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\% Abstract

Abstract

Sea ice plays a crucial role in the climate system. Although this is broadly acknowledged, the
role of sea ice is not fully understood, especially during warmer periods such as the Pliocene
(5.88-2.58 Million years (Ma) ago). Fragmentary evidence suggests that the Arctic sea ice
was reduced in the Pliocene, but that it could have been transported into the Nordic Seas,
when the East Greenland Current (EGC) developed, which established the modern Nordic
Seas circulation. Today the EGC is the main exporter of cooler and fresher Arctic water
masses into the Nordic Seas and carries 90% of the total sea ice exported from the Arctic
Ocean with it. The main objectives of this thesis are to determine the presence of (seasonal)
sea ice in the Pliocene Iceland and Labrador Seas and to identify the role of the EGC and sea

ice on the Pliocene (sub-)Arctic climate.

The Iceland Sea and the Labrador Sea are important and sensitive regions for determining the
occurrence of sea ice and changes in the EGC and Greenland Ice Sheet (GIS). Therefore,
Early Pliocene to Early Quaternary sediments were investigated from the Iceland Sea (ODP
Site 907) and the Labrador Sea (IODP Site U1307) using biomarkers (IP,s, sterols, alkenones)
to reconstruct the Pliocene paleoceanography and especially the sea ice cover in both areas.

Additional information was obtained from palynological analysis of the same sites.

My analyses revealed, that sea ice occurred for the first time in the Pliocene Iceland Sea
around 4.5 Ma, together with a cooling of the entire Nordic Seas. The development of a proto
EGC replaced warmer Atlantic water masses in the Iceland Sea and either favored the local
formation of sea ice or directly exported sea ice from the Arctic Ocean. At ~4.0 Ma, an
extended interval of seasonal sea ice in the Iceland Sea occurred contemporaneously with the
establishment of a large sea surface temperature (SST) gradient in the Nordic Seas: the
Iceland Sea cooled further, whereas the Norwegian Sea warmed. Increased warming in the
North Atlantic and Norwegian Sea at this time may have lead to increased moisture transport
towards Siberia, which can ultimately led to a freshening of the Arctic Ocean, favoring sea

ice production and export (Paper I).

Frequently occurring seasonal sea ice was reconstructed between 3.5-3.0 Ma in the Iceland
Sea (Paper II), while the biomarker analysis indicate dominantly ice-free conditions in the
Labrador Sea for approximately the same time interval (Paper III). This may have been the
result of a weak EGC influence in the Labrador Sea, whereas the EGC influence was stronger

in the Iceland Sea at times when the GIS was significantly reduced. The weaker EGC
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influence in the Labrador Sea might be coinciding with a strong subpolar gyre (SPG)
circulation in the Labrador Sea allowing for more advection of Atlantic water masses into the
Labrador Sea (Paper III). Higher-than-modern alkenone-based SSTs suggest that summers in
both areas were sea ice-free. After 3.0 Ma, sea ice occurred less frequently in the Iceland Sea,
whereas from 2.75 Ma fluctuations in the sterol record might suggest a nearby sea ice edge
(Paper II). The Labrador Sea received more polar water and a sea ice edge developed after
~3.1 Ma implying an enhanced southward flow of the EGC (Paper III). The enhanced
southward penetration of polar waters might agree with a weaker SPG circulation. As such, a
sea ice edge and an intensified EGC might have acted as a positive feedback for the
expansion of the GIS during the Northern Hemisphere glaciation by stronger sea ice albedo

feedbacks and isolation of Greenland from warm Atlantic water masses, respectively.
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1 Introduction

1 Introduction

1.1 Seaice

Sea ice is frozen ocean water that forms and melts exclusively in the ocean, and as such is
independent from ice on land (e.g. ice sheets on Greenland). Sea ice grows and melts
seasonally (first-year ice), but especially in the central Arctic Ocean and close to Antarctica,
perennial sea ice remains over several years (multi-year ice). Sea ice that drifts on the open
ocean and is propelled by wind and currents is termed pack ice, whereas stationary sea ice
attached to the coast is called land fast ice.

