf der Anwendung herkommlicher sedimentologischer und mineralogischer
Proxys basiert. Hierbei ist insbesondere der Gehalt an eistransportierter Grob-
fraktion — “ice-rafted debris” oder “IRD* — als Basisparameter hervorzuheben.
Im zweiten Teil dieser Arbeit werden neue Biomarkerproxys fiir Meereis (IP,s
und PIP,s) und Temperatur des Oberfichenwassers (Dien/IP,s-Verhéltnis) in
drei Beispielen diskutiert: (a) die Meereisverteilung und Meerreisvariabilitit
in der Framstrafie wihrend der letzten 30 ka; (b) die postglaziale Meereisva-
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riabilitdt im zentralen Arktischen Ozean vom Bglling-Allergd iiber Jiingere
Dryas bis Heute und (c) ein Vergleich der Meereisbeobachtungen fiir den
historischen Zeitabschnitt 800-1950.

In einer Pilotstudie wird erstmals IP,s in arktischen Sedimenten mit einem
Alter >30 ka (MIS 6-MIS 1 oder 150-0 ka) nachgewiesen. Um diese neuen
Biomarkerproxys als verldssliche Parameter fiir die quantitative Rekonstruk-
tion von Meereisverbreitung (und Oberflichenwassertemperatur) im Arkti-
schen Ozean zu etablieren, miissen weitere grundlegende Datensitze mit
grofler rdumlicher Verteilung und unter Einbezug von Untersuchungen an
Meereisproben, Sedimentfallen, Oberflichensedimenten und Sedimentkernen
gewonnen werden.

INTRODUCTION AND BACKGROUND

One of the most important characteristics of the modern Arctic
Ocean is the sea-ice cover with its strong seasonal variability
in the marginal (shelf) seas (Fig. 1). Satellite data have shown
that the area of sea ice decreases from roughly 14—15 million
km? in March to 6-7 million km? in September, as much of
the first-year ice melts during the summer (GLOERSEN et al.
1992, CAVALIERI et al. 1997, JOHANNESSEN et al. 2004). The
area of multi-year sea ice, mostly over the Arctic Ocean basins
and the Canadian polar shelf, is about 4 to 5 million km? (e.g.,
JOHANNESSEN et al. 1999, NGHIEM et al. 2007). In the geolog-
ical past, changes in sea-ice cover may have been even more
extreme ranging from totally ice-free to permanently ice-
covered conditions. These variations occurred on very long
time scales (e.g., the Paleogene Greenhouse/Icehouse transi-
tion) as well as glacial/interglacial and shorter time scales,
and were often coinciding with the waxing and waning of
circum-Arctic ice sheets (Fig. 1, e.g., SVENDSEN et al. 2004,
for reviews see STEIN 2008, POLYAK et al. 2010).

Sea ice, the main focus of this paper, has a large influence on
the environment of the Arctic Ocean itself, the Earth system
on a global scale, and climate change. Sea-ice formation
is strongly controlled by freshwater supply. Freshwater is
essential for the maintainance of the low-salinity layer of the
central Arctic Ocean and, thus, contributes significantly to the
strong stratification of the near-surface water masses, encour-
aging sea-ice formation (e.g., AAGAARD & CARMACK 1989,
MACDONALD et al. 2004). Changes in the freshwater balance
would influence the extent of sea-ice cover. The melting and
freezing of sea ice results in distinct changes in the surface
albedo, the energy balance, and the temperature and salinity
structure of the upper water masses. The albedo of open water
is as low as 0.10, whereas the sea-ice albedo ranges between
0.6 and 0.8 (Fig. 2, BARRY 1996). Therefore, up to eight times
as much of the incoming shortwave radiation is reflected from
the ice surfaces as compared to open water, resulting in lower
surface temperatures. Furthermore, the sea-ice cover strongly
affects the biological productivity, as a more closed sea-ice
cover restricts primary production due to low light influx in
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Fig. 1: (A): Distribution of Northern Hemisphere ice sheets and sea ice during past glacials (left), Present (middle) and a possible scenario of the future (right);
(Courtesy Martin Jakobsson, Stockholm University, 2012). (B): Maps showing the average distribution of sea ice in the Arctic Ocean in September 1979-2004
(left) and March 1979-2005 (right). Numbers and letters indicate site locations of sediment traps and sediment cores presented and discussed in the text: ST = sedi-
ment trap LOMO-2; 1 = IODP-ACEX drill site; 2 = core PS2185: 3 = PS2837-2; 4 = MSM5/5-723-2; 5 = PS2138-1; 6 = PS2458-4; 7 = core ARC-3.

Abb. 1: (A): Verteilung von Meereis und Eisschilden wihrend quartérer Eiszeiten (links), heute (Mitte) und mégliches Szenario in der Zukunft (rechts).
(B links): Mittlere minimaler Meereisausbreitung im Spétsommer (September 1979-2004); (B rechts): mittlere maximale Meereisverbreitung im Spdtwinter
(Mirz) der Jahre 1979-2005). ST und Ziffern 1 bis 6 = im Text diskutierte Lokationen.

the surface waters (Fig. 2). Owing to its light limitation and
sea-ice cover, the central Arctic Ocean is the least productive
region of the world’s oceans, whereas in the marginal ice zone
high primary productivity may be reached (SAKSHAUG 2004,
WASSMANN et al. 2004, WASSMANN 2011).

Freshwater and sea ice are exported from the Arctic Ocean
through the Fram Strait into the North Atlantic. The interplay
of the cold Arctic freshwater-rich surface-water layer and its
ice cover with the relatively warm and saline Atlantic water
is important for the renewal of deep waters driving the global
thermohaline circulation (THC) (e.g., BROECKER 1997, 2006,
CLARK et al. 2002). Because factors such as the global THC,
sea-ice cover and Earth’s albedo have a strong influence on
the earth’s climate system, climate change in the Arctic could
cause major pertubations to the global environment.

Over the last decades, the extent and thickness of Arctic sea
ice has changed dramatically (Fig. 3) (e.g., JOHANNESSEN et
al. 2004, ACIA 2004, 2005, FRANCIS et al. 2005, SERREZE et
al. 2007, STROEVE et al. 2007). According to STROEVE et al.
(2007), the reduction in the extent of Arctic sea ice observed
from 1953 to 2006 is -7.8 +0.6 % per decade, three times larger
than the multi-model mean trend of -2.5 £+0.2 % per decade.
For the shorter, yet more reliable period of observations based
on modern satellite records (1979-2006), both the observed
(9.1 £1.5 % per decade) and multi-model mean trend (-4.3
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+0.3 % per decade) are larger. The reduction of future sea-ice,
however, may be even more rapid. A record-low in minimum
sea-ice cover was observed in September 2007, which is about
40 % less than that of 1979, the start of sea-ice observation by
satellites (Fig. 3, KERR 2007). Such a minimum was forcasted
by modelling to occur in the middle of this century (Fig. 3,
JOHANNESSEN et al. 2004, STROEVE et al. 2007).

Observed changes not only included a reduction in total area
covered by sea ice (MASLANIK et al. 1996, JOHANNESSEN et
al. 1999, 2004, PARKINSON et al. 1999 VINNIKOV et al. 1999,
LEVI 2000), but also an increase in the length of the ice melt
season (SMITH 1998, STABENO & OVERLAND 2001, RIGOR et
al. 2002), a loss of multiyear ice (NGHIEM et al. 2007) and a
general decrease in the thickness of ice over the central Arctic
Ocean (ROTHROCK et al. 1999, KWOK & ROTHROCK 2009).

Although there is a general consensus that polar regions — and
especially the Arctic Ocean and surrounding areas — are (in real
time) and were (over historic and geologic time scales) subject
to rapid and dramatic change, the causes of the recent changes
are a subject of intense scientific and environmental debate.
As outlined by JOHANNSSEN et al. (2004), it remains open to
debate whether the warming in recent decades is an enhanced
greenhouse-warming signal or (at least partly) natural decadal
and multidecadal climate variability (POLYAKOV & JOHNSON
2000, PoLyAakOV et al. 2002). Here, high-resolution paleo-
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Fig. 2: (A) Schematic illustration of principal processes controlling productivity and carbon flux in the seasonal ice zone. The dark period, height of the sun and
changing thickness of snow and ice over the year as well as phytoplankton, zooplankton, and sea-ice algae productivity are indicated. Arrows indicate the changing
dominance of autotrophic (green) and heterotrophic (red) processes in the euphotic zone. Flux of sea-ice algae and IP,5 are indicated by yellow arrows. In addition,
Earth’s albedo values for snow and sea-ice as well as open ocean conditions are shown (BARRY 1996). (B) Climate warming may result in an increase of the ice-
free period and a decrease in sea-ice thickness. Sea-ice algae can start to grow already from mid March, provided that snow cover is not too thick.

Abb. 2: (A) Schematische Darstellung der grundlegenden Prozesse, welche Produktion und Flux von Phytoplankton, Zooplankton und Eisalgen mit Eisalgenproxy
“IP,5" im jahreszeitlichen Gang von Licht und Meereis beeinflussen. Zusitzlich sind Albedo-Werte fiir Schnee und Eis gegeniiber denen von eisfreier Ozeanober-
fliche angegeben (BARRY 1996). (B) Zeigt mogliche Auswirkungen und Verdnderungen einer Klimaerwidrmung mit verminderter Eisausdehnung und Eisdicke.

climatic records going back beyond the timescale of direct
measurements can help reduce some of the uncertainties in
the debate of recent climate change. In this context, however,
not only high-resolution studies of the most recent (Holocene)
climate history are of importance, but also detailed studies
of the earlier Earth history characterized by a much warmer
(Greenhouse-type) global climate.

The instrumental records of temperature, salinity, precipitation
and other environmental observations span only a very short
interval (<150 years) of Earth’s climate history and provide an
inadequate perspective of natural climate variability, as they
are biased by an unknown amplitude of anthropogenic forcing.
Generally, paleoclimate records document the natural climate,
rates of change and variability prior to anthropogenic influ-
ence. Paleoclimate reconstructions can be used to assess the
sensitivity of the Earth’s climate system to changes of differ-
ent forcing parameters (e.g. CO,) and to test the reliability of
climate models by evaluating their performance under condi-
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tions very different from the modern climate. Precise knowl-
edge of past rates and scales of climate change are the only
means to separate natural and anthropogenic forcings and will
enable us to further increase the reliability of prediction of
future climate change. Thus, understanding the mechanisms
of natural climate change is one of the major challenges for
mankind in the coming years. In this context, the polar regions
certainly play a key role, and detailed climate records from
the Arctic Ocean spanning time intervals from the Paleogene
Greenhouse world to the Neogene-Quaternary Icehouse world
(Fig. 4) will give new insight into the functioning of the Arctic
Ocean within the global climate system. Here, especially the
synchronous versus asynchronous histories of ice-sheet and
sea-ice development in the north- and southpolar regions are
of special interest.

This paper deals with proxy reconstructions of the long- and

short-term history of past circum-Arctic ice sheets and sea-ice
cover — with a focus on the latter. Starting with examples of
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Fig. 3: (A): Distribution of sea-ice cover in the Arctic Ocean on September 12, 2007 (<http://iup.physik. uni-bremen.de:8084/amsr/amsre.html>) and site locations
discussed in the text: ST = Sediment trap LOMO-2; sediment cores: 1 = IODP-ACEX drill site; 2 = core PS2185-6; 3 = core PS2837-2; 4 = core MSM5/5-723-2; 5
= core PS2138-1; 6 = core PS2458-4; 7 = core ARC-3. (B) Arctic September sea-ice extent (x10° km?) from observations (thick red line) and 13 IPCC AR4 climate
models together with the multi-model ensemble mean (solid black line) and standard deviation (dotted black lines). The absolute minimum of 2007 is highlighted

by asterisk.

Abb. 3: (A): Meereisverbreitung im Arktischen Ozean im September 2007 (<http://iup. physik.uni-bremen.de:8084/amsr/amsre.html) und Lokationen der im Text
diskutierten Sedimentfallen und Sedimentkerne: ST = Sedimentfalle LOMO-2. Sedimentkerne: 1 = IODP-ACEX Bohrlokation, 2 = PS2185-6, 3 = PS2837-2,4 =
MSMS5/5-723-2,5 = PS2138-1, 6 = PS2458-4, 7 = ARC-3. (B) Meereisausdehnung im Arktischen Ozean fiir September (100 km?) fiir die Zeit 1900 bis 2100, d.h.
Beobachtungen und Messwerte (Kurve rot), Mittelwert der Ergebnisse unterschiedlicher Klimamodelle (Kurve fett schwarz) mit Standardabweichung (punktierte

schwarze Kurven).
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Fig. 4: Smoothed global benthic (Zachos et al., 2008, supplemented)
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paleoenvironmental reconstructions based on more commonly
used sedimentological, micropaleontological and geochemical
proxies, the second part of the paper highlights recently devel-
oped novel biomarker proxies indicative for modern and past
changes in sea-ice cover. These new proxies may allow a more
quantitative reconstruction of sea-ice cover and potentially
may provide some information about past sea-ice thicknesses.

LONG- AND SHORT-TERM CHANGES IN
SEA-ICE COVER: RECONSTRUCTIONS FROM
COMMON GEO-PROXIES

Sediment-laden or “dirty” sea ice is a common phenomenon
in the Arctic Ocean and its marginal seas and an important
transport agent for terrigenous sediments (e.g., PFIRMAN et al.
1989, REIMNITZ et al. 1993b, NURNBERG et al. 1994, EICKEN
et al. 1997, 2005, DETHLEFF et al. 2000). In areas of sea-ice
melting, sediment particles are released and depositied at the
sea floor, contributing significantly to the present and past
Arctic Ocean sedimentary budget. This sea-ice sediment —
or “ice-rafted debris (IRD)* — mainly consists of terrigenous
material with clay minerals, quartz, and feldspars as the main
components (NURNBERG et al. 1994). The mineralogy of
sea-ice sediments may be very variable in time and space.
Thus, studies of the mineralogical composition may allow the
identification of source areas for sea-ice transported sediments
and, based on these data, the reconstruction of past and present
transport pathways (e.g. NURNBERG et al. 1994, WAHSNER et
al. 1999, DARBY 2003, STEIN 2008 for review). IRD however,
can also be transported by icebergs. If IRD is related to
iceberg transport and not sea ice, the IRD proxy record records
the existence of extended continental ice sheets reaching the
shelf-break. Therefore, a method of distinguishing between
sea-ice and iceberg transport is required for paleoenviron-
mental reconstructions based on the analysis of IRD.

A first-order proxy to discriminate between sea-ice and
iceberg-rafted deep-sea sediments is the grain-size distribu-
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tion. It is generally accepted that very coarse-grained material
>250 um (coarse-sand-, very-coarse-sand, gravel- and pebble-
sized particles), are mainly restricted to iceberg transport
whereas the dominance of finer-grained (silt and clay sized)
sediments are more typical for sea-ice transport (e.g., CLARK
& HANSEN 1983, NORGAARD-PEDERSEN et al. 1998, SPIEL-
HAGEN et al. 2004, DETHLEFF 2005). Grain-size distribution
by itself, however, has to be interpreted with caution as other
processes (e.g., ocean currents) may overprint the ice-rafted
distribution (MANIGHETTI & MCCAVE 1995, HASS 2002).

A large number of studies on the paleodistribution of sea ice
are commonly based on sedimentological, mineralogical,
and geochemical data (e.g., SPIELHAGEN et al. 1997, 2004,
KNIES et al. 2001, DARBY 2003, NORGAARD-PEDERSEN et al.
2003, POLYAK et al. 2010) and microfossils such as diatoms,
dinoflagellates, ostracods, and foraminifers (e.g., CARSTENS
& WEFER 1992, KocC et al. 1993, MATTHIESSEN et al. 2001,
CRONIN et al. 2010, for most recent review see POLYAK et al.
2010). In particular, sea-ice associated organisms like pennate
ice diatoms, are frequently used for reconstructing present
and past sea-ice conditions (e.g., Koc et al. 1993, STICKLEY
et al. 2009). However, it has also been shown that the preser-
vation of fragile siliceous diatom frustules can be relatively
poor in surface sediments from the Arctic realm and the same
is also true (if not worse) for calcareous-walled microfossils,
thus limiting their applicability (STEINSUND & HALD 1994,
SCHLUTER & SAUTER 2000, MATTHIESSEN et al. 2001). In
contrast, radiolarians might be better preserved than diatoms
but few data have been published yet (e.g., KRUGLIKOVA et al.
2009). A multi-proxy approach, considering sediment texture
in combination with lithology and sediment provenance as
well as micropaleontological and geochemical data indicative
for surface-water characteristics certainly provides a much
sounder interpretation of sea-ice versus iceberg rafting and
reconstruction of past sea-ice conditions.