Although sea ice occurs mainly in the polar regions of both hemispheres, it is a critical
component in the polar and global climate system. Sea ice acts as an isolator between the
ocean and atmosphere, limiting heat, moisture and gas exchange when it is present
(Dieckmann and Hellmer, 2010). Sea ice also has a high albedo, meaning that most (~90 %) of
the incoming solar radiation is reflected back into space, whereas energy is absorbed by the
dark surrounding, lower albedo water (Figure 1.1). Decreasing sea ice leads to a reduction in
Earth’s albedo and thus increases the temperature in both atmosphere and ocean, which in turn
adds further to thinning and melting of sea ice (Serreze and Barry, 2011). Sea ice is also
important for deep-water formation. Cooling and freezing of surface waters results in salt
release (brine formation) to the surface ocean. These denser and cooler surface waters sink

towards the bottom of the ocean and form deep-water masses (Rudels and Quadfasel, 1991),

Figure 1.1: Schematic illustration of role of sea ice in the climate system. Yellow arrows indicate the incoming
and reflected solar radiation, red arrow indicates the heat exchange between ocean and atmosphere. Green
dots represent marine phytoplankton, which is higher in open ocean environments than below sea ice.
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which enhances the deep-ocean circulation and ventilation (Killworth, 1983). The export of
Arctic sea ice towards the North Atlantic affects the ocean circulation by decreasing the sea
surface salinity and increasing the surface stratification, which can potentially disturb the
thermohaline circulation (THC; e.g. Dickson et al., 2007).

Sea ice is not only important for physical aspects of the environment, but also for the
biosphere. It provides an unique life habitat for mammals like seals and the iconic polar bear,
but also for phytoplankton (Gosselin et al., 1997). Starting in late autumn, sea ice algae
(mainly diatoms) are incorporated into sea ice, where they hibernate in small channels formed
during sea ice formation (Gradinger and Ikidvalko, 1998). In spring, when sufficient light and
nutrients become available the algae start to grow (Horner, 1985). Thus, sea ice algae, adapted
and bound to this specific environment, contribute to organic carbon and biomass release
(Gosselin et al., 1997; Gradinger, 2009) and form the basic level of the Arctic food chain by
photosynthesis (Arrigo et al., 2010). Interestingly, some of those algae synthesize specific
biomarkers, which can be found in geological records and are used to reconstruct past sea ice
cover (e.g. Belt et al., 2007; Brown et al., 2014; see also chapter 2.1). The consequences and
implications of the ongoing sea ice decrease for the (macro-)faunal communities and the
climate are not yet fully understood because sea ice as a climate component only gained
attention as an important climate feature in the past decades (Dieckmann and Hellmer, 2010).
Today the central Arctic Ocean is perennially covered with sea ice, while the marginal seas
including the Iceland and Labrador seas experience high seasonality of sea ice extent
(Figure 1.2). During winter (February/March), sea ice cover is largest (Figure 1.2A), while it
decreases during summer (Figure 1.2B). Since the beginning of the satellite data records in
1978, Arctic sea ice extent declined (~3.8% per decade) with larger losses in summer and
autumn (Stroeve et al., 2007; Vaughan et al., 2013). Not only the sea ice extent is decreasing,
but also older, thicker sea ice is declining at a high rate (13.5 % per decade; Vaughan et al.,
2013). In summer 2012, the lowest extent of sea ice was recorded within the satellite era
(Figure 1.3). In fact, summers of 2007, 2011, 2012, 2016 and 2017 have all shown very low
sea ice extents (Figure 1.3). Based on the rapidly diminishing sea ice extent, the Arctic Ocean
may be seasonally sea ice-free in summer by the middle of the century (Wang and Overland,
2012). Stroeve et al. (2007; Figure 1.4) showed that the recent sea ice loss is faster than model
simulations predicted, therefore an ice free Arctic Ocean might occur sooner and probably
more abrupt than slowly due to amplifying feedback mechanisms within the Arctic climate

system (polar amplification; Allison et al., 2009; Serreze and Barry, 2011).
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Figure 1.4: Upper panel shows Arctic March, lower panel Arctic September sea ice extent (x10° km?) from
observations (thick red line) and the multi-model ensemble mean (solid black line) and standard deviation

(dotted black line) from different 18 IPCC AR4 climate models (individual models not shown here). Figure
of Stroeve et al. (2007).