As complimentary approach to reconstructions from marine
sediment cores, past sea-ice conditions may also be inferred
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from driftwood found on Arctic beaches (e.g., DYKE et al.
1997, BENNIKE 2004, ENGLAND et al. 2008, FUNDER et al.
2009). This approach is based on the assumptions that (1) ice
is essential for long-distance transport of the wood, which
otherwise becomes water-logged and sinks after about a year,
and (2) ice-free coastal areas exist to allow the driftwood to
strand. JAKOBSSON et al. (2010) have summarized results from
different approaches (including results from marine sediment
core as well as driftwood studies) to provide a more holistic
picture of past Arctic sea-ice conditions during the last about
15 Cal. kyrs. BP (see Fig. 21 and discussion below).

In the following, three example reconstructions of the glacial

history, sea-ice cover and surface-water characteristics are

presented using common sedimentological, mineralogical,

geochemical and micropaleontological proxies. These are:

* Onset and long-term variability of Cenozoic Arctic Ocean
ice-rafting: sea-ice versus iceberg transport

e Quaternary glacial / interglacial variability in Arctic Ocean
ice-rafting

* LGM, deglacial to Holocene changes in Arctic Ocean
sea-ice cover and ice-sheet decay.

Onset and long-term variability of Cenozoic Arctic Ocean
ice-rafting: sea-ice versus iceberg transport

During the Arctic Coring Expedition “ACEX* (IODP Expedi-
tion 302), the first scientific drilling was carried out success-
fully in the permanently ice-covered
central Arctic Ocean. During ACEX,

composite depth (mcd). This dropstone was recovered from an
undisturbed section of core and was not reworked or moved
downward from higher in the sedimentary section. The loca-
tion of the ACEX site during this time period, although prob-
ably in shallow water (~200 m), was distal from the Siberian
continental coast and isolated from it by the Gakkel Ridge,
suggesting ice transport as the most probable process (MORAN
et al. 2006). This dropstone was suggested to represent the
onset of Northern Hemisphere glaciation at about 46 million
years BP (Ma) (MORAN et al. 2006, using the revised biostrati-
graphically-derived age model of BACKMAN et al. 2008), i.e.,
sea-ice formation and/or iceberg transport took place ~30
my earlier than previously thought. When using the alternate
chronology based on osmium isotopes (POIRIER & HILLAIRE-
MARCEL 2011), the age of the occurrence of the first dropstone
at 240 mcd would become about three million years younger
(~43 Ma, Fig. 5).

Eocene-age dropstones in the ACEX record provided strong
direct evidence for the presence of ice, but are stratigraphically
discontinuous, and only about 60 granules and pebbles of ~0.2
to 3.0 cm in diameter were visually identified between 0-240
mcd (BACKMAN et al. 2006). In order to get a more continuous
record of the ice-rafting history of the central Arctic Ocean,
ST. JOHN (2008) studied the terrigenous coarse (IRD) frac-
tions >150 and >250 pgm throughout the entire depth interval
0-275 mcd of the ACEX sequence in much more detail (Fig.
6). Along with information on grain size, composition, and
mass accumulation rates of IRD, SEM imaging of represen-
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penetrated on the crest of Lomonosov i \ . [B)ilggifllii:gldgij;h?e? #as | ] .
Ridge close to the North Pole (Fig. 5, % * B0 samble 1 WE
BACKMAN et al. 2006, 2008, MORAN sl 8 = Top Chron C25n 1 #e
et al. 2006). Numerous outstanding "& < N. pachyderma(s) s
results dealing with the Arctic Ocean ) © Osmium-isotopes g
. . . = ® T I I Iz
climate history came out of studies of I > | Age model Pairier and Hillare-Marcel 2011) | | s
ACEX material (BACKMAN & MORAN i N - | 7 T
2008). Unfortunatey, the ACEX record ’g 200 Ll SRR S o e TS S et ot 5
contains a large hiatus, probably span- £ Hiatus? m j
. . . = B R 18.2-44.4 Mg N 3
ning the time interval from late Eocene £ | Burdigallan f | N
to middle Miocene (Fig. 5, BACKMAN @ | |
et al. 2008, O’REGAN 2011). This is a | |
critical time interval, as it spans the \
; : ; 300 | 2 |
time when prominent changes in global | si i
climate took place during the transition | | [EEssmedeiBde e il Cice) | A |
from the early Cenozoic Greenhouse | 1 B
world to the late Cenozoic Icehouse | :i |
world (FIG. 4; ZACHOS et al. 2008). i ad N e S ]
400 AM2 AM1] | > |0 H
i 4
Throughout the upper about 195 m of PIPli Miocene [Oligoceng Eoglefne Paleoc. | Maa. Campan
: . 13 : . P e Y 8 0 5 O ) O L T A O 6
Miocene-Pleistocene  siliclastic  silty 0 10 20 30 20 50 60 70 80

clays of the ACEX sequence, isolated
pebbles and granules interpreted as IRD

Age (Ma)

or “dropstones”, were found together
with sand lenses, but unexpectedly
also in ~50 m of the underlying middle
Eocene biosiliceous silty clays and
oozes (Fig. 6, BACKMAN et al. 2006).
The deepest dropstone, a gneiss of 1 cm
in diameter, was found at about 240 m
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Fig. 5: Age-depth diagram and main lithological units of the ACEX section, based on the biostratigraphic age
model AM1 by BACKMAN et al. (2008). Included is chronology AM2 based on osmium isotopes (POIRIER
& HILLAIRE-MARCEL 2011). First occurrences of IRD at 240-260 mcd are marked as light blue horizontal
bar. Different ages of first occurrence of IRD, obtained by age models AM1 and AM2 are indicated by light
blue arrows (from O’REGAN 2011, supplemented).

Abb. 5: Alters-Tiefen-Diagramm AM1 (BACKMAN et al. 2008) und lithologische Einheiten der ACEX-
Bohrung. Beigefiigt das Altersmodel AM2 nach POIRIER & HILLAIRE-MARCEL (2011). Hellblaue Pfeile =
erstes Einsetzen von IRD zwischen 240-260 mcd (ergénzt nach O’REGAN 2011).
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Fig. 6: (1) = IRD mass accumulation rates (g cm™ ky™!) in the >250 xm (open circles) and 150-250 xm (solid circles) size fractions of the Eocene to Pleistocene
(275 to 0 mcd) section of the IODP-ACEX record (ST. JOHN 2008, supplemented), along with isolated granules and pebbles (large grey circles) (from BACKMAN
et al. 2006) versus age (Ma). Open arrows indicate major pulses of IRD input. The Mid-Miocene Climate Optimum (e.g., FLOWER & KENNET 1995, ZACHOS et al.
2001) is marked as horizontal grey bar. Red numbers indicate “meters composite depth (med)*. (2) = blow-up of the middle Eocene interval (44.5-47.5 Ma) of this
dataset and (3) = concentrations of needle-shaped sea-ice diatom Synedropsis spp. (STICKLEY et al. 2009).

Abb. 6: (1) Akkumulationsraten der terrigenen Grobfraktion >250 ym und 150-250 ym im eozidnen-pleistozénen Kernabschnitt (0-275 m bzw. 0-50 Ma) der
IODP-ACEX-Bohrung (ST. JOHN 2008). Offene Pfeile heben Maxima mit erhohtem Eintrag terrigener Grobfraktion = eistransportiertes Material (“ice-rafted deb-
ris* = IRD) hervor. Das “Mittel-Miozdne Klimaoptimum® (e.g., FLOWER & KENNETT 1995, ZACHOS et al. 2001) ist als grauer Balken hervorgehoben. Rote Zahlen
zeigen Kernteufen an. (2) = Kernabschnitt 47.5-44.5 Ma mit Akkumulationsraten von IRD und (3) = vergroflert dargestellt die Haufigkeit der Meereis-Diatomee

Synedropsis spp. (nach STICKLEY et al. 2009).

tative quartz grains was used to distinguish between sea-ice
and iceberg transport. As outlined by ST. JOHN (2008), surface
features of iceberg-transported grains are dominated by those
produced by mechanical breakage (e.g., angular edges, high
relief, and step-fractures), whereas surface features of sea-ice
transported grains show more rounded edges and chemical
features, such as silica-dissolution and precipitation (for
further information and references see ST. JOHN 2008).

The results from ST. JOHN’s (2008) study (Fig. 6) confirm the
pebble-based interpretation made by the IODP 302 Scientific
Party (BACKMAN et al. 2006, MORAN et al. 2006) that ice initi-
ated in the Arctic in the middle Eocene near 46.3 Ma. At that
time, IRD (150-250 pm) percentages and accumulation rates
reached values >1 % and 0.02 g cm2 ky!, respectively. Quali-
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tatively, the IRD coarse fraction >250 zm mainly composed of
quartz, looks very similar in samples from the middle Eocene
and from the Pleistocene.

Contemporanously with the onset of IRD near 46.3 Ma, the
abundance of weakly silicified needle-shaped pennate diatoms
Synedropsis spp. significantly increased, indicating the pres-
ence of sea ice and silica-enriched waters (STICKLEY et al.
2009). As the fossil Synedropsis spp. found in the ACEX
record are uniquely associated with the IRD peaks from the
same cores, these authors interpret the IRD being predomi-
nantly derived from sea ice (STICKLEY et al. 2009). The first
occurrence of these sea-ice related diatoms was at about 47 Ma
(or ~43 Ma when using the alternate chronology of POIRIER
& HILLAIRE-MARCEL 2011), at times when IRD grains
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were found in the ACEX section, albeit in low abundance,
suggesting the onset of seasonally paced offshore sea-ice
formation at that time (Fig. 6). These sedimentological and
micropaleontological data are a strong indication for sea-ice
formation in the middle Eocene. Iceberg transport, however,
was probably also present in the middle Eocene, as indicated
by mechanical surface-texture features on quartz grains from
this interval (ST. JOHN 2008).

With the first occurrence of significant amounts of IRD near
46.3 Ma, the alkenone-based sea-surface temperature (SST)
estimate in the ACEX record dropped by about 7.5 °C, and
temperatures of 10-17 °C were determined for the time
interval 46.3—44.8 Ma (WELLER & STEIN 2008). Such SSTs
do not seem unrealistic. Assuming that the alkenone SST
represents summer SST and considering the strong seasonal
temperature variability of >10 °C during the early-middle
Eocene (STEIN 2008, WELLER & STEIN 2008), favourable
conditions for sea-ice formation may have occurred during
wintertime. This could have been a situation similar to that
observed in the modern Baltic Sea where summer SSTs of >15
°C and winter SSTs <1 °C with sea-ice formation are typical
(WUST & BROGMUS 1955, KRAUSE 1969).

The records from ACEX (BACKMAN et al. 2006, MORAN et
al. 2006, ST. JOHN 2008) as well as similar IRD records from
the Greenland Basin ODP Site 913 (ELDRETT et al. 2007,
TRIPATI et al. 2008) prove an early onset / intensification of
Northern Hemisphere glaciations during Eocene times, as was
proposed from changes in oxygen-isotope composition across
the Eocene / Oligocene boundary and in late Eocene records
from the tropical Pacific and South Atlantic (COXALL et al.
2005, TRIPATI et al. 2005). Furthermore, the increase in IRD
in the ACEX and ODP Site 913 records coincided with major
decreases in atmospheric CO, concentrations (PEARSON &
PALMER 2000, PAGANI et al. 2006, LOWENSTEIN & DEMICCO
2006, THOMAS 2008). These data suggest that the Arctic
and Antarctic Cenozoic climate evolutions are more closely
timed, i.e., the Earth’s transition from the “greenhouse” to the
“icehouse” world was bipolar (Fig. 4), which points to greater
control of global cooling linked to changes in greenhouse
gases in contrast to tectonic forcing (MORAN et al. 2006). The
decline of atmospheric concentrations of CO, in the middle
Eocene may have driven both poles across the temperature
threshold that enabled the nucleation of glaciers on land and
partial freezing of the surface Arctic Ocean, especially during
times of low insolation (ST. JOHN 2008).

The ACEX record also provided information about the vari-
ability of Northern Hemisphere icesheets and/or sea-ice cover
during Neogene times. Between about 17.5 and 16 Ma a distinct
minimum in ice-rafting in the central Arctic was found (Fig. 6),
which may correspond to the Middle Miocene climate optimum
(FLOWER & KENNETT 1995, ZACHOS et al. 2001, MORAN et al.
2006), suggesting minimal ice conditions in the Arctic during
this period (ST. JOHN 2008). Between about 15 and 14 Ma, IRD
accumulation in the ACEX record distinctly increased, contem-
poraneously with similar IRD maxima in the Greenland Sea
(WOLF-WELLING et al. 1996), the existence of glacially eroded
material in sediments recovered at Fram Strait Site 909 (KNIES
& GAINA 2008), and the onset of cooling in Baffin Bay (STEIN
1991). This may suggest a shift to larger-scale or permanent sea
ice in the Northern Hemisphere high latitudes, which is consis-
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tent in timing to the onset of the global mid-Miocene cooling
(Fig. 4, ZACHOS et al. 2008), the establishment of more exten-
sive ice sheets in Antarctica and greater Antarctic Bottom Water
formation (WRIGHT et al. 1992, FLOWER & KENNETT 1995),
and a corresponding eustatic sea-level regression (MILLER et
al. 1998). The late Cenozoic maxima in IRD massaccumula-
tion rates found in the ACEX record probably indicate further
expansion of sea ice or growth of ice sheets shedding icebergs
into the Arctic Ocean (Fig. 6, ST. JOHN 2008), and most of
them co-occurred with either initial or intensified ice-rafting
events at sub-Arctic sites (WOLF & THIEDE 1991, STEIN 1991,
FRONVAL & JANSEN 1996, WOLF-WELLING et al. 1996, THIEDE
et al. 1998, 2011, ST. JOHN & KRISSEK 2002). That means ST.
JOHN’s (2008) data provide a long-term pattern of Arctic ice
expansion and decay, on the order of those determined for the
sub-Arctic oceans.

A major shift in the composition of heavy minerals in the
IRD of the ACEX record is seen at about 13—14 Ma (Fig. 7,
KRYLOV et al. 2008). The low-resolution record shows high
clinopyroxene (CPx) and low hornblende (Hbl) (amphibole)
(high Cpx/Hbl ratios) below 14 Ma, and low clinopyroxene
and high hornblende (amphibole) values (low Cpx/Hbl ratios)
above 14 Ma. Considering that sea-ice is the main transport
agent for the heavy minerals, this points to the western Laptev
Sea and Kara Sea as major IRD source prior to about 14 Ma
and the eastern Laptev Sea and East Siberian Sea as major IRD
source area after 14 Ma, assuming a Transpolar Drift system
similar to that of today (KRYLOV et al. 2008). Due to the fact
that the distance between the Hornblende (amphibole) source
region in the eastern Laptev Sea and East Siberian Sea and
the ACEX drill site requires a drift time that exceeds one year
when assuming present-day drift trajectories and velocities
(Fig. 7), KRYLOV et al. (2008) proposed that the sea-ice trans-
porting this material must have survived a melting season. If
this assumption is correct, it may point to the development of a
perennial sea-ice cover in the Arctic Ocean at about 13—-14 Ma,
contemporaneously with the global mid-Miocene cooling (Fig.
4). DARBY (2008) who studied the composition of Fe oxide
grains in the ACEX section, came to a similar conclusion that
during the last 14 Ma a significant amount of IRD was derived
from the northern Canadian islands and Ellesmere Island (Fig.
7), with additional sources in the Eurasian Arctic, and proposed
a perennial sea-ice cover since at least about 14 Ma.

The dominance of smectite in the lower part of the ACEX
record (Fig. 7) supports the heavy-mineral data, i.e., it indi-
cates a terrigenous sediment input from the western Laptev
Sea and Kara Sea. The changes in the clay- and heavy-mineral
assemblages, however, do not occur exactly in phase. The
decrease in smectite (and increase in illite) already occurred
within Unit 1/5, i.e., a few million years earlier (Fig. 7). As
outlined by KRYLOV et al. (2008), the reason for this discrep-
ancy could be related to climate-driven changes in weathering
conditions in the source regions, that is important for forma-
tion of clay in soils, or to different mechanisms of clay- and
heavy-minerals transportation.

Concerning the onset of perennial sea-ice cover, there are
still some discrepancies that have to be solved. As stated by
MATTHIESSEN et al. (2009), a year-round (perennial) sea-ice
cover as proposed by DARBY (2008) and KRYLOV et al. (2008)
being predominant in the central Arctic Ocean since the

10.12.12 11:46



Perennial sea-ice cover
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Fig. 7: Percentages of clinopyroxene and hornblende in the heavy mineral silt fraction as well as the clinopyroxene/hornblende (cpx/hbl) ratio, determined in the
IODP-ACEX core (KRYLOV et al. 2008), and interpretation in terms of source areas of the terrigenous (IRD) fraction and sea-ice cover. Source-area identification
based on Fe-oxide grains (DARBY 2008) and clay-mineral assemblages (KRYLOV et al. 2008) is indicated at right-hand side. Figure from Stein (2008). Inset map
(bottom right) shows mean fields of ice drift in the Arctic Ocean derived from buoy drift between 1979 and 1994 (from HOVLAND 2001, supplemented, based
on COLONY & THORNDIKE 1985, THORNDIKE 1986, PFIRMAN et al. 1997). Velocities indicated by arrows. Numbered lines indicate the average number of years
required for ice in this location to exit the Arctic through the Fram Strait. BG = Beaufort Gyre, TPD = Transpolar Drift. Colour code highlights source areas (pink =
Northern Canada, blue = East Siberia/eastern Laptev Sea, green = western Laptev Sea/Kara Sea). Yellow star = location of the ACEX drill site.