Evidence for the very first sea ice occurrence in the Arctic Ocean comes from iron (Fe) grains
in marine deposits with an Eocene age (~44 Ma) recovered from the ACEX (Arctic Coring
Expedition) drill site (Darby, 2014). Sea ice is the most likely delivery agent for these grains,
which initially occur in short intervals, indicating that perennial sea ice occurred ephemerally
until ~37 Ma. Based on Strontium, Lead, and Neodymium isotope records from the same core,
a continuous Arctic sea ice cover for the past 15 Ma is proposed (Haley et al., 2008a; 2008b).
These findings are in agreement with provenance studies of Fe-oxide grains suggesting a

perennial sea ice cover in the central Arctic Ocean from the middle Miocene (~14 Ma)
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onwards (Darby, 2008). This fits into the context of a transition to globally cooler conditions
during the Neogene (e.g. Zachos et al., 2001) and in the Arctic as indicated by substantial
glaciations in the northern Barents Sea area (Knies and Gaina, 2008). Recently, seasonal sea
ice conditions with ice free summers were demonstrated to occur in the central Arctic Ocean
during the Late Miocene (Stein et al., 2016). The first sea ice in the marginal Arctic Ocean
(Yermak Plateau) emerged around 4.0 Ma in the Early Pliocene possibly due to the opening of
the Bering Strait and uplift of the circum-Arctic topography (Knies et al., 2014a). After
4.0 Ma, sea ice expanded and a modern winter maximum was established around 2.5 Ma on
the Yermak Plateau (Knies et al., 2014a).

While sea ice is documented outside the Arctic Ocean, i.e. in the Nordic Seas (Hoff et al.,
2016; Kolling et al., 2017) and Labrador Sea (Weckstrom et al., 2013) during the Late
Quaternary, there is currently no evidence for sea ice in those regions in older times. The
significance of sea ice on local and global scale is widely accepted, but the causes and
consequences of a reduced sea ice cover in a globally warm world are not fully understood. A
recent study has shown that the loss of sea ice enhances surface melting of the modern
Greenland Ice Sheet (GIS; Liu et al., 2016). Without sea ice, heat exchange from the ocean into
the atmosphere increases, resulting in advection of warm air masses and thus warming over
Greenland (Ballantyne et al., 2013), which potentially hampers sustaining a GIS and may
ultimately lead to melting of the GIS. In the light of the ongoing climate change, it is crucial to
know how sea ice waning in the Northern Hemisphere will affect the GIS as well as the THC,
which distributes heat over the globe. Therefore, collecting data about the sea ice extent in the
geological past, and especially in times with a globally warm climate such as the Pliocene is

essential to better understand the future climate in the Arctic.

1.2 Nordic Seas and Labrador Sea oceanography

The Nordic Seas (Greenland, Norwegian, and Iceland Sea) connect the Arctic Ocean and the
North Atlantic (Figure 1.5A; Blindheim and @sterhus, 2005). The Nordic Seas surface
circulation is dominated by the inflow of relatively warm (~10 °C) and saline (~35 psu) waters
of the North Atlantic Current (NAC) in the east over the Greenland-Scotland Ridge (GSR;
Blindheim and @sterhus, 2005), and the outflow in the west of the East Greenland Current
(EGC), which exports cold (<0 °C), fresher (30 psu) and nutrient depleted water masses over
the Denmark Strait into the Labrador Sea (Aagaard and Coachman, 1968a, b; Hopkins, 1991).
This results in a strong temperature and salinity gradient between the east and the west Nordic
Seas surface waters (Figure 1.5A). Due to the warm Atlantic water inflow, the eastern margin
of the Nordic Seas is sea ice-free. North of Scandinavia the NAC divides into two branches:

about one-third flows eastward into Barents Sea, and two-third form the West Spitsbergen
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Current (WSC), which flows northward into the eastern Fram Strait. There, water masses cool
due to heat release into the atmosphere, get denser and sink to the seafloor (Blindheim and
@sterhus, 2005). Only a small part of the WSC reaches the Arctic Ocean, where it submerges
under a layer of cold and fresh Arctic water exiting the Arctic Ocean (Johannessen, 1986). The
main part of the WSC is deflected southwestward as the Return Atlantic Current (RAC), where
it dips in the western Fram Strait under the cold waters exiting the Arctic Ocean as the EGC.
This mixture of polar surface and Atlantic subsurface waters flows southward along the eastern
margin of Greenland (Blindheim and @sterhus, 2005; Rudels et al., 2002). At approximately
68 °N, a small part of the EGC bifurcates north of Iceland to form the East Icelandic Current
(EIC). Its water masses can be found in a depth of 0-50 m (Rudels et al., 2002). West of
Iceland, warm Atlantic water enters the Nordic Seas as the Irminger Current (IC) to flow
northward towards Iceland. North of Iceland, the EIC and IC mix and flow eastwards. Thereby
they form the southern boundary of a gyre in the Iceland Sea where polar and Atlantic waters
mix (Figure 1.5A; Baumann et al., 1996; Rudels et al., 2002).

The other branch of the IC flows into the Labrador Sea, where it meets the polar, cool and
fresher surface waters of the EGC. Both water masses mix as they round the southern tip of
Greenland and form the West Greenland Current (WGC; Fratantoni and Pickart, 2007), which
flows northwestward along the west coast of Greenland (Clarke and Gascard, 1983; Schmidt
and Send, 2007). A branch of the WGC feeds the Labrador Current (LC), which brings cool
and fresh Arctic waters southward along the Canadian Coast towards the North Atlantic
(Schmidt and Send, 2007; and refs therein). Together with the NAC, the EGC, IC and LC form
the subpolar gyre (SPG; Figure 1.5A), which is driven by the regional wind system and
buoyancy differences of the different water masses in the Labrador Sea (Hatun et al., 2005). In
a depth of 700-2500 m, cooler (3.5 °C) and fresher (34.9 psu) Labrador Sea Water (LSW) is
formed by convective overturning in the Labrador Sea off the east coast of Greenland (Dickson
and Brown, 1994; Schmitz, 1996). Deep-water masses originating from the Greenland and
Iceland seas as well as from the Norwegian Sea enter the Labrador Sea over the Denmark
Strait as Denmark Scotland Overflow Water (DSOW; <3500 m) and Iceland-Scotland Ridge as
Iceland Scotland Overflow Water (ISOW; 2500-3500 m), respectively (Evans et al., 2007;
Pickart, 1992).
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Figure 1.5: A) Modern oceanography of the Nordic Seas after Blindheim and Dsterhus (2005) and modern annual
SSTs (Locarnini et al., 2013). B) Pliocene paleoceanography and paleogeography. Exposed Barents Sea is based
on Zieba et al. (2017) and closed Canadian Arctic Archipelago based on Matthiessen et al. (2009). Red arrows
indicate important warm surface currents: NAD = North Atlantic Drift, NWAC = Norwegian Atlantic Current,
WSC = West Spitsbergen Current, RAC = Return Atlantic Current, IC = Irminger Current. Blue arrows show
important cool water surface currents: TPD = Transpolar Drift, EGC = East Greenland Current, EIC = East
Icelandic Current, WGC = West Greenland Current, LC = Labrador Current. Subpolar gyre (SPG) is shown in
light brown.
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Together with the LSW, these water masses form the North Atlantic Western Boundary
Undercurrent (WBUC; Dickson and Brown, 1994; Schmitz, 1996). The Nordic Seas and the
Labrador Sea are an important source for the North Atlantic Deep Water (NADW). NADW is
produced by sufficient atmospheric cooling and the cyclonic SPG circulation allows surface
water to be mixed into greater depth (Dickson and Brown, 1994; Schmitz, 1996). Additional
overflow of the dense DSOW and ISOW into the Labrador Sea drive the global thermohaline

circulation.

1.3 Pliocene climate and paleoceanography in the Arctic and Nordic Seas

The Pliocene is an epoch that extends from 5.33 to 2.58 Ma and is embraced by the older
Miocene Epoch and the younger Pleistocene Epoch (Hilgen et al., 2012). Stratigraphically, the
Pliocene is subdivided into two stages: the Early Pliocene or Zanclean (5.33-3.60 Ma) and the
Late Pliocene or Piacenzian (3.60-2.58 Ma; Figure 1.6). The base of the Zanclean lies within
the Gilbert Chron (Van Couvering et al., 2000). The Zanclean top also corresponds to the base
of the younger Piacenzian at 3.60 Ma, marked by the Gilbert-Gauss magnetic reversal
(Castradori et al., 1998) and marine isotope stage (MIS) MGS8 (Shackleton et al., 1995). The
Piacenzian top is magnetostratigraphically defined by the Gauss/Matuyama reversal and
corresponds to MIS 103 (Gibbard et al., 2010).