Abb. 7: Gehalte an Clinopyroxen und Hornblende in der Schwermineral-Siltfraktion sowie das Clinopyroxen/Hornblende-Verhiltnis im eozénen-pleistozinen
Kernabschnitt (0-50 Ma) des IODP-ACEX-Kerns (KRYLOV et al. 2008) und Interpretation in Hinblick auf potentielle Liefergebiete der terrigenen (IRD) Sedi-
mentfraktion. Zusitzlich sind Tonmineral- (KRYLOV et al. 2008) und Fe-Oxid-Daten (DARBY 2008) als Anzeiger fiir Liefergebiete dargestellt. Inset-Karte (unten
rechts) zeigt mittlere Driftraten von Meereis im Beaufort-Wirbel (BG) und in der Transpolar-Drift (TPD), Ziffern 1-5 geben die Zeit in Jahren wieder, die Eis an
der Position braucht, bis es den Arktischen Ozean durch die Framstrae verldsst (ergdnzt aus HOVLAND 2001, nach COLONY & THORNDIKE 1985, THORNDIKE
1986, PFIRMAN et al. 1997).

Middle Miocene, can be ruled out because this would have led
to an extremely low production as in the modern Arctic Ocean
(e.g., WHEELER et al. 1996) leading to low abundances or
absence of aquatic palynomorphs in the sediments. In contrast
to this, the co-occurrence of Nematosphaeropsis spp. and
Impagidinium spp. found in the Neogene part of the ACEX
sequence, points to seasonally open waters (MATTHIESSEN et
al. 2009). Abundance maxima of agglutinated foraminifers in
the Early Pleistocene ACEX section also support seasonally
ice-free conditions during that time (CRONIN et al. 2008).

On one hand, the discrepancies to Darby’s and Krylov et al.’s
reconstructions may be explained by their lower temporal
resolution. The study by DARBY (2008) has an average
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sampling interval of about 0.17 Ma whereas MATTHIESSEN et
al. (2009) used samples at an average sample interval of 60 cm
in the Late Miocene corresponding to a temporal resolution of
approximately 0.04 Ma (based on the age model of FRANK et
al. 2008). According to MATTHIESSEN et al. (2009), therefore
periods with a reduced seasonal extent of the sea-ice cover
(interglacials?) may have alternated with periods of a year-
round sea-ice cover (glacials?). On the other hand, applying
modern mean drift speeds to argue for perennial ice in the
past — as done by DARBY (2008) and KRYLOV et al. (2008) —
might also be dangerous, as i) thinner ice may drift faster ii)
wind-driven circulation may have been stronger, and iii) there
is no modern analysis on how signficant mean speeds are (cf.
O’REGAN et al. 2010, O’REGAN 2011).

45

10.12.12 11:46



Concerning the variability of IRD during the Neogene, another
prominent phenomenon is the distinct reduction in the amount
of IRD in the ACEX record in the early Pleistocene (Fig. 8,
O’REGAN et al. 2010, POLYAK et al. 2010). The IRD numbers
remain low until a core depth of about 6 mcd. These low IRD
values might be explained by (i) a rather stable ice pack, that
would reduce the transport and melting of debris-laden sea ice
and icebergs across the central Arctic, (ii) a decrease in IRD
deposition due to lower inflow of Atlantic-derived interme-
diate water, that would reduce basal melting of sea ice, or (iii)
less icebergs entering the Transpolar Drift from the Eurasian
margin (O’REGAN et al. 2010, POLYAK et al. 2010). At 6 mcd,
i.e., with the onset of the MIS 6 (Saalian) glaciation, IRD
increased significantly in the ACEX record as well as in the
neighbouring cores PS2185-6 and 96/12-1PC (Fig. 8, JAKOBS-
SON et al. 2000, 2001, SPIELHAGEN et al. 2004, O’REGAN et
al. 2008, 2010). These distinct maxima in IRD recorded on
Lomonosov Ridge are related to advances and retreats of
the Barents-Kara Sea Ice Sheet during the last 200 ka (e.g.

vy}

MIS 1 to MIS 16 (?)

PS72/392-5

SVENDSEN et al. 2004, see discussion below). Whereas the
Lomonov Ridge cores display a signal related to the Eurasian
ice sheets and IRD input via the Transpolar Drift, started to
increase with the onset of MIS 6, a pronounced increase in
IRD abundances was recorded in the western Arctic Ocean
(Amerasian Basin) significantly earlier than on the Lomonosov
Ridge, i.e., probably already during glacial MIS16 at about
650 ka (Fig. 8, POLYAK et al. 2009, STEIN et al. 2010a, 2010b).
As outlined by POLYAK et al. (2009), the western Arctic is
largely controlled by the Beaufort Gyre circulation system and
sediment input from the North American margin. That means,
these sedimentary records reflect primarily the history of the
Laurentide Ice Sheet and possibly different sea-ice conditions
than in the eastern Arctic.

From the discussion above, it is clearly obvious that for the
reconstruction of a more complete history of perennial versus
seasonal sea ice and ice-free intervals during the past several
million years additional well-dated proxy records distrib-
uted throughout the Arctic Ocean, are
needed (POLYAK et al. 2010, O’REGAN
et al. 2010, STEIN et al. 2010b). These
proxy records have to be obtained
by multidisciplinary studies of long
sedimentary sections that can only be
recovered by future drilling campaigns
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to be carried out hopefully within the
new phase of IODP (STEIN 2011).
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Quaternary glacial / interglacial vari-
ability in Arctic Ocean ice-rafting: The
last 200 ka

The glacial / interglacial variability
in Arctic Ocean ice-rafting may be
controlled by different but interrelated
factors, i.e., the waxing and waning of
circum-Arctic ice sheets, changes in
sea-ice cover and changes in oceanic
circulation patterns. In detail, however,
the interrelationships and the timing of
these processes are not fully understood
yet (e.g., POLYAK et al. 2004, 2009,
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Quaternary Neogene and eastern Arctic is still a matter
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0 1 2 3 4 5 6 of discussion and further studies are
Age (Ma) needed (see previous chapter). In the

following, we will concentrate of the

Fig. 8: A = Stratigraphically aligned coarse fraction contents from cores PS-2185-6 and 96/12-1PC shown . . .
climatic evolution of the last 200 ka.

on the ACEX revised composite depth scale, and the ACEX terrigenous IRD record of the upper 95 med
(ST. JOHN 2008). Age model based on beryllium stratigraphy (FRANK et al. 2008) (modified after O’'REGAN
et al. 2010). B = Number of IRD grains >2 mm and content of dolomite (%) determined by XRD and inor-
ganic carbon content, from core PS72/392-5 (for location see Fig. 10; Figure from STEIN et al. 2010a). More
sandy intervals are marked by horizontal light blue bars, probably correlating with periods of maximum
ice-sheet extend during glacials MIS 6, MIS 8, MIS 10, MIS 12, MIS 16. Main pink-white (1 = PW1 and 2
=PW?2) and white (3 = W3) layers are indicated by pink bars.

As shown in several sediment cores
from the Eurasian Basin as well as
the Amerasian Basin, records of both
IRD input and foraminifer abundances
from the last 200 thousand years BP
(200 ka) clearly demonstrate that sedi-
mentary environments in the central
Arctic Ocean were strongly variable.
In most of these Arctic Ocean sediment

Abb. 8: A = Gehalte von terrigener Grobfraktion (IRD >63 ym) der Kerne PS2185-6 und 96/12-1PC (Lo-
kationen siehe Fig. 10) und der oberen 95 mcd der ACEX-Abfolge (150-250 ym und >250 ym), aufgetra-
gen gegen revidierte ACEX-Teufenskala (aus O’REGAN et al. 2010, abgeidndert). B = Gehalte von IRD >2
mm und Dolomit (Bestimmung mittels Rontgendiffraktometrie und Elementanalyse) von Kern PS72/392-5.
Mebhr sandige Intervalle sind durch blaue Balken angezeigt, rosa Balken markieren “pink-white layers* (aus
STEIN et al. 2010a).
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cores, IRD content and abundances of planktonic foraminifers
display a general anticorrelation (DARBY et al. 1997, SPIEL-
HAGEN et al. 1997, 2004, NGRGAARD-PEDERSEN et al. 1998,
2003,2007, POLYAK et al. 2004). As an example, records from
core PS2185-6 recovered from Lomonosov Ridge are shown
in Figure 9. The foraminifer-rich intervals likely reflect times
with an inflow of Atlantic Water of variable strength, temper-
ature, and regional extension, at least a seasonally reduced
sea-ice cover (i.e., more open-water conditions), and some
increased surface-water productivity (e.g., HEBBELN et al.
1994, NORGAARD-PEDERSEN et al. 2003, SPIELHAGEN et al.
2004). In core PS2185-6, for example, most prominent peaks
in planktonic foraminifer abundance occur in substages MIS
5.5, 5.3, and 5.1 and in the <50 ka interval (Fig. 9, SPIEL-
HAGEN et al. 2004).

Coarse-grained IRD layers contain very few or no foramini-
fers and are mainly related to iceberg transport of terrigenous
material. Distinct maxima in IRD were recorded in uppermost
MIS 7 to MIS 6 (190 to 130 ka), upper part of MIS 5 (substage
5.2, about 90 to 80 ka), near the MIS 5/4 boundary (around
75 ka), and in the late MIS 4 to early MIS 3 time interval (65
to 50 ka) (Fig. 9, SPIELHAGEN et al. 2004), indicating major
continental glaciations during those times. The central Arctic
Ocean sediments from <50 ka show an upward decrease of

IRD content and a minimum in the deposits from the LGM
around 20 ka (N@RGAARD-PEDERSEN et al. 1998, 2003, SPIEL-
HAGEN et al. 2004). In general, Holocene deep-sea sediments
from the Eurasian Arctic Ocean have a low coarse-fraction
content (<10 wt.%, NORGAARD-PEDERSEN et al. 1998, 2003),
which reflects the scarcity of icebergs in the modern Arctic.

Concerning the provenance of the IRD and its variability
through time in the Eurasian Arctic, bulk-, clay-, and heavy-
mineral associations of core PS2185-6 were used to identify
source areas of the terrigenous (IRD) fractions (Fig. 10, e.g.,
WAHSNER et al. 1999, BEHRENDS et al. 1999, SPIELHAGEN
et al. 1997, 2004, STEIN 2008). Here, clevated smectite and
kaolinite concentrations as well as high clinopyroxene /
amphibole ratios during MIS 6, upper MIS 5, and late MIS
4 early MIS 3, mostly coinciding with IRD maxima (Fig. 9),
serve as a tracer for an IRD origin from the area of western
Laptev Sea, southeastern Kara Sea, Franz Josef Land and the
area of central Barents Sea respectively. High smectite concen-
trations, however, do not always coincide with high coarse
fraction content. In some intervals, e.g. in the uppermost and
lowermost MIS 5 (5.1 and 5.5), smectite enrichments correlate
with very low terrigenous coarse fraction which may suggest
transport by sea ice (or currents) rather than icebergs. Further-
more, the IRD-rich intervals are enriched in quartz, reaching
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Fig. 9: Summary plots showing coarse-fraction content >63 ym (wt.%), detrital carbonate (% of coarse fraction >500 #m), and kaolinite and smectite (% of clay
minerals in the clay fraction <2 ym) (data from SPIELHAGEN et al. 1997) as well as the clinopyroxene/amphibole (CPX/Amph) ratio (data from BEHRENDS 1999)
and quartz content (data from VOGT 1997, 2004) in core PS2185 for the last 240 ka (MIS 7 to MIS 1), using the age model of SPIELHAGEN et al. (2004). Marine
isotope stages MIS 1 to MIS 7 are indicated. In addition, the concentration of planktic foraminifers per gram sediment is shown (data from SPIELHAGEN et al.
2004). Green and pink bars indicate sediment source areas in Eurasia and northern Canada, respectively. Figure from STEIN (2008).

Abb. 9: Gehalte an Grobfraktion >63 ym, detritischem Karbonat, Kaolinit und Smektit (Daten aus SPIELHAGEN et al. 1997), Verhiltnis Clinopyroxen/Amphibol
(Daten aus BEHRENDS 1999) und Quarzgehalte (Daten aus VOGT 1997) im Zeitintervall der letzten 240,000 Jahre v.H. (240 ka, MIS 7 bis MIS 1) (Altersmodell
nach SPIELHAGEN et al. 2004). Zusitzlich wird der Gehalt an planktischen Foraminiferen gezeigt (Daten aus SPIELHAGEN et al. 2004). Griine bzw. rosa Balken
heben Herkunftsgebiete in Eurasien bzw. Kanada hervor. Abbildung aus STEIN (2008).
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Fig. 10: Bathymetric map of the Arctic Ocean modified to showing lowered sea level of
120 m during LGM maximum glaciation. Limits of the Eurasian and North American ice
sheets according to SVENDSEN et al. (2004) and DYKE et al. (2002), respectively; main
ice streams (blue arrows) according to DE ANGELES & KLEMAN (2005) and KLEMAN &
GLASSER (2007). Red arrows show ice stream tributaries and episodic diversions of ice
stream drainage within main ice stream corridors. Projected flow lines of ice shelves and
limits of ice rises are mapped based on interpretation of observed glaciogenic seafloor
bedforms (figure from JAKOBSSON et al. 2008, supplemented). Main source areas of spe-
cific minerals are shown (from STEIN 2008, STEIN et al. 2010 and references therein):
qua = quartz; dol = dolomite; ill = illite; sme = smectite; chl = chlorite; kao = kaolinite;
am = amphibole; cli = clinopyroxene. Colour codes mark source region: green = western
Laptev Sea, Kara Sea, Barents Sea; blue = eastern Laptev Sea, East Siberian Sea; orange
= Bering Strait; pink = Canada, northern Greenland; white = no specific source area. Red
stars indicate core locations on Lomonosov Ridge ans Canada Basin; large green and pink
arrows indicate sediment input from the Eurasian and northern Canadian ice sheets, re-
spectively.

Abb. 10: Modifizierte bathymetrische Karte des Arktischen Ozeans zur Zeit des letzten
glazialen Maximums mit einem 120 m abgesenkten Meeresspiegel. Ausdehnung der eu-
rasischen und nordamerikanischen Eisschilde nach SVENDSEN et al. (2004) bzw. DYKE et
al. (2002), Eisstrome (blaue Pfeile) nach DE ANGELES & KLEMAN (2005) und KLEMAN &
GLASSER (2007). Abbildung ergénzt nach JAKOBSSON et al. 2008. Liefergebiete bestimm-
ter Minerale nach STEIN (2008) und STEIN et al. (2010).
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LGM, Deglacial to Holocene changes in Arctic
Ocean sea-ice cover and ice sheet decay

In order to reconstruct the Arctic Ocean sea-ice
distribution and other surface-water characteris-
tics, NORGAARD-PEDERSEN et al. (2003) carried
out a very detailed study on a large number of
well-dated sediment cores from the Eurasian
sector of the Arctic Ocean, representing the MIS
2/1 time interval. Based on sedimentological,
micropaleontological, and stable isotope data,
these authors were able to characterize and map
regions of different paleoceanographic conditions
for the Last Glacial Maximum (LGM) time slice
(18.0-21.5 Cal. kyrs. BP according to GLAMAP
(SARNTHEIN et al. 2003b)). This reconstruction
is based on (1) the spatial distribution of &'80
values as proxy for the distribution of Atlantic and
polar water masses, (2) flux records of planktic
foraminifers as productivity proxy reflecting
nutrient supply and degree of ice cover (e.g.,
HEBBELN & WEFER 1991, HEBBELN et al. 1994),
and (3) the IRD content >500 pm as a proxy to
estimate the input of terrigenous sediments trans-
ported by icebergs derived from continental ice
sheets calving into the Arctic Ocean. As a result,
NO@RGAARD-PEDERSEN et al. (2003) could sepa-
rate three areas characterized by different sedi-
mentation regimes and surface ocean properties
during the LGM (Fig. 11):

Area (1), the eastern Fram Strait and the northern
Barents Sea margin;

Area (2), the western Fram Strait and the south-
western Eurasian Basin up to about 84-85° N, and
Area (3), the central Arctic Ocean (north of 85° N
in the Eurasian Basin).