The Pliocene has long been considered to be a warm and climatological stable time period
(Dowsett et al., 2005; Draut et al., 2003; Haywood et al., 2013) with high CO, concentrations
(e.g. Kiirschner et al., 1996). Evidence for rather warm, stable conditions and reduced
continental ice sheets comes from the global §'®0 stack of benthic foraminifera (Lisiecki and
Raymo, 2005), which shows low variability in the Early Pliocene, although larger Quaternary-
like variability appears in the latest Pliocene (< 3.0 Ma; Figure 1.6). The interpreted Pliocene
stability adds to a number of other reasons such as globally high temperatures, high CO, levels
and reduced ice sheets (Dolan et al., 2011; Haywood et al., 2016a; Martinez-Boti et al., 2015)
for why the Pliocene and specifically the mid Piacenzian Warm Period (mPWP) have been
studied as a potential analogue for our planets’ climate by the end of this century. However,
like other past warm events, the mPWP is not a perfect analogue for the future climate due to
paleogeographic and topographic differences (i.e. ocean gateways, mountain range elevation)
and a climate in equilibrium to a long-term CO, forcing — in contrast to the ongoing, transient
forcing (Haywood et al., 2011). Therefore, a time slice around the interglacial peak of MIS
KM5c (~3.205 Ma; Figure 1.6) is currently in the focus of the Pliocene scientific community,
both from a modeling (e.g. PlioMIP2; Haywood et al., 2016b) and data perspective (e.g.
Dowsett et al., 2016). A time slice, rather than the time slab approach used in the mPWP

reconstructions (PRISM; e.g. Dowsett, 2007; 2010), avoids averaging several, different warm
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intervals within the mPWP (Haywood et al., 2013). Averaging these warm intervals may give
the impression of a warm and stable climate, but a few recent Pliocene studies demonstrated
that mPWP and also Pliocene climate, especially in the Nordic Seas and the Arctic, was more
variable and possibly not as warm as previously thought (Bachem et al., 2017; Knies et al.,

2014a; Risebrobakken et al., 2016).

Early Pliocene

The period between 4.4 and 4.0 Ma was probably the warmest period within the Pliocene with
a global temperature higher by about ~4 °C compared to modern values (Brierley and Fedorov,
2010). This period was characterized by both weak meridional and zonal SST gradients
resulting from stable high tropic warm pool SSTs and warm high latitude oceans (Fedorov et
al., 2013). This resulted in a weaker atmospheric circulation (e.g. Brierley and Fedorov, 2010;
Brierley et al., 2009) and a deeper thermocline in the tropics (Fedorov et al., 2013).
Reconstructed atmospheric CO, concentrations range between 380 and 400 ppm (Figure 1.6;

e.g. Pagani et al., 2010; Seki et al., 2010) comparable to modern values of 405.07 ppm in

August 2017 (www.esrl.noaa.gov/gmd/ccgg/trends/). Only small fluctuations of global ice
volume occurred in the Early Pliocene (Figure 1.6; Lisiecki and Raymo, 2005), but it is
evident that occasional expansion of local ice sheets in the Arctic region produced icebergs and
ice-rafted debris (IRD) (Knies and Gaina, 2008; Knies et al., 2014b). IRD was recorded in the
Irminger Basin (St. John and Krissek, 2002) and Iceland Sea between 4.9 and 4.8 Ma, and
again around 4.0 Ma in the Iceland Sea (Fronval and Jansen, 1996). Together with the
occurrence of IRD in the Labrador Sea at 4.0 Ma (Wolf and Thiede, 1991), this suggests that