In summary, these areas have the following
characteristics (Fig. 11, detailed discussion see
N@RGAARD-PEDERSEN et al. 2003):

Area (1), the eastern Fram Strait and the northern
Barents Sea margin area, is characterized by
high sedimentation rates of 2-10 c¢cm ky! and
high abundances of planktic foraminifers (about
4000-6000 specimens g-! sediment). Today, such
environments are found in areas of seasonally

values of >50 % (Fig. 9). This is also consistent with an
Eurasian source, although quartz alone is not specific enough
for a source identification because it also occurs in major
abundance in the Canadian Arctic (Fig. 10).

During interglacials, i.e., MIS 7 and the middle part of MIS
5 as well as during the last about 20 ka, increased amounts of
detrital carbonate (dolomite) were determined in the record of
core PS2185-6, coinciding with very low amounts of terrig-
enous coarse fraction (Fig. 9). Detrital carbonate, especially
dolomite, is related to a sediment source in the Canadian
Arctic (Fig. 10, e.g., BISCHOF et al. 1996, PHILLIPS & GRANTZ
2001) whereas the fine-grained terrigenous material points
to a transport by sea ice (or currents) rather than icebergs.
This may suggest substantial sediment transport towards the
Eurasia Basin by sea ice in an extended Beaufort Gyre at those
(mainly interglacial) time intervals.
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changing ice cover like the central Fram Strait (HEBBELN
& WEFER 1991). The high 830 values of N. pachyderma
(sin.) of 4.5-4.8 % and the estimates of summer sea-surface
temperatures (SST) of about 1.6-3.0 °C (PFLAUMANN et al.
2003) suggest a strong inflow of Atlantic Water. The high
abundances of planktic foraminifers (and fluxes of 10-35
103 specimens cm™ ky™!, NGRGAARD-PEDERSEN et al. 2003)
correspond to the glacial “high productive zones” (HPZ) first
reported from the eastern Fram Strait and the Norwegian Sea
by HEBBELN et al. (1994) and DOKKEN & HALD (1996).

Area (2), the western Fram Strait and the southwestern Eurasian
Basin up to about 84-85° N, is characterized by lower sedimen-
tation rates of 1-2 cm ky! and moderately high abundances and
fluxes of planktic foraminifers, high 8'30 values of N. pachy-
derma (sin.), and summer SST estimates slightly lower than in
Area (1). This region may have been characterized by the pres-
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ence of ice cover with some open leads in summer, similar to
the present interior Arctic Ocean. NORGAARD-PEDERSEN et al.
(2003) suppose that Area 2 was under the steady influence of
Atlantic subsurface waters advected from Area (1). The impact
of recirculating saline and relatively warm Atlantic Water over
a large area of the southwestern Eurasian Basin was the deci-
sive factor causing a break-up of the ice cover, relatively high
sedimentation rates and a comparatively high planktic fora-
miniferal flux (about 5-10 x 103 specimens cm™ ky!, Fig. 11,
N@RGAARD-PEDERSEN et al. 2003).

Area (3), the central Arctic Ocean north of 85° N in the Eu—
rasian Basin, is characterized by extremely low sedimentation
rates (dominantly <1 c¢cm ky™'), low abundances and fluxes

Greenland

Ice Sheet
Perennial sea ice

| + ice bergs
. ow Salinity Polar Surface Water . . .
(long residence time) Atlantic Water
Halocline 1-3°C

» Barents Sea
* Ice Sheet

Ice Massif

0.2-0.3 g/cm?/ky 0.5-5 g/lem?/ky 5-20 g/em?/ky
>200 pl.F/em?/ky 5-10x10% plL.F/cm?ky | 10-35x10° pl.F./em?/ky

380

4.5-4.8%0 3'%0

I Area 3 l Area 2 l Area 1 I
Fig. 11: Simplified model of sea-ice and surface-ocean characteristics in the
Fram Strait to central Arctic Ocean region during the LGM (from N@RGAARD-
PEDERSEN et al. 2003, supplemented). On the latitudinal transect from the
northern Svalbard continental margin to the North Pole, related proxy data such
as sedimentation rates, planktic foraminiferal flux, planktic 880 values, and
mean summer SST values of the Atlantic Water mass are shown. Advection and
recirculation of relatively warm and saline Atlantic Water in the Fram Strait to
southwestern Eurasian Basin caused an open ice cover and a relatively high flux
of biogenic and lithic material. Polynyas probably occurred at the Barents Sea
continental margin. From about 85° N and further into the interior Arctic, it is
proposed that the sea-ice cover was permanently thick, resting upon cold, low-
salinity halocline waters. This may explain the extreme low interior Arctic flux
values. Red stars indicate locations of cores PS1230-1 and PS2837-5.

Abb. 11: Schematische Darstellung der Meereisverbreitung und Charakteristika
des Oberflachenwassers im Bereich Framstrafle/Arktischer Ozean wihrend des
Letzten Glazialen Maximums (erginzt aus NORGAARD-PEDERSEN et al. 2003).
Auf dem Schnitt von Spitzbergen bis 90° N sind Proxydaten wie Sedimenta-
tions- und Akkumulationsraten, 6'80-Werte planktischer Foraminiferen sowie
der mittleren Temperaturen des Oberflidchenwassers fiir drei unterschiedliche
Gebiete angezeigt.
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of planktic foraminifers (only a few hundred foraminifers
¢! sediment and <0.2 x 103 specimens cm? ky'!, respec-
tively), and very low IRD (>500 pm) values <1 % (Fig. 11,
N@RGAARD-PEDERSEN et al. 2003). These data suggest the
existence of an extensive and thick sea-ice cover with low
seasonal variation, limiting planktic productivity (“low
productivity zone*) and minor IRD release in the eastern
central Arctic during the LGM. Due to low temporal resolu-
tion, however, it has to be considered, that the data from the
central Arctic Ocean are tentative and probably characterize
average Marine Isotope Stage (MIS) 2 conditions rather than a
specific LGM time slice (N@GRGAARD-PEDERSEN et al. 2003).

MIS 2 (including the LGM) was already identified as a period
of very limited bioproduction and extremely low sedimenta-
tion rates due to a massive sea-ice cover with limited seasonal
variation from earlier studies of sediment cores from the
eastern and western central Arctic Ocean (DARBY et al. 1997,
N@RGAARD-PEDERSEN et al. 1998, POORE et al. 1999). Cores
from the Northwind Ridge and the Chukchi Plateau (Amera-
sian Basin) are barren of foraminifers in the glacial interval
(DARBY et al. 1997, PHILLIPS & GRANTZ 1997), suggesting an
even thicker and more coherent sea-ice cover in the western
central Arctic Ocean, which had a sufficient thickness to
reduce solar irradiance to levels that precluded photosynthesis.

Grain-size distribution and IRD composition from this time
period provides more detailed information on ice-sheet vari-
ability, ice export, and sea-ice versus iceberg transport. While
there are very few icebergs calving into the Arctic Ocean,
crossing the central basins, and exiting Fram Strait today
(SUDGEN 1982), large quantities of glacial ice drifted across
the central Arctic Ocean and finally through Fram Strait during
the late Pleistocene. These pulses in IRD input during MIS 2
are mainly related to sudden, massive iceberg calving events
in the North American Arctic ice sheets, as reconstructed
by DARBY et al. (2002) from sedimentary records from the
western central Arctic Ocean to Fram Strait (Fig. 12). In these
cores, IRD composition >250 ym and Fe oxides were used
to trace the IRD in the glacial marine sediments back to its
sources (see DARBY 2003 for background). A key core in their
reconstruction is the AMS!#C-dated core PS1230-1 located in
1235 m water depth at 78.9° N, 4.8° W, in the central Fram
Strait (Fig. 12) where most of the Arctic sea ice is exported
today (90 % of the modern sea-ice drifts through Fram Strait
between 0 and 10° W, VINIE et al. 1998).

The record of core PS1230-1 representing the last 34 Cal. kyrs.
BP (upper MIS 3 to MIS 1), shows significant, rapid fluc-
tuations in the percentages of Fe oxide grains from different
sources (Fig. 12, DARBY et al. 2002). Fe oxide maxima in the
pre-Holocene probably represent primarily iceberg transport
on the basis of the abundance of coarse IRD in the Pleistocene
section and on the similarity of the IRD grain-size distribution
to glacial tills (DARBY et al. 2002).

During the late Pleistocene (MIS 3 / MIS 2), a major source
of IRD was the northwestern Laurentide Ice Sheet that calved
into the Arctic Ocean. This source is identified by detrital Fe
oxide grains in PS1230-1 that precisely match those in the
tills of Banks Island and Victoria Island (source area 8 in Fig.
12). A northwestern Laurentide source is also supported by the
presence of light-coloured detrital carbonate, which is rela-
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Fig. 12: Circum-Arctic source areas (samples 1-38) as defined by unique source compositions based on Fe oxide composition of sand-sized grains (DARBY 2003),
drift paths of icebergs from Arctic Laurentide Ice Sheet and Innuitian Ice Sheet to Fram Strait (solid drift paths), and the location of core PS1230 (from DARBY
et al. 2002, supplemented). Dashed drift paths of sea-ice in the Arctic show the influence of the Beaufort Gyre during warmer intervals like the Holocene by dis-
placing North American ice drift paths westward. In green and pink, Eurasian and Canadian source areas, respectively, are highlighted. Graphs above and below
the map show the amounts of terrigenous coarse fractions and Fe oxide grains from different circum-Arctic source areas determined in Fram Strait core PS1230
(from DARBY et al. 2002, supplemented). Bottom graphs: Arctic Laurentide (AL) and Innuitian (I) IRD events based on detrital Fe oxide mineral grain composi-
tions matched to source area 8 (Banks Island) and source areas 2-7 plus 24-28, respectively, plotted versus core depth. Calendar years (kyrs. BP) and location of
AMS!#C datings (crosses) as well as major lithologies are indicated. Numbers 14 to 34 indicate ages of the main AL1 to AL 5 IRD events in Cal. kyrs. BP; bold
black bar indicates the Last Glacial Maximum (LGM). Top graphs: IRD events originating from Siberian shelves, plotted versus age.

Abb. 12: Karte mit 38 unterschiedlichen, anhand von Fe-Oxiden in der Sandfraktion definierten, zirkum-arktischen Liefergebieten und Driftwegen von Eisbergen
und Meereis. Die Kurven oberhalb und unterhalb der Karte zeigen Gehalte der terrigenen Grobfraktion und Fe-Oxide aus unterschiedlichen Liefergebieten im
Kern PS1230. Abbildung ergénzt aus DARBY et al. (2002).
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tively abundant in tills and derived from the extensive Paleo-
zoic carbonates exposed on Victoria Island (e.g., BISCHOF et al.
1996). This is indicated by the coincidence of Fe oxide peaks in
PS1230-1 with elevated detrital, light-coloured carbonate peaks
of 4 to >8 % (Fig. 12). Another important but secondary source
of Fe oxide grains in core PS1230-1 is the Innuitian ice sheet in
the northern Canadian Islands (source areas 2 to 7 and 24 to 28
in Fig. 12; BISCHOF & DARBY 1999, DARBY et al. 2002).

The rapid onset and relatively short duration of the Fe oxide
grain peaks suggest massive and fast deglaciation events in
parts of the Laurentide and Innuitian ice sheets during MIS 2
(Fig. 12, at about 26, 23, 18 and 14 Cal. kyrs. BP), producing
large armadas of icebergs, i.e., events probably similar to
those recorded during Heinrich events in the North Atlantic.
Indeed, the number of Arctic IRD events and their occurrence
intervals over the last 34 ky are remarkably similar to those
of Heinrich events, i.e., the events 1 to 4 seem to correspond
to HO to H3 (DARBY et al. 2002). The most prominent event
seems to be the AL 2 event near 18 Cal. kyrs. BP, which coin-
cides with a distinct IRD maximum, probably representing the
decay of the LGM ice sheet (Fig. 12). Fe oxide peaks related
to IRD input from the northwestern Laurentide Ice Sheet,
occur at about the same time in cores from the Lomonosov,

Mendeleev, and Northwind ridges (DARBY et al. 2002). These
major collapses of the Laurentide Ice Sheet and iceberg
discharge events through Fram Strait caused major pulses of
fresh-water export into the Greenland-Iceland-Norwegian
(GIN) seas (North Atlantic) where it may have been effective
in arresting the deep-water formation and the global THC (cf.,
PELTIER 2007 and references therein).

During MIS 1, the weight percentages of the terrigenous sedi-
ment fraction >63 pym in Core PS1230-1 decreased signifi-
cantly, reaching <4 % during the last 10 Cal. kyrs. BP (Fig.
12). The predominance of the silt and clay fractions suggests
transport by sea ice rather than iceberg rafting (PFIRMAN et
al. 1989, REIMNITZ et al. 1998, NURNBERG et al. 1994). The
contemporaneous increase in Fe oxide grains from unglaciated
Eurasian shelves such as the Kara, Laptev, and East Siberian
seas (Fig. 12) supports sea-ice rafting as a most important
transport process during the Holocene (DARBY et al. 2002,
DARBY 2003).

Elevated IRD values during the LGM, decreasing during the
deglaciation to minimum Holocene values were also recorded
at near-by core PS2837-5 (Fig. 13, BIRGEL & HASS 2004,
for locations of cores PS1230-1 and PS2837-5 see Fig. 11).

GISP2 Core 23258 Core PS2837-5
(Greenland) (Barents Shelf) (Southern Yermak Plateau)
a180 SIMMAX SST TOC DBrassicasterol  OC Acc Rates
(%3) (°C) (%) (vg/g Sed.) (g/cm2/ky)
-45 -40 -35 2 2 6 10 0 05 1016 0 0.1 02030 05 1.0 1.5 IRD
0 - + A A " " " L I 3 ° R
® , °---
2 70 o
) ST
4 o O ar %
@ °--|8
6 ° 3
-~ o) o + (0]
& B 45 BEa
g 8 o a
> - - -
x Early Hol o
5 10 R, B B
: Q 0
Q
2 12 [9) : -
< Q
14 =
0.
16 )
o)
18 o
Q.
20 )

(Grootes et al., 1993)

(Birgel and Stein, 2004; Stein 2008, supplemented)
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Fig. 13: Total organic carbon (%), brassicasterol (xg g'sed.) indicative for diatom productivity, and organic carbon accumulation rates (g C cm2 ky!) of the last
20 ka at core PS2837-5; age scale in calendar years. Occurrence of ice-rafted debris (IRD; large/small brown circles = high/low amounts of IRD, white circle =
absence of IRD (BIRGEL & HASS 2004). Primary productivity: large/small green circles = high/low productivity; calculation from organic carbon data following
the approach of STEIN (1986), and general interpretation of data in terms of sea-ice cover (from +++ = very extended to --- = very reduced) are indicated. Records
are related to the GISP2 ice core record and a sea-surface temperature record (based on foraminifera data) of core 23258 from the Barents Sea shelf. YD = Younger
Dryas, 1 = Bglling interval. For location of cores see Figure 18.

Abb. 13: Organischer Kohlenstoffgehalt (TOC in %), Brassicasterol (zg g'Sed.) und Akkumulationsraten von organischem Kohlenstoff (g C cm™ ky™!) im Kern-
abschnitt der letzten 20.000 Jahre von Kern PS2837-5 sowie 8'#0-Kurve vom GISP2-Eiskern und aus Foraminiferendaten berechnete Oberflichenwassertempe-
ratur in Kern M23258 vom Barentssee-Kontinentalrand. Weiterhin sind Vorkommen von IRD (BIRGEL & HASS 2004) und berechnete Paldoproduktivititen (nach
STEIN 1986) und deren Interpretation in Hinblick auf die Ausdehnung von Meereis dargestellt. Zur Lokation der Kerne siche Abbildung 18.
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Organic-carbon data determined at the same core provide
additional qualitative information on the sea-ice cover in the
Fram Strait at that time. Minimum total organic carbon (TOC)
values and the near absence of the phytoplankton biomarker
brassicasterol (indicative for very low diatom productivity)
are interpreted to reflect a more or less closed sea-ice cover
during the LGM (Fig. 13, BIRGEL & STEIN 2004, STEIN 2008).
During the deglaciation, TOC and brassicasterol values as
well as organic-carbon accumulation (flux) rates significantly
increased, indicating a reduced sea-ice cover and increased
primary productivity. An absolute maximum in productivity
probably related to a minimum sea-ice cover occurred during
the Bglling warm phase (Fig. 13). At that time, primary
productivity may have reached 140 g C m? y'! (following
the approach by STEIN 1986), i.e., a value significantly higher
than that recorded in this area today (about 50-100 g C m2 y-!
JIN et al. 2012). A second maximum in TOC and brassicasterol
was found between about 11 and 9 Cal. kyrs. BP, coinciding
with the Early Holocene Thermal Optimum and maximum
summer sea-surface temperatures of about 8 °C in core 23258
(Fig. 13, SARNTHEIN et al. 2003, BIRGEL & STEIN 2004, for
location of core see Fig. 18). These data point again towards
a reduced sea-ice cover. In order to get a more detailed and
(semi-) quantitative record of sea-ice cover and its variability
during glacial to Holocene times, a novel biomarker approach
was used in the study of core PS2837-5 (MULLER et al. 2009,
see below).

A NOVEL BIOMARKER APPROACH FOR
SEA-ICE RECONSTRUCTIONS

Our ability to quantitatively reconstruct past sea-ice distribu-
tions is now greatly improved by a novel biomarker approach,
which is based on the determination of a highly-branched
isoprenoid (HBI) with 25 carbon atoms (C,5 HBI monoene =
“IP,5”), and developed by BELT et al. (2007). This biomarker
is only biosynthesized by diatoms living in the Arctic ice, i.e.,
it seems to be an Arctic sea-ice diatom-specific biomarker
and, as shown by these authors in their original study, seems
to be a sensitive and stable proxy for sea-ice in sediments
over at least the Holocene. The isotopically very heavy §'3C
signature of IP,5 determined in sea ice, sediment trap mate-
rial and sediments further supports the use of IP,5 as sea-ice
proxy (BELT et al., 2008). In sea-ice and sediment samples
collected from various locations around Antarctica, on the
other hand, no IP,5 was found. Instead, a HBI diene could
be determined which co-occur in Arctic Ocean sediments
together with IP,5 (MASSE et al. 2011). These authors propose
that the presence of this also isotopically '3C enriched HBI
diene in Antarctic sediments might be a useful proxy indicator
for organic matter derived from sea-ice diatoms. The analyt-
ical approach to identify and quantify the IP,5 biomarker (as
well as the other relevant biomarkers) and currently used in
our laboratory at the Alfred Wegener Institute, is summarized
in Fig. 14 (cf., MULLER et al. 2011, FAHL & STEIN 2012).

6 ml n-Hex \
5 ml DCM:Hex (50:50) |P25
5 ml Ethylact:Hex (20: 80)
ASE-Extraktion
DCM:MeOH (2:1)
Step 1 I Step 2[ Step 4

Fig. 14: Scheme summarizing the AWI analytical procedure for identification and quantification of IP,5 as well as sterols, developed by K. Fahl and J. Miiller at
the AWI (cf. MULLER et al. 2011; for more details see FAHL & STEIN 2012).

(1) For lipid biomarker analyses, the freeze-dried and homogenised sediments were extracted with an Accelerated Solvent Extractor (DIONEX, ASE 200; 100 °C,
5 min, 1000 psi) using a dichloromethane/methanol mixture (2:1 v/v). Prior to this step, 7-hexylnonadecane, squalane, and cholesterol-dg (cholest-5-en-3b-ol-dg)
were added as internal standards.

(2) Hydrocarbons and sterols were separated via open column chromatography (SiO,) using n-hexane and methyl-acetate/n-hexane (20:80 v/v), respectively. Ste-
rols were silylated with 500 1 BSTFA (60 °C, 2 h) (FAHL & STEIN 1999).

(3) Gas chromatography-mass spectrometry (GC-MS) compound analyses of both fractions were performed using an Agilent 6850 GC (30 m HP-5 ms column,
0.25 mm inner diameter, 0.25 pm film thickness) coupled to an Agilent 5975 C VL mass selective detector. The GC oven was heated from 60 °C to 150 °C at 15 °C
min’!, and then at 10 °C min™! to 320 °C (held 15 min) for the analysis of hydrocarbons (IP,s, C,5-HBI-diene, and n-alkanes) and at 3 °C min’! to 320 °C (held 20
min) for sterols, respectively. Helium was used as carrier gas.

(4) Individual compound identification was based on comparisons of their retention times with that of reference compounds (applies to brassicasterol and n-
alkanes) and on comparisons of their mass spectra with published data (for sterols see BOON et al. (1979) and VOLKMAN (1986), for IP,5 see BELT et al. (2007), and
for C,5-HBI diene see JOHNS et al. 1999). The Kovats Index calculated for IP,5 is 2085. Biomarker concentrations were calculated on the basis of their individual
GC-MS ion responses compared with those of respective internal standards.

(5) IP,5 and C,5-HBI diene were quantified using their molecular ion m/z 350 and m/z 348 in relation to the abundant fragment ion m/z 266 of 7-hexylnonadecane
and by means of an external calibration curve (R2= 0.9989) to balance the different responses of the used ions (for further details see FAHL & STEIN, 2012). Bras-
sicasterol (24-methylcholesta-5,22E-dien-38-o0l) and dinosterol (4a,23,24-trimethyl-5a-cholest-22E-en-3B-ol) were quantified as trimethylsilyl ethers using the
molecular ions m/z 470 and m/z 500, respectively, and m/z 464 for cholesterol-dg. Fragment ion m/z 57 was used to quantify the short-chain n-alkanes (n-C;s, n-C,
n-C¢) via squalane. Finally, biomarker concentrations were corrected to the amount of extracted sediment.

Abb. 14: Zusammenstellung der am AWI benutzten und von K. Fahl und J. Miiller aufgebauten GC- und GC/MS-Analytik zur Identifizierung und Quantifizierung
von IP,s, Dien und Sterolen (FAHL & STEIN 1999, 2012, MULLER et al. 2011).
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In follow-up studies, the identification of this new sea-ice
proxy IP,s in marine surface sediments and sediment cores
from the Canadian Arctic Archipelago (BELT et al. 2008,
2010, VARE et al. 2009), the shelf north off Iceland (MASSE
et al. 2008), the Barents Sea (VARE et al. 2010), northern
Fram Strait and off East Greenland (MULLER et al. 2009,
2011, 2012), the Kara and Laptev seas (XIAO et al. 2012)
the Lomonosov Ridge (central Arctic Ocean, FAHL & STEIN
2012) as well as from the Bering Sea (MEHEUST et al. 2012)
allowed reconstructions of the ancient sea-ice variability in
these regions during the last 30 Cal. kyrs. BP (see maps of
Figs. 1, 3 and 15). Within this paper (see below), we demon-
strate for the first time that IP,5 is also preserved in Arctic
Ocean sediments as old as 130 to 150 ka (MIS 6). For older
(pre-MIS6) sediments, no IP,s determinations have been
carried out so far (at least according to our knowledge),
except for some test measurements in Eocene samples from
the IODP-ACEX record (see discussion above and Fig. 1 for
location) in which, however, no IP,5 was found (Stein unpubl.
data 2010), and a pilot study of samples from ODP site 912
(Fram Strait; see Fig. 15 for location), in which IP,5 was even
found in two million years old sediments (STEIN & FAHL
2012).

Sediment traps
LOMO-2 (FAHL & STEIN 2012)
Fram Strait; Laptev Sea, Kara Sea (continuing
research FAHL et al.
ARC-6 (BELT et al. 2008)

Surface sediments
Box 1 (MULLER et al. 2011)
Box 2, 3,4 (continuing PhD research, XIAO et al.
Box 5 (BELT et al. 2007, 2010)

Deglacial-Holocene sediments (]
PS2837, MSM5/5-712, -723, PS2641
(MULLER et al. 2009, 2012, unpublished)
PS2458 (FAHL & STEIN 2012)
PS72/350 (Stein et al. unpublished)
BASICC-1, -8, -43 (VARE et al. 2010)
ARC-3,-4,-5,-6 (BELT et al. 2008, 2010)
MD99-2275 (MASSE et al. 2008)

MIS3to MIS 1 o
PS2185,PS2170, PS2163 (continuing PhD
research, Xiao et al.)

PS2767 (Stein et al. unpublished)
Bering Sea (continuing PhD research;
MEHEUST et al.)

MIS 6 to MIS 5 (Saalian/Eemian transition) @
PS2138, PS2200, PS2757, PS51/038, PS66/309
(Stein et al. unpublished)

MIS 6 to MIS 1 ([ J
PS72/340, PS51/038, PS66/309
(continuing PhD research, XIAO et al.)

ODP Site 912 (0-2 Ma) (]
(STEIN & FAHL 2012)

A one-year IP,s record is available from a sediment trap
deployed in August 2004 at 200 m water depth in Franklin
Bay, Arctic Canada (BELT et al. 2008, see Fig. 15, location
ARC-6). This one-year proxy record with a prominent IP,s
maximum in May/June 2005 represents the seasonal sea-ice
variability with maximum sea-ice algae growth during
spring. For the first time, such an IP,5 data set was obtained
from an array of two sediment traps deployed at the southern
Lomonosov Ridge in the central Arctic Ocean at water depth
of 150 m and 1550 m (“LOMO-2*) and recording the seasonal
variability of sea-ice cover in 1994/1995 (FAHL & STEIN
2012, for location see Figs. 1 and 15). The IP,5 data, together
with other biomarker proxies and abundances of different
diatom species (FAHL & NOTHIG 2007, FAHL & STEIN 2012),
indicate a predominantly permanent sea-ice cover at the trap
location between November 1995 und June 1996 (IP,5 absent
or insignificant), an ice-edge situation with maximum phyto-
plankton productivity and sea-ice algae input in July/August
1996 (maximum in IP,s), and the start of new-ice formation
in late September (drop in IP,s) (Fig. 16). From these data it
seems to be that the maximum August 1996 IP,5 concentra-
tion decreased from about 12 ng m2 d-! to about 2 ng m2 d-!
during its fall through the water column from 150 to 1550

Bering Sea: @

Sediment cores (MIS 1-3)

Fig. 15: Map showing locations/areas with published Arctic Ocean IP,s data /records and on-going IP,5 studies at the AWI. In addition, cores selected for future
IP,5 studies in the Baffin Bay (343300 and 343310), south of Greenland (MSM12/2-05), the Laptev Sea (PS51/154 and PS51/159) and ODP Site 912 are shown.

Abb. 15: Ubersichtskarte mit Lokationen von Arbeitsgebieten und Kernstationen, an denen Untersuchungen von IP,s-Messungen am AWI durchgefiihrt wurden
oder zurzeit laufen bzw. geplant sind. Zusitzlich sind Gebiete mit publizierten IP,s-Daten anderer Arbeitsgruppen dargestellt. Zitate mit weiteren Details sind

angegeben.
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permanent ice cover : lasting ice cover :
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Sediment traps (Z:‘::;::m:r
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25 25
Plankton marker 0 | Plankton marker +/-

Plankton marker

Fig. 16: (A) Generalized scheme
of sea surface conditions and
respective productivities of ice
algae and phytoplankton, and
sedimentary content of IP,s and
phytoplankton-derived biomark-
ers for each setting (MULLER et
al. 2011, supplemented). This
scheme indicates the seasonal
variability of sea-ice cover in
1995/96 as well as summer/
spring (1) and winter (2) situa-
tions at the sediment trap location
on Lomonosov Ridge.

. (B) Seasonal variability of IP,s
@ fluxes in 1995/1996 as deter-
o mined at the shallow (150 m) and
deep (1550 m) sediment traps
(FAHL & STEIN 2012). For loca-
tion of trap see Figures 1 and 3.

dominantly ice-free
(year-round)

phytoplankton
bloom 5

algal remains _
(incl. biomarkers) ) " Abb. 16: (A) Oberflichenwas-
ser- Charakteristika und Schema
der Eisalgen- und Phytoplankton-
Produktion sowie der IP,s- und
Phytoplankton-Sedimentdaten
(MULLER et al. 2011). Skizziert

wird die saisonale Meereis-Vari-

IPys

++ | Plankton marker

++

abilitdt mit Sommer-/Friihjahrs-
Situation (1) und Wintersituation

(2) an der Sedimentfallenposition
| LOMO-2. B = Saisonale Varia-

bilitdt von IP,5 in den Sediment-
fallen aus 150 m bzw. 1550 m

Wassertiefe (verdndert nach FAHL
& STEIN 2012). Zur Lokation der
Sedimentfalle vgl. Abbildungen 1
oder 3.
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m water depth, i.e., decreased by a factor of about six. This
decrease in concentration during transfer through the water
column may be related to decomposition and decay of the
organic compounds (FAHL & STEIN 2012), a decomposition,
which certainly will continue down-core with increasing core
depth and age. One should have in mind this process when
comparing and interpreting absolute IP,s concentrations in
sedimentary records of cores from different environments as
well as samples from different core depth and age.

The one-year IP,5 record obtained from the LOMO-2 sediment
traps also clearly show one known ambiguity in the interpreta-
tion of IP,5 data (cf., BELT et al. 2007, MULLER et al. 2009). 1P,
is absent under a permanent ice cover limiting light penetration
and, thus, sea-ice algal growth, i.e., IP,5 = 0 as it also would
be under totally ice-free conditions (Fig. 16). In other words,
both extreme climatic situations, i.e., ice-free versus permanent
sea-ice cover, would result in the same IP,5 value of about zero.
Here, MULLER et al. (2009, 2011) recently succeeded in over-
coming this difficulty of interpretating IP,5 data. These authors
demonstrated that in surface sediments from the subpolar North
Atlantic (cf., Fig. 17) and sediment cores from Fram Strait, the
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ambiguity of the IP,5 signal can be circumvented by additional
use of phytoplankton-derived, open-water biomarkers such as
brassicasterol or dinosterol (e.g., VOLKMAN 2006). Under a
thick sea-ice cover, both IP,5s and the phytoplankton-derived
biomarker concentrations are about zero, under open-water
conditions IP,s is zero whereas the phytoplankton biomarker
concentrations may reach maximum values, and under an ice-
edge situation, both IP,5 and phytoplankton biomarker concen-
trations may reach very high values (Fig. 16).

In a next step, MULLER et al. (2011) have combined the
environmental (sea surface) information carried by IP,5 and
phytoplankton biomarkers in a phytoplankton-IP,5 index, the
so-called “PIP,s Index®. Since there is a significant concen-
tration difference between IP,s and phytoplankton-derived
biomarkers (e.g., brassicasterol or dinosterol), MULLER et
al. (2011) recommend using a concentration balance factor ¢
(based on mean concentrations of IP,5 and the phytoplankton
biomarker in a specific data set) for the calculation of the
PIP,5 index:

PIP,5 = IP,5 / (IP»5 + (phytoplankton marker e c))
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with ¢ = mean IP,5 concentration / mean phytoplankton
biomarker concentration

The “PIP,s approach” was used successfully to reconstruct
(spring) sea-ice coverage in the subpolar North Atlantic (Fig. 17,
MULLER et al. 2011). The PIP,5 ratios shown together with satel-
lite-based sea-ice distribution in Figure 17A, were calculated
using brassicasterol as phytoplankton biomarker (“PgIP,s”).
Using dinosterol concentrations (instead of brassicasterol) for
the calculation of respective PIP,s indices (“PplP,s”) yields
basically similar results for the study area, as pointed out by
MULLER et al. (2011). For a more quantitative comparison of the
biomarker and satellite data, IP,5 and PIP,5 values were plotted
versus the sea-ice concentrations as they are displayed for the
individual sediment sampling sites (Fig. 17B, MULLER et al.
2011). As expected, IP,5 concentrations correlate positively with
ice coverage (RZ= 0.67). This correlation, however, also high-
lights the fundamental ambiguity of the sea-ice proxy as rela-
tively low IP,5 contents are observed not only for minimum but
also maximum ice coverage. Thus, the sedimentary IP,5 content
on its own should not be used as a direct measure for sea-ice
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concentrations. This and also the slightly higher correlation of
PIP,s values with sea-ice concentrations (Fig. 17B, R2 = 0.74)
strengthen the argument that the coupling of IP,5 with a phyto-
plankton marker (e.g. brassicasterol) seems to be a valuable
and more reliable approach for realistic sea-ice reconstructions
(at least in the study area of the polar/subpolar North Atlantic).
Furthermore, a comparison of this biomarker-based assessment
of the sea-ice distribution in the study area with (1) modern
remote-sensing data and (2) numerical-modelling results reveal
a good agreement between organic geochemical, satellite and
modelling observations (MULLER et al. 2011). The good corre-
lation between modelled sea-ice parameters and the biomarker-
based estimate of sea ice coverage substantiates that linking
proxy and model data occurs to be a promising concept in terms
of a cross-evaluation. This integrative data-model approach by
MULLER et al. (2011) may provide a first step towards more
quantitative sea-ice reconstructions by means of IP,s.

When using the PIP,s index to distinguish between different
sea-ice conditions, one should have in mind that coevally high
amounts of both biomarkers (suggesting ice-edge conditions)

extended 0.9
sea ice cover
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Fig. 17: Top: Comparison of the biomarker-based estimate of sea-ice coverage using the PIP,5 index (combination of IP,5 and brassicasterol data: PgIP,5) with
SMMR-SSM/I satellite derived mean spring (March-April-May) sea-ice concentrations. Red dots indicate location of studied surface sediment samples. Bottom:
Correlation of spring (March-April-May) sea-ice concentrations (+ 5 %) derived from satellite data (SMMR and SSM/I; averaged over the period of 1979-2003)
with IP,5 contents and PIP,5 values (combination of IP,s and brassicasterol data: PgIP,s). Coefficients of determination (R?) are given for the respective regression
lines. Red dashed circles highlight low IP,s concentrations, which misleadingly may be interpreted as indicative of low sea-ice concentrations though they result
from severe sea-ice coverage limiting ice algae growth; (from MULLER et al. (2011).

Abb. 17: Vergleich der mittels IP,5 und PIP,5 rekonstruierten Meereisverbreitung mit der auf SMMR-SSMI-Satelliten-Daten basierenden gemessenen Meereis-
verbreitung (Friihjahr = Mérz-April-Mai) im nordlichen Nordatlantik. Rote Punkte sind Lokationen der untersuchten Oberflichensedimentproben; (aus MULLER

etal. 2001).
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as well as coevally low contents (suggesting permanent-like
ice conditions) would give a similar or even the same PIP,s
value. Especially, for the latter situation of permanent sea-ice
conditions both biomarker concentrations may approach values
around zero and the calculation PIP,5 index may become inde-
terminable (or misleading). That means, for a correct interpre-
tation of the PIP,5 data it requires essential awareness of the
individual IP,5 and phytoplankton biomarker concentrations
to avoid misleading interpretations (MULLER et al. 2011).
Although the “PIP,s approach” still has its limitations and
needs further development and verification using additional
data from other Arctic areas, the main idea of pairing IP,5 with
a productivity measure to distinguish between multiple ice and
ice-free conditions, both characterized by zero IP,5 (as intro-
duced by MULLER et al. 2009, 2011), remains an important
further development of the original IP,5 approach.

RECONSTRUCTIONS OF LATE QUATERNARY ARCTIC
SEA-ICE VARIABILITY BASED ON IP,5

The high potential of the novel biomarker proxies for a more

detailed reconstruction of paleo-sea-ice cover and its vari-

ability through time is demonstrated in three examples:

 Sea-ice variability in the Fram Strait over the last 30 Cal.
kyrs. BP.

* Deglacial to Holocene variability of central Arctic sea-ice
cover and the Younger Dryas Event.

¢ Comparison of historical sea ice and IP,5 proxy records: The
last millennium.

In addition first data from an IP,s pilot study of MIS 6 sedi-

ments from the northern Barents Sea continental margin, are

shortly presented.

Sea-ice variability in the Fram Strait
over the last 30 Cal. kyrs. BP

MULLER et al. (2009) determined the sedimentary abundance
of the novel IP,5 sea-ice proxy in core PS2837-5, recovered
on the Yermak Plateau (81°13.99° N, 02°22.85” E, water depth
of 1042 m) during “Polarstern” Expedition ARK-XIII/2 and
located close to the modern summer sea-ice margin (Fig. 18,
STEIN & FAHL 1997). The 8.76 m thick sedimentary sequence
of the core represents the last Glacial to Holocene time
interval (N@ORGAARD-PEDERSEN et al. 2003). The main aim of
the MULLER et al. (2009) study was to generate a record of
sea-ice conditions in the northernmost Atlantic Ocean for the
past 30,000 years, a study which was the first application of
the novel sea-ice biomarker IP,5 in determining Arctic sea-ice
records prior to the Holocene.

At 29.6 Cal. kyrs. BP, during a short-lived event, and
between 27 and 24 Cal. kyrs. BP, increased IP,5 and brassi-
casterol concentrations and fluxes indicate favourable condi-
tions for both sea-ice diatom and phytoplankton growth (Fig.
19). Since primary production is enhanced at the ice edge
(SMITH et al. 1987), resulting in higher sedimentary concen-
trations of marine-derived biomarkers (BIRGEL et al. 2004),
these elevated concentrations and fluxes of IP,s and brassi-
casterol probably reveal the occurrence of a fairly stationary
ice margin (ca. 81° N, 2° E) during this otherwise perenni-
ally ice-covered interval (Fig. 19, situation (a)). An ice-edge
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Fig. 18: Map showing the PS2837-5 core site in the northern Fram Strait,
major ocean currents and sea-ice margins (from MULLER et al. 2009, supple-
mented). Light-shaded areas indicate the extent of the Greenland, Iceland and
Scandinavian Ice Shields during the Last Glacial Maximum (LGM). Orange
arrows refer to warm Atlantic Water inflow through the Norwegian (NC) and
West Spitsbergen (WSC) currents; white arrows indicate cold polar water
transported by the East Greenland Current (EGC). In addition, site locations of
other cores discussed in the text, are indicated.

Abb. 18: Karte des Nordatlantiks mit Oberfldachenstromungen, Meereisgrenze,
und Ausdehnung der Eisschilde im Letzten Glazialen Maximum (LGM). Loka-
tionen von Kern PS2837-5 sowie weiteren im Text genannten Sedimentkernen
sind eingezeichnet (MULLER et al. 2009, erginzt).

situation is also supported by PIP,s values around 0.5-0.6
(Fig. 19, cf., MULLER et al. 2011). For most of the interval
between 30 and 17 Cal. kyrs. BP (Late Weichselian to early
deglaciation), however, IP,5 and brassicasterol concentra-
tions (and fluxes) are almost zero, especially during the Last
Glacial Maximum (LGM) and the early deglaciation (23.5-17
Cal. kyrs. BP) (Fig. 19). MULLER et al. (2009) interpreted the
absence of both IP,5 and brassicasterol as a period of perma-
nently closed sea-ice cover, possibly resulting from an exten-
sion of the Svalbard-Barents Sea-Ice Sheet (SBIS) to the shelf
edge during this time (ANDERSEN et al. 1996) and a distinct
weakening of warm Atlantic water inflow into northern Fram
Strait (Fig. 19, situation (b)). Under such conditions, sea-ice
diatom and phytoplankton growth is limited since the pres-
ence of thick pack ice inhibits light penetration and enhanced
stratification reduces nutrient availability. These observations
suggest that the summer sea-ice margin during the LGM must
have been located south of approx. 81° N.

Coincident with intensified Atlantic Water advection and the
onset of the SBIS disintegration at about 17 Cal. kyrs. BP
(ANDERSEN et al. 1996, KNIES et al. 1999), higher fluxes of
IP,5 occurred, likely as a result of reduced ice thickness and
thus better light penetration and nutrient availability suit-
able for sea-ice diatom growth. An increase in brassicasterol
concentrations lagged those observed for IP,5 by about 400 yr
(Fig. 19), consistent with a progressive retreat of the ice sheet
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Fig. 19: Concentrations (ug g sediment) and accumulation (flux) rates (xg cm? ky!) of brassicasterol and IP,s, PIP,s ratios and sedimentation rates (cm ky™!)
of the last 30 Cal. kyrs. BP at core PS2837-5 ((BIRGEL & HASS 2004, MULLER et al. 2009) and &'30 values from the NGRIP ice core (NGRIP MEMBERS 2004).
Black arrows indicate depth of AMS!4C datings. Colour code in the PIP,s record highlights periods with reduced sea-ice cover (red = PIP,5 <0.5) marginal ice
zone (green = PIP,s between 0.5 and 0.8) and extended ice-cover (grey, PIP,5 >0.8) (classification according to Miiller et al., 2011). Different paleoenvironmental
situations for three specific time intervals are presented in schematic models: (a) late Weichselian, (b) Last Glacial Maximum, and (c) the Bglling warm interval.

Supplemented figure based on MULLER et al. (2009).

Abb. 19: Biomarkerdaten — IP,s, brassicasterol, und PIP,s — in Kern PS2837-5 (BIRGEL & HASS 2004, MULLER et al. 2009, 2011) sowie 8'80-Kurve vom NG-
RIP-Eiskern. Drei Situationen mit unterschiedlichen Meereisausdehnungen sind dargestellt: (a) spites Weichsel, (b) Letztes Glaziales Maximum (LGM) und (c)

Bglling-Warminterval (nach MULLER et al. 2009).

and more frequent summer ice melt and open water condi-
tions. Close to the onset of the Bglling warm phase shortly
after about 15 Cal. kyrs. BP, exceptionally high sedimentation
rates resulting from huge deglacial meltwater plumes carrying
high amounts of fine-grained terrigenous (Svalbard) mate-
rial, led to extremely high flux and preservation of brassicas-
terol (Fig. 19, BIRGEL & HASS 2004, MULLER et al. 2009).
Coeval with this rapid warming, a sudden drop in IP,5 fluxes
occurred for ca. 200 yr (14.8-14.6 Cal. kyrs. BP), reflecting
a significantly reduced sea-ice cover. That means, open water
phytoplankton has probably benefited dramatically from such
essentially ice-free conditions (Fig. 19, situation (c)).

The Early Bglling was followed by an interval of variable
sea-ice cover, probably close to the sea-ice edge (ca. 14.6-13
Cal. kyrs. BP), as reflected by the relatively high IP,5 and bras-
sicasterol values as well as PIP,5 ratios between 0.5 and 0.8
(Fig. 19). With the onset of the Younger Dryas (YD) cooling
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shortly after 13 Cal. kyrs. BP, IP,5 and brassicasterol values
drop drastically to almost zero, suggesting a distinct increase
in sea-ice coverage. An almost identical evolution resulting
in maximum sea-ice coverage at the beginning of the YD
was recorded at Arctic Ocean core PS2458 (FAHL & STEIN
2012, see further discussion below). During the subsequent
Mid-Late YD interval, sea-ice diatom and phytoplankton
activity improved due to less severe sea-ice conditions (prob-
ably a sea-ice edge situation), as indicated by increased
IP,5s and brassicasterol concentrations and fluxes (Fig. 19).
Such conditions probably resulted from a weak but constant
inflow of warm water from the Atlantic via the West Spits-
bergen Current, generating climate conditions also suitable for
primary productivity (MULLER et al. 2009).

With the beginning of the Holocene, IP,s values decrease

whereas at the same time brassicasterol values increase,
suggesting diminishing sea-ice conditions. Minimum sea-ice
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coverage probably occurs between about 10 and 6.5 Cal. kyrs.
BP, i.e., during the Early Holocene Climate Optimum, as indi-
cated by reduced IP,5 values and a minimum in PIP,5 ratios
of <04 (Figs. 19 and 20). This is in agreement with multi-
proxy compilations based on calcareous microfossils, drift
wood, bowhead whale and IP,5 data from other Arctic sites
(Fig. 21) as well as climate models indicating that early Holo-
cene temperatures were higher than today and that the Arctic

contained less ice, consistent with a high intensity of orbitally-
controlled spring and summer insolation that peaked about
10-11 Cal. kyrs. BP and gradually decreased thereafter (Fig.
21,e.g., CRUCIFIX et al. 2002, LASKAR et al. 2004, GOOSSE et
al., 2007, JAKOBSSON et al. 2010a, POLYAK et al. 2010).

At about 8.2 Cal. kyrs. BP, i.e., contemporaneously with the
prominent “8.2 ka cooling event” (e.g., ALLEY et al. 1997,
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Fig. 20: A = Comparison of IP,5 concentrations (standardized to gram organic carbon) of sediment cores from the Yermak Plateau (core PS2837-5) and the eastern
Fram Strait (MSM5/5-712-2 and MSM5/5-723-2) (MULLER et al. 2012), and IP,s flux rates in core ARC-3 recovered in the Canadian Archipelago area (VARE et
al. 2009). B = PIP,s indices calculated for core MSM5/5-712-2, using IP,5 and brassicasterol (PgIP,s; solid line) as well as IP,5 and dinosterol accumulation rates
(PpIP,s; dotted line) and respective balance factors following MULLER et al. (2011). Estimates of sea ice conditions (PIP,5 > 0.1 variable, PIP,5> 0.5 marginal,
PIP,5 > 0.75 extended ice cover are highlighted) (after MULLER et al. (2012). C = Summer insolation for 80° N (red curve, LASKAR et al. 2004) and 8'80 values
from the NGRIP ice core (NGRIP MEMBERS 2004) strengthen a Holocene cooling. For core locations see figures 1 and 18.

Abb. 20: A = Konzentration von IP,5 in Sedimentkernen vom Yermak-Plateau und der Fram-Strafie (PS2837-5, MSM5/5-712-2 und MSM5/5-723-2, MULLER
et al. 2009, 2012) sowie IP,s-Fluxraten aus der kanadischen Arktis (ARC-3, VARE et al. 2009). B = PIP,s-Verhiltnisse von Kern MSM5/5-712-2 (MULLER et al.
2012). C = Sommer-Insolationswerte fiir 80° N (LASKAR et al. 2004) und 8'80-Werte im NGRIP-Eiskern (NGRIP MEMBERS 2004). Fiir Kern-Lokationen vgl.

Abbildungen 1 und 18.
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CLARKE et al. 2004, KLEIVEN et al. 2008), a short-term, rapid
decrease is observed in the brassicasterol and IP,5 records
(Fig. 19). Values are low and similar to those determined for
the Early YD and the LGM when near-permanent sea-ice
coverage reduced not only the growth of phytoplankton but
also that of ice algae. Similarly, MULLER et al. (2009) inter-
preted minimum fluxes of IP,5 and brassicasterol as indica-
tive for a near-perennial sea-ice cover at the western Yermak
Plateau (northern Fram Strait) at about 8.2 Cal. kyrs. BP.

Coinciding with a mid-late Holocene cooling trend observed
in the subpolar North Atlantic domain (e.g., ANDERSEN et al.,
2004, HALD et al. 2007, MILLER et al. 2010) and a long-term
decrease in summer insolation, IP,s values increased in Fram
Strait cores PS2837-5 and, more clearly due to higher resolu-
tion record, MSM5/5-712-2 and MSM5/5-723-2 (see Fig. 18
for location), indicating an extension of sea-ice cover (Fig.
20, MULLER et al. 2009, 2012). Sustained oceanic surface
cooling that stimulated the sea-ice formation during winter
and retarded its retreat/melt during the late spring and early
summer months is also supported by RASMUSSEN et al. (2007)
and JENNINGS et al. (2002) who reconstruct increasingly cooler

conditions along the West Spitsbergen shelf and an increased
sea-ice export through Fram Strait by means of benthic and
planktic foraminifera and IRD records.

During the last 3-2 Cal. kyrs. BP, the increase in sea-ice
coverage as well as amplitude of variability becomes even
more pronounced (Fig. 20). Maximum IRD release and a
sustained increase in the accumulation of IP,5 during the past
3,000 years — a period that is widely acknowledged as Neogla-
cial cooling phase (for recent review see MILLER et al. 2010)
— point to an extended sea-ice cover at the West Spitsbergen
continental margin (MULLER et al. 2012). Further reconstruc-
tions of gradually cooled sea surface temperatures, lowered
productivity, and a higher polar water ouflow to the Nordic
Seas during the past 3,000 years BP support this general
increase in sea-ice coverage (KOC et al. 1993, ANDREWS et al.
2001, JENNINGS et al. 2002, ANDERSEN et al. 2004). A very
similar and more or less contemporaneous increase in sea-ice
cover was also recorded in Barrow Strait, Canadian Archi-
pelago north of Baffin Bay (Fig. 20, VARE et al. 2009, see Figs.
1 and 15 for location), as well as in the Bering Sea (MEHEUST
et al. 2012). The general increase in sea-ice cover and cooling
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Fig. 21: Summary of results on the Arctic Ocean sea-ice variations throughout the last 15 Cal. kyrs. BP based on different proxy reconstructions (from JAKOBSSON
et al. 2010a, supplemented). The inferred scale of sea-ice concentration is a highly qualitative scale in order to compare the results from the different studies.
Recent own studies using the novel IP,5 biomarker approach are added and highlighted. References are listed at the right margin. The GRIP 8'30 record is from

JOHNSEN et al. (2001) and the solar insolation from BERGER & LOUTRE (1991).

Abb. 21: Ubersichtsdarstellung zur Meereisverbreitung im Arktischen Ozean nach verschiedenen Proxydaten wihrend der letzten 15.000 Jahre vor Heute (JA-
KOBSSON et al. 2010a, ergiinzt durch weitere eigene IP,s-Datensiitze). GRIP 8!80-Kurve von JOHNSEN et al. (2001), Insolationskurve nach BERGER & LOUTRE

(1991).
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of surface waters in the northpolar region during this Neogla-
cial cooling phase occur more or less contemporanously
with an advance of glaciers in western Norway (NESIJE et al.
2001), a decrease in temperature and precipitation in Siberia
(ANDREEV & KLIMONOV 2000), and a decrease in Siberian
river discharge into the Arctic Ocean (STEIN et al. 2004). This
variability may reflect natural cyclic climate variations to be
seen in context with the interannual and interdecadal environ-
mental changes recorded in the High Northern Latitudes over
the last decades, such as the North Atlantic Oscillation/Arctic
Oscillation (NAO/AO) pattern (e.g., DICKSON et al. 2000).
That means, for example, the reduced Siberian river discharge
during the past 2-3 Cal. kyrs. BP and vegetation changes in
northeast European Russia, indicating the development of a
colder and dryer climate in the Eurasian Arctic, may be related
to negative NAO-like conditions (STEIN et al. 2004, SALONEN
et al. 2011, see MULLER et al. 2012 for more detailed discus-
sion).

Deglacial/Holocene variability of central Arctic sea-ice cover
and the Younger Dryas Event

In order to study the deglacial/Holocene variability of central
Arctic sea-ice cover, core PS2458-4 has been studied in detail
for its biomarker composition, focussing on IP,5 and brassicas-
terol data (FAHL & STEIN 2012). The core was recovered from
the upper eastern Laptev Sea continental slope (78°09.95° N,
133°23.86° E, water depth 983 m, see Fig. 15 for location)
during “Polarstern” Cruise ARK-1X/4
and consists of a 8 m long sedimen-
tary sequence of dominantly very dark
olive-gray silty clay of mainly terrig-

(Fig. 22). A very similar trend was described by VARE et al.
(2009) in a sediment core from the Canadian Arctic Archi-
pelago (see Fig. 15 for location). Following ROWLAND et al.
(2001) who found that the more unsaturated HBI isomers (i.e.,
the diene in comparison to the monoene) are formed at higher
diatom growth temperatures, we as well as VARE et al. (2009)
postulate warmer climatic conditions during periods character-
ized by higher relative concentrations of the diene over the
IP,s, i.e., higher diene/IP,s ratios. That means, the diene/IP,s
ratio might be indicative for higher sea-surface temperatures
(SSTs). Our interpretation is also supported by the generally
positive correlation between diene/IP,s ratios determined in
surface sediments from the Kara and Laptev seas and mean
summer SST from the same area extracted from the World
Ocean Atlas (XIAO et al., 2012).

In Figure 23, the biomarker records of the well-dated core
section between 250 and 650 cm core depth are plotted
versus age to have a closer look at the short-term variability.
Within the Bglling-Allergd warm interval, minimum IP,5 and
PIP,5 values were found. In detail, PIP,5 values display three
minimum values at 14.6, 13.5, and 13.1 Cal. kyrs. BP (Fig.
23), indicating a minimum sea-ice cover during these events.
Further support for warmer, more ice-free climate conditions
during that period also comes from the elevated HBI diene
concentrations determined in the core PS2458-4 section (FAHL
& STEIN 2012). Whereas in the Holocene interval the diene/
IP,5 ratio is around 3 and shows a low variability, the diene/
IP,5 ratios are distinctly higher in the Bglling-Allergd period

Core PS2458-4 (78°09.95'N, 133°23.86'E )

enous origin (FUTTERER 1994). Based P, HBI-diene HBI-diene/IP,,

on several AMS-!4C datings carried out (hg/gSed) (Hg/gSed)

on bivalves, a very reliable chronology 001~ 003 005001 ~ 005007 011 10 20 30 40 50 60
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is available for the sediment section »

between about 250 and 650 cm core 100 } Hiatus (8-0.2 ka) ??

depth (Figs. 22 and 23), representing a
time interval between about 14.7 and 9.3
Cal. kyrs. BP (SPIELHAGEN et al. 2005).
That means, very prominant cold and
warm phases such as the Bglling/Allergd
warm period and the Younger Dryas
(YD) Cooling Event are represented
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within the studied sediment section. The 500
base of the core has an extrapolated age
of about 16.5 ka, i.e., Heinrich Event 1 600
(HE 1) was probably recovered in the

lowermost part of the core (Fig. 22, FAHL 700
& STEIN 2012). 1

Cooling trend

Warmer SST

:

Looking at the long-term trend of the IP,5
record of Core PS2458-4, an increase
in IP,5 from the Bglling-Allergd warm
period towards the Modern is obvious,
interpreted as long-term increase in
sea-ice cover near the core location
(FAHL & STEIN 2012). With the long-
term increase in sea ice during deglacial-
Holocene times, the HBI diene (Css.y)
decreases. This decrease is even more

pronounced if the diene/IP,s ratio is used  me) Zeitabschnitte.

60

AWI_polar82_innen_121206.indd 60

Fig. 22: Concentrations of IP,5 and HBI-diene (ug g'! sed.) and diene/IP,5 ratios determined in sediments
from ore PS2458-4, plotted versus core depth (data from FAHL & STEIN 2012). Bglling-Allergd, Younger
Dryas and Holocene intervals are indicated. Green triangles mark depth of AMS-1*C datings, stippled
horizontal green line marks a possible hiatus at about 100 cm core depth (for age modell see SPIELHAGEN
et al. 2005). Heinrich Event 1 (HE 1) is probably represented in the lowermost part of the section if using
the extrapolated age of 16.4 Cal. kyrs. BP. Small blue arrows highlight colder intervals, small red arrows
highlight warmer intervals. Stippled blue arrows indicate long-term increase in sea ice and cooling trend,
respectively. Based on these biomarker records, sea ice and SST display a high-amplitude, centennial-
scale variability during deglacial times, whereas towards the Holocene climate became more stable.

Abb. 22: Konzentrationen von IP,5 und HBI-Dien (in g g'!' Sed.) sowie Dien/IP,s-Verhiltnisse im Kern

PS2458-4 (FAHL & STEIN 2012). Die Zeitabschnitte Heinrich-Event 1 (HE-1, extrapoliertes Alter), Bgl-
ling-Allergd, Jiingere Dryas und Holozén sind angezeigt. Kleine blaue (rote) Pfeile markieren kalte (war-
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Fig. 23: Oxygen isotopes of planktic foraminifer Neogloboquadrina pachyderma sin. (SPIELHAGEN et al. 2005), concentrations of brassicasterol and IP,s, di-
ene/IP,s ratio, and PIP,s index (combination of IP,5 and brassicasterol data: PgIP,s) determined in the AMS-'*C dated interval 14.7 to 9.3 Cal. kyrs. BP of core
PS2458-4, and paleoenvironmental interpretation. In addition, the NGRIP 8'30 record (NGRIP MEMBERS, 2004) as well as a 8'30 record of planktic foraminifer
N. pachyderma sin. determined at core PS2837-5 (red curve, NORGAARD-PEDERSEN et al. 2003), are shown. Small blue arrows highlight colder intervals, small red

arrows highlight warmer intervals. The long black arrow indicates long-term cooling trend. All = Allergd; OD = Older Dyras; Bg = Bglling; OestD = Oldest Dryas;
YD = Younger Dryas; B/A = Bglling/Allergd. (from Fahl & Stein 2012, supplemented).

In the map of the Northern Hemisphere, areas in which intense freshwater forcing likely occurred, and distribution of land ice (light grey) and pro-glacial lakes
(blue) at the beginning of the Younger Dryas (12.9 Cal. kyrs. BP) are shown (PELTIER et al. 2006, supplemented). As possible additional (more local) source for
freshwater supply into the Arctic Ocean, Lena discharge into the Laptev Sea was added (according to SPIELHAGEN et al. 2005). Locations of cores showing dis-
tinct deglacial meltwater events in 8'30 and 8'3C records of planktic foraminifers near the Younger Dryas Event, are indicated: 1 = Chukchi margin (POLYAK et
al. 2007); 2 = Mendeleev Ridge (POORE et al. 1999); 3 = Eurasian Basin (STEIN et al. 1994a, 1994b, NORGAARD-PEDERSEN et al. 1998, 2003); 4 = Fram Strait
(BAUCH et al. 2001a) as well as Yermak Plateau core PS2837-5 (NGRGAARD-PEDERSEN et al. 2003).

Abb. 23: '30-Kurve von planktischen Foraminiferen (SPIELHAGEN et al. 2005), Konzentrationen von Brassicasterol und IP,s, Dien/IP,5 und PIP,s-Verhiltnisse
(FAHL & STEIN 2012) im Kern PS2458-4 und &'30-Kurve von planktischen Foraminiferen im Kern PS2837-5 (NGRGAARD-PEDERSEN et al. 2003) fiir den Zeitab-
schnitt 14.7 bis 9.3 ka sowie Interpretation der Proxydaten in Hinblick auf StiBwassereintrag, Meereisbildung, Meereisexport und Tiefenwasserbildung im Nordat-
lantik (ergédnzt nach FAHL & STEIN 2012). Die Karte zeigt Gebiete mit verstirktem Siiwassereintrag zum Beginn der Jiingeren Dryas (ergidnzt nach PELTIER et al.
2006). Lokationen von Sedimentkernen mit starkem Siif}-/Schmelzwassersignal zum Beginn der Jiingeren Dryas sind eingetragen (Ziffern 1 bis 4)

and vary between about 10 and 60 (Fig. 23), i.e., the more  water discharge, primary productivity, and sea-ice cover were
unsaturated HBIs become more predominent in comparison recorded in the sedimentary section of core PS2458-4. With
to IP,s, suggesting significantly warmer but also more vari- the onset of the YD, a strong freshwater signal was determined
able climate conditions during this time interval. The absolute by a very prominent minimum in 8'30 of planktic foraminifers
maximum in the diene/IP,5 ratio of 60, coinciding with the  (Fig. 23, SPIELHAGEN et al. 2005). The exact onset of the rapid
absolute PIP,s minimum of 0.05, supports minimum sea-ice  outburst of freshwater is somewhat critical as directly below
(probably almost ice-free) conditions during the peak Bglling  the &'80 minimum at 12.7 Cal. kyrs. BP foraminifers are
warm interval (Fig. 23, FAHL & STEIN 2012). Such extreme  absent in the sediments, interpreted as a drop in salinity below
ice-free conditions during the Bglling peak warm interval were  critical limit for foraminifer growth. That means that probably
also described in core PS2837-5 from Fram Strait, contempo-  at this time (about 13 Cal. kyrs. BP) the maximum freshwater
raneously with a distinct maximum in phytoplankton produc-  discharge occurred (SPIELHAGEN et al. 2005). Parallel to the
tivity (Figs. 19 and 21, MULLER et al. 2009). distinct freshwater event, phytoplankton productivity seems

to be drastically decreased, followed by a sudden increase
At the end of the Bglling-Allergd interval, i.e., towards the in sea-ice cover, as reflected in the abrupt drop in brassicas-
transition to the YD cold interval, major changes in fresh-  terol concentrations and the very prominent PIP,s increase,
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respectively (Fig. 22, FAHL & STEIN 2012). These data may
indicate that enhanced freshwater flux related to a local Lena
river input (SPIELHAGEN et al. 2005) and/or contributions
from other (Canadian?) freshwater sources (FAHL & STEIN
2012) may have increased sea-ice formation in the southern
Lomonosov Ridge area close to the Laptev Sea continental
margin at the beginning of the YD (for further discussion see
FAHL & STEIN 2012).

Some evidence for a distinct freshwater event near the begin-
ning of the YD was also found in sediment cores from other
Arctic Ocean areas. For example, during the last deglacia-
tion, strong meltwater signals are recorded in sharp deple-
tions in 8'30 as well as 8!3C values determined in planktic
foraminafers in sediment cores from the Mendeleev Ridge and
Makarov Basin through the Lomonosov Ridge and Amundsen
Basin to the eastern Gakkel Ridge/Nansen Basin region (STEIN
et al. 1994a, 1994b, NORGAARD-PEDERSEN et al., 1998, 2003,
POORE et al. 1999, ANDERSSON et al. 2003, POLYAK et al.
2007). Very low sedimentation rates, however, make it diffi-
cult to clearly identify the YD Event in these cores. “Marine”
evidence for a major Mackenzie drainage event in the Cana-
dian Arctic related to the decay of the Laurentide Ice Sheet,
and increased sea-ice formation at the onset of the YD was
proposed from elevated IRD with a mineralogical (dolomite)
signature indicative for a Canadian origin, found in a sediment
core from Lomonosov Ridge close to the North Pole (NOT &
HILLAIRE-MARCEL 2012). Finally, a strong contemporaneous
meltwater input from the Arctic Ocean into the North Atlantic
was also deduced due to the distinct decrease in planktic
8!80 identified in the Fram Strait core PS1230-1 (BAUCH et
al. 2001a; see Fig. 11 for location) as well as in the Yermak
Plateau core PS2837 (Fig. 23, NORGAARD-PEDERSEN et al.
2003) at the beginning of the YD interval. Thus, the described
deglacial freshwater and sea-ice event (probably) coinciding

with the YD Cooling Event, seems to be a basin-wide event
having influenced the entire Arctic Ocean.

The importance and consequences of such a major Arctic
Ocean freshwater and sea-ice event has to be seen in context
with the ongoing discussion of trigger mechanisms for the
onset of the YD cooling event, e.g., an extraterrestrial impact
hypothesis (ISRADE-ALCANTARA et al. 2011 and references
therein) and a paleoceanography-driven hypothesis (e.g.,
BROECKER et al. 1989, MCMANUS et al. 2004, BROECKER
2006). Most recently BROECKER et al. (2010) concluded that,
based on the study of Terminations IV to I in Antarctic ice-
core records, there is perhaps even no need for a one-time
catastrophic event to explain the YD and similar YD-like
events accompanied previous deglacial periods as well. In
the paleoceanography community, there is still broad support
for the hypothesis that the YD cooling event was probably a
response to a slowdown in Atlantic Meridional Overturning
Circulation (AMOC) due to a huge meltwater input into the
North Atlantic, related to the deglacial decay of the Laurentide
Ice Sheet (e.g., BROECKER et al. 1989, MCMANUS et al. 2004,
BROECKER 2006). Here, almost contemporaneously with the
onset of the YD, a huge outflow event of 9.5 103 km? fresh-
water (or a flux of 0.30 Sv if assuming a release within one
year) from the North American glacial Lake Agassiz into the
North Atlantic has been proposed (e.g., TELLER et al. 2002),
which may have weakened the deep-water formation in the
Greenland, Islandic, Norwegian seas and, thus, the global THC
during this interval (BROECKER et al. 1989, CLARK et al. 2002,
TELLER et al. 2002, MCMANUS et al. 2004). There is, however,
an ongoing debate about the origin and pathways of freshwater
(Fig. 23, e.g., BROECKER 2006, BROECKER et al. 2010), i.e.,
whether the freshwater/meltwater was directly supplied (via
Hudson Bay) into the Atlantic Ocean (BROECKER et al. 1989)
or whether the drainage of Lake Agassiz was towards the
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Fig. 24: Relative abundances of IP,5 determined in core MD99-2275 for the period 800-1950 AD in comparison to historical records of Icelandic sea ice (accord-
ing to OGILVIE 1992 and OGILVIE & JONSSON 2001) and diatom-based sea surface temperature. Note the reversed scale of the sea surface temperature. Six tephra
layers were used to constrain the (AMS!'*C-dated) age model (SICRE et al. 2008). Figure from MASSE et al. (2008), supplemented.

Abb. 24: Relative Konzentrationen von IP,5 in Kern MD99-2275 fiir den Zeitabschnitt 800-1950 (MASSE et al. 2008) im Vergleich zu historischen Aufzeichnun-
gen der Meereisverbreitung um Island (OGILVIE 1992 und OGILVIE & JONSSON 2001) und rekonstruierten Oberflichenwassertemperaturen nach Diatomeenvertei-

lungen. Abbildung erginzt aus MASSE et al. (2008).
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Arctic Ocean with a subsequent export of freshwater through
Fram Strait into the Atlantic (TARASOV & PELTIER 2005,
PELTIER et al. 2006). PELTIER et al. (2006), for example, could
show that such freshening of the surface of the Arctic Ocean
would have been as efficient for shutting down the Atlantic
THC as would direct Atlantic freshening. A third option, of
course, could be that both hypotheses are right.

As stated by BROECKER (2006), a clear proof of the path taken
by the flood was still missing. MURTON et al. (2010) could
identify such a missing flood path, evident from gravels and
a regional erosion surface, running through the Mackenzie
River system in the Canadian Arctic Coastal Plain. From opti-
cally stimulated luminescence (OSL) dating, these authors
have determined the approximate age of this Mackenzie River
flood into the Arctic Ocean to be shortly after 13 Cal. kyrs.
BP, supporting the hypothesis that a trigger of the YD Event
may have been along the Arctic route. Our new data from
core PS2458 certainly cannot prove or disprove this hypoth-
esis. However, these data (Fig. 23), especially in combina-
tion with the other 8'80 records of planktic foraminifers from
the central Arctic Ocean towards the Fram Strait (see above),
point at least to increased, wide-spread freshening and sea-ice
formation in the Arctic and related freshwater and sea-ice
export through Fram Strait near the beginning of the YD. That
means, these observations are in line with the hypothesis that
freshwater (and ice) export from the Arctic into the North
Atlantic may have played an important trigger role during the
onset of the YD cold reversal, as proposed by TARASOV &
PELTIER (2005).

Comparison of historical sea ice and IP,s proxy records:
The last millennium

MASSE et al. (2008) have measured the sea-ice proxy IP,s to
obtain a complete and continuous, high resolution (ca.2-5 yr!)
record of sea-ice distribution for the last millennium, using a
well-dated sediment core recovered from the area directly north
of Iceland and characterized by very high sedimentation rates
(core MD99-2275: 66° 33.06° N, 17° 41, 59° W, 410 m water
depth, for location see Fig. 18). This unique high-resolution
proxy record was compared with historical data documenting
past sea ice over the last about one thousand years (i.e., going
back to the early days of Icelandic colonization, OGILVIE 1992
and OGILVIE & JONSSON 2001) and with diatom-based sea
surface temperature reconstructions, indicating a strong corre-
lation between these data sets on both longer and shorter time
scales (JIANG et al. 2005) (Fig. 24). That means, during the
Warm Mediaeval Period (MWP) between 800 and 1300 AD
the Icelandic climate was relatively mild and sea ice extension
was reduced. During the time interval between 1300 and 1900
AD, a period corresponding to the Little Ice Age (LIA), on the
other hand, the climatic conditions around northern Iceland
detriorated, i.e., this period is characterized by a significant
cooling of surface water and and an increase in sea ice. Even
on shorter-time scales, partly excellent correlations between
historical observations and IP,5 values are obvious, indicating
abrupt climate changes around Iceland. For example, the IP,s
record displays strong peaks in sediments dated to 1776, 1688,
1638, 1364, 1331 and 1309, corresponding to decades where
large amounts of sea ice have been described around Iceland
(OGILVIE & JONSSON 2001) and colder diatom-based sea
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surface temperatures have been determined (JIANG et al. 2005)
(Fig. 24, MASSE et al. 2008). With this high-resolution study,
MASSE et al. (2008) could demonstrate very well that IP,s is a
reliable proxy for historical sea ice reconstructions.

Pilot study of core PS2138-1: IP,5 found in MIS 6 sediments

So far, IP,5 could be detected in sediments no older than 30
Cal. kyrs. BP (MULLER et al. 2009). However, in order to test
whether IP,5 can also be found in sediments older than 30 ka
(MULLER et al., 2009), we carried out a pilot study, using a
set of samples taken from core PS2138-1 representing the last
150 Cal. kyrs. BP (i.e., MIS 6 to MIS 1, for core location see
Fig. 18). In previous studies of this well-dated sediment core,
detailed sedimentological, organic geochemical and micropa-
leontological investigations were performed for reconstruction
of the late Quaternary history of the Svalbard-Barents Sea Ice
Sheet and related paleoceanographic circulation patterns in the
Arctic Ocean along the Barents Sea continental margin (KNIES
et al. 1999, 2000, MATTHIESSEN & KNIES 2001, WOLLENBURG
et al. 2001, 2004).

Using a transfer function approach to estimate paleoproduc-
tivity from relative abundance data of benthic foraminiferal
species, WOLLENBURG et al. (2001, 2004) determined the
paleoproductivity and its change during the last about 150
Cal. kyrs. BP in core PS2138-1 (Fig. 25). From this record it
is obvious that calculated paleoproductivity values generally
correlate with the growth and decay of the Svalbard Ice Sheet
(ELVERH@I et al. 1995, KNIES et al. 1998, MANGERUD et al.
1998). The highest paleoproductivity occurred in intergla-
cial period MIS 5.5 and at the termination of interstadials to
stadials within MIS substages 6.3(?7), 5.3, 5.1, 3.2, and Termi-
nation Ia. These productivity maxima are related to distinct
ice retreat and partly coincide with the increased inflow of
temperate and saline Atlantic Water into the Arctic Ocean
(WOLLENBURG et al. 2001). During glacial periods, on the
other hand, productivity was significantly reduced, suggesting
increased sea-ice cover. During the latter intervals, also signif-
icant concentrations of the sea-ice proxy IP,s were found, in
accordance with the interpretation by Wollenburg et al. (2001)
(Fig. 25).

Although only a limited number of samples have been studied
for IP,5 here and also large gaps exit in the record of core
PS2138-1, these preliminary results are very promising. Our
qualitative IP,5 data indicate that IP,s may also occur in sedi-
ments as old as MIS 6, i.e., the IP,5 approach can also be used
for the reconstruction of sea-ice cover during glacials signifi-
cantly older than MIS 2. A more detailed IP,5 study of MIS
5 and MIS 6 sedimentary sections from several Arctic Ocean
cores is underway (see Fig. 15, STEIN et al. unpublished).

CONLUSIONS AND OUTLOOK

Arctic Ocean sea-ice cover and its change through
Cenozoic times

The Cenozoic history of Arctic Ocean sea-ice cover can be

reconstructed by different sedimentological, mineralogical,
micropaleontological, and organic-geochemical proxies, as
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Fig. 25: Relative abundance of IP,s (this study), bulk accumulation rates and IRD variability (KNIES et al. 2000) and a paleoproductivity record based on benthic
foraminifers (WOLLENBURG et al. 2001) determined for core PS2138-1 (for location see Fig. 18) and plotted versus age. Within our pilot study the first IP,s mea-
surements were carried-out in a selected set of samples, proving that IP,s is even preserved in sediments as old as about 150 ka (MIS 6); n.d. = no data so far. Grey

bars indicate time intervals of an extended ice sheet on Svalbard (MANGERUD et al.

1998). According to WINKELMANN et al. (2008), the extension of the ice sheet

was much smaller around 110 ka (MIS 5.4) than originally proposed by MANGERUD et al. (1998) (light grey bar).

Abb. 25: Relative Konzentration von IP,5 (diese Arbeit), Gesamtakkumulationsraten und IRD-Verteilungen (KNIES et al. 2000) und aus benthischen Foraminife-
renvergesellschaftungen berechnete Paldoproduktivititen (WOLLENBURG et al. 2001) im Kern PS2138-1 fiir den Zeitabschnitt der letzten 150 ka (MIS 6 bis MIS
1). Graue Balken zeigen Zeitabschnitte mit ausgedehnter Vereisung auf Svalbard (MANGERUD et al. 1998).

presented and discussed for a selected set of examples in this
review paper.

* Records of ice-rafted debris (IRD), specific sea-ice related
needle-shaped diatoms, and mineralogical composition of
the terrigenous sediment fraction determined in the ACEX
drill core recovered on Lomonosov Ridge during IODP
Expedition 302, give information about the first onset of
Arctic Ocean seasonal sea-ice cover at about 47 Ma, the
development of first perennial (?) sea-ice cover near 14 Ma,
and the variability of sea-ice cover through Neogene-Pleis-
tocene times (e.g., DARBY 2008, KRYLOV et al. 2008, ST.
JOHN 2008, STICKLEY et al. 2009, O’REGAN et al. 2010).

e Records of IRD and its mineralogy, in combination with
abundances of planktic foraminifers, allowed reconstruc-
tion of glacial and interglacial variability of sea-ice cover
and ice-sheet fluctuations during late Quaternary times, i.e.,
MIS 6 to MIS 1 (e.g., SPIELHAGEN et al. 1997, 2004, STEIN
2008). These data, however, also raise new interesting ques-
tions about pre-MIS 6 variations that need to be studied
more carefully (e.g., POLYAK et al. 2009, 2010, O’REGAN et
al. 2010).
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e Fluxes of planktonic foraminifers and 8'30 records deter-
mined in well-dated sediment cores from the Eurasian sector
of the Arctic Ocean constrained sea-ice distribution during
the Last Glacial Maximum (LGM) (e.g., NORGAARD-PEDER-
SEN et al. 2003).

* Abundances of specific Fe oxides determined in a sediment
core from the central Fram Strait were used to identify the
circum-Arctic source areas of the terrigenous sediment frac-
tion (IRD), providing insights into the LGM, deglacial to
Holocene Arctic Ocean sea-ice cover and ice-sheet decay
(DARBY et al. 2002).

e The “IP,5” sea-ice proxy in combination with phytoplankton
biomarkers (BELT et al. 2007, MULLER et al. 2009, 2011)
determined in sediment cores from the Fram Strait and
from the southern Lomonosov Ridge close to the Laptev
Sea continental margin, allowed reconstructions of the
Arctic Ocean sea-ice cover and its variability over the last
30 ka, suggesting extended sea-ice cover during the LGM,
minimum sea-ice cover (to ice-free conditions) during the
Bglling as well as the Early Holocene Climate Optimum,
and significantly increased sea-ice cover at the onset of the
Younger Dryas (YD) Cooling Event and during the late
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Holocene “Neoglacial” period (MULLER et al. 2009, 2012,
FAHL & STEIN 2012).

¢ The freshening of the Arctic Ocean, coinciding with a prom-
inent increase in sea-ice cover at the onset of the YD may
support the hypothesis that Arctic Ocean freshwater and
sea-ice export might have been an important mechanism
for shutting down the North Atlantic Deep Water (NADW)
formation, triggering the YD cooling event (BROECKER
2006, NOT & HILLAIRE-MARCEL 2012, FAHL & STEIN
2012).

e The diene/IP,5 ratio — possibly a new proxy for SST recon-
struction — reached maximum values during the Bglling-
Allergd warm period and decreased during the Holocene
cooling trend (FAHL & STEIN 2012).

e Observations of historical sea ice records off northern
Iceland during the last millennium demonstrates a strong
correlation between documented sea ice occurrences and the
1P,5 proxy record (MASSE et al. 2008).

¢ For the first time, IP,5 could be identified in Arctic Ocean
sediments older than 30 ka, i.e., IP,5 was found 150 ka old
(MIS 6) in sediments from core PS2138-1 recovered at the
Barents Sea continental margin.

IP,s, PIP,s, and diene/IP,s: challenges for future
paleoenvironmental reconstructions

The novel IP,s approach (BELT et al. 2007) is certainly a
very promising proxy approach that may allow more detailed
reconstructions of past Arctic Ocean sea-ice cover. The
combination of IP,s with a phytoplankton marker (in terms
of a phytoplankton marker-IP,s index “PIP,s”, MULLER
et al. 2011) proves highly valuable to properly interpret the
sea-ice proxy signal as an under- or over-estimation of sea-ice
coverage can be circumvented and more quantitative estimates
of paleo-sea-ice coverage seem to be possible. Although the
“PIP,s approach” still has its limitations and needs further
development and verification by additional data from other
Arctic areas, the fundamental idea of pairing IP,s with a
phytoplankton productivity measure to distinguish between
multiple ice conditions characterized by zero IP,s (as intro-
duced by MULLER et al. 2009, 2011), remains an important
development of the original IP,5 approach. Based on the new
biomarker data from core PS2458-4 (FAHL & STEIN 2012, and
this paper) as well as surface sediments from the Kara-Laptev
seas (XIAO et al. 2012), we propose that the diene/IP,5 ratios
might have a potential for becoming a new temperature proxy
for low-SST environments (cf. ROWLAND et. al. 2001, SACHS
et.al. 2008). To prove this hypothesis, however, certainly more
ground-truth data are needed.

In order to establish the IP,5 approach as key proxy for the
reconstruction of past Arctic Ocean sea-ice conditions,
however, more basic data from sea ice and sediment traps
(i.e., algae abundances, IP,s, phytoplankton biomarkers,
IRD) as well as surface sediments and sediment cores (IP,s,
phytoplankton biomarkers, IRD) with large spatial coverage
from different environments of the entire Arctic Ocean (i.e.,
permanently ice-covered central Arctic Ocean, marginal seas
with seasonally open-water conditions, polynyas, etc.) are still
needed. Concerning the temporal applicability of IP,5 as paleo-
sea-ice proxy, it has to be tested how old the sediment could be
for using this approach. In our pilot study we could show that
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IP,5 may occur in Arctic Ocean sediment as old as MIS 6, and
STEIN & FAHL (2012) even found IP,5 in two million years
old sediments from the Fram Strait area. The IP,5 approach
can also be used for the reconstruction of sea-ice cover during
glacials significantly older than MIS 2. However, what about
Pleistocene, Neogene or even older sediments? In a few test
measurements we carried-out on ACEX sediments of Eocene
age, no IP,5 was found.

When interpreting IP,5 and PIP,5 records and comparing abso-
lute numbers, determined in different studies and/or in mate-
rial from different areas and with different sample storage
times and temperature (i.e., old versus fresh material and
deep-frozen versus storage under plus temperatures), possible
differences in biomarker decomposition/degradation within
the water column, at the seafloor and within the sediments as
well as IP,5 losses during sample storage, have to be consid-
ered. Here, improved knowledge of production, degradation
and preservation/burial of the IP,5 signal is urgently needed.

A correct identification of IP,5 in extracts by GC-MS and a
correct quantification of IP,5, which requires some under-
standing of instrumental response factors between IP,5 and the
internal standard, are essential in this approach (see BROWN
2011, MULLER et al. 2011, BELT et al. 2012a, 2012b, FAHL &
STEIN 2012). In this context, an analytical standard protocol
should be developed in order to allow a direct comparison of
IP,5 data obtained in different laboratories.

The challenge of future scientific drilling

Considering the importance of the Arctic Ocean for the global
ocean circulation and the climate system, more high-resolu-
tion paleoceanographic data sets from key areas are needed
to reconstruct the climatically important parameters such as
sea-ice cover — the major focus of this paper — but also sea-
surface temperature, salinity, inflow of Atlantic Water, and
river discharge. This kind of data sets going back beyond the
time scale of direct measurements can be used to determine
the natural variability of these parameters as a background for
an assessment of anthropogenically influenced changes in the
last 100 to 150 years. For studying the (sub-)millennial climate
variability on longer time scales, i.e., under different boundary
conditions during pre-Quaternary times, as well as for studying
the long-term climate change from Greenhouse to Icehouse
conditions during Mesozoic-Cenozoic times, however, new
drill cores from the Arctic Ocean are needed (Fig. 26). That
means, undisturbed and complete sedimentary sequences have
to be drilled on depth transects across the major ocean ridge
systems, i.e., the Lomonosov Ridge, the Alpha-Mendeleev
Ridge, and the Chukchi Plateau and Northwind Ridge. High-
resolution records allowing to study climate variability on
Milankovich and millennial to sub-millennial time scales
can be drilled along the continental margins characterized by
high sedimentation rates. Here, key areas are the Arctic Ocean
marginal seas characterized by variable sea-ice cover and
strong river discharge. Key location for studying the history
of exchange of the Arctic Ocean with the world’s oceans are
the Fram Strait, Yermak Plateau and Chukchi Plateau areas.
Part of these drilling campaigns will hopefully become reality
within the new phase of the International Ocean Discovery
Program (IODP) post 2013 (COAKLEY & STEIN 2010, STEIN

65

10.12.12 11:46



Sediment-core data available Cores to be drilled in the future

3 -§ Core data ACEX Lomonosov Alpha-Mend. High-resolution
® % 8 | priortoACEX record Ridge Ridge Studies ")
w o w
0 : o -
: &
N o
07 15|82
. = I
3 8|2
4 Z|s
20
30 - £
| _g oo Hiatus *) Yermak Plateau
15 Morris Jesup Rise
151 Chukchi Plateau
4040 | & | o . Northwind Ridge
= : s - Mackenzie shelf/slope
= E 3 8 [€— Core FL-422 Kara Sea margin
= i S| w Laptev Sea margin
o 50 - T Lomonosov Ridge
<7 |
] So 227
60 S8 |
4 a© 1
~ m h
X = <4— Core FL-533
70 7 <—— CESAR-6
7 4| E |LJ «—— Core FL-437
3 3|8
80128 ‘
{1318
1822
] é C|[&
. ©
wi|2[z] 222
o [=
- [
] o
100 —

1 = Lomonosov Ridge

2 = Alpha-Mendeleev Ridge

3 = Chukchi Plateau/Northwind Ridge
4 = Laptev Sea continental margin

5 = Kara Sea continental margin

6 = Fram Strait/Yermak Plateau

7 = Morris Jesup Rise

8 = Mackenzie shelf/slope

9 = Gakkel Ridge

10 = Bering Sea/Bering Strait area

Fig. 26: Stratigraphic coverage of existing sediment cores in the central Arctic Ocean prior to IODP-ACEX (based on THIEDE et al. 1990) and the section recov-
ered during the ACEX drilling expedition (BACKMAN et al. 2006, BACKMAN et al. 2008), and stratigraphic coverage and key areas for future scientific drilling
campaigns in the Arctic Ocean. The middle Eocene sediments recovered at core FL-422 are arbitrarily placed at 45 Ma, the three Late Cretaceous (Maastrichtian/
Campanian) cores are arbitrarily placed on the time axis as well. Each of these four cores (all recovered on Alpha Mendeleev Ridge) documents a time period of at
the most a few hundred kyrs (BACKMAN et al. 2008). Figure from Stein (2011) and further references therein.

Abb. 26: Stratigraphie der bislang verfiigbaren Sedimentkerne im Arktischen Ozean (ergidnzt nach THIEDE et al. 1990) und Stratigraphie der ACEX-Bohrung

(BACKMAN et al. 2008) sowie Stratigraphie und Lokationen moglicher zukiinftiger wissenschaftlicher Bohrungen im Arktischen Ozean (aus STEIN 2011).
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2011 and further references therein; for details see also New
IODP Science Plan (BICKLE et al. 2012; also online available
at http://www.iodp.org/science-plan-for-2013-2023).
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