also an ice sheet occasionally occurred on Greenland at this time.
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Figure 1.6: Pliocene/Early Pleistocene changes in A) 00 of benthic foraminifera (Lisiecki and Raymo, 2005)
and B) atmospheric CO, concentrations (Badger et al., 2013 pink line; Bartoli et al., 2011 brown line;
Martinez-Boti et al., 2015 purple line ; Seki et al., 2010 orange and green line; Stap et al., 2016 blue line).
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By the Early Pliocene, the Atlantic—Pacific Ocean gateways had not reached their modern
setting and were undergoing important changes. Between 4.7 and 4.2 Ma, the Central
American Seaway (CAS; Figure 1.7) shoaled (e.g. Haug et al., 2001; Steph et al., 2006; 2010),
which was suggested to result in an increased Atlantic Meridional Overturning Circulation
(AMOC) and northward heat transport (Haug and Tiedemann, 1998; Steph et al., 2010).
However, Bell et al. (2015) have recently questioned the role of the Early Pliocene CAS
shoaling on deep-water formation and the Pliocene climate evolution. Nevertheless, CAS

shoaling between 4.7-4.2 Ma might have affected flow direction through the Bering Strait. The
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Figure 1.7: Important gateways that underwent changes in the Miocene and Pliocene.

Bering Strait (Figure 1.7), already open since the Late Miocene (7.4-7.3 Ma), was, together
with the Fram Strait, the only high-latitude connection for water exchange between the Arctic
Ocean and the Atlantic (Knies et al., 2014b; Matthiessen et al., 2009). At this time, the
Canadian Arctic Archipelago (CAA) was closed and the Barents Sea sub-aerially exposed
(Figure 1.7; Matthiessen et al., 2009; Torsvik et al., 2002; Zieba et al., 2017).

The water flow through the Bering Strait was at first mainly in southward direction, i.e. from
the Arctic Ocean into the Pacific (Marincovich and Gladenkov, 1999, 2001). Modeling studies
indicate that CAS shoaling leads to reversal of the flow through the Bering Strait, i.e. flow

from the Pacific into the Arctic (Maier-Reimer et al., 1990; Sarnthein et al., 2009). CAS
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closure leads to the build-up of a Pacific-Atlantic salinity contrast and increases the steric sea
level height of the Pacific relative to the Atlantic (Schneider and Schmittner, 2006), which
favors changing the flow direction through the Bering Strait. This flow reversal around 4.5 Ma
likely increased the inflow of Pacific waters via the Arctic Ocean into the Nordic Seas and
thereby exporting polar water masses southwards. This is indicated by the atrival of boreal
Pacific molluscs in the Iceland Sea (Durham and MacNeil, 1967; Marincovich and Gladenkov,
2001; Verhoeven et al., 2011), and the accumulation of sea ice related diatoms in the Labrador
Sea indicating surface cooling (Bohrmann et al., 1990). Further, changes in sedimentology in
the Fram Strait region around this time have been related to increased sea ice export from the
Arctic (Knies et al., 2014b). This evidence together with dinoflagellate cyst assemblage
turnovers in the Nordic Seas led De Schepper et al. (2015) to propose the onset of a proto-EGC
in the Early Pliocene related to ocean gateway changes, i.e. opening of the Bering Strait and
closing of the CAS. The onset of the EGC initiated a major change in the Nordic Seas surface
circulation. The zonal SST gradient, which is characteristic for the modern Nordic Seas due to
cool low salinity water outflow in the western Nordic Seas and warm saline water inflow in the

eastern Nordic Seas (Figure 1.5A), only developed around 4.0 Ma (Bachem et al., 2017).
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Figure 1.8: SST comparison between the Norwegian Sea (Bachem et al., 2017; black line) and the Iceland Sea
(Herbert et al., 2016; red line). Dashed lines indicate modern summer SSTs after Locarnini et al. (2013).

From around 4.0 Ma, the Iceland Sea gradually cooled while the Norwegian Sea rapidly
warmed, resulting in a SST gradient of ~10 °C. This is 4 °C higher than the modern value
(Figure 1.8; Bachem et al., 2017; Herbert et al., 2016) and point to major oceanographic
changes around that time. The onset of an early EGC likely cooled the Iceland Sea and an
observed sea surface productivity decrease was proposed to be related to the occurrence of sea
ice (De Schepper et al., 2015; Schreck et al., 2013; Shipboard Scientific Party, 1996; Stabell
and Kog, 1996). However, no direct evidence of sea ice has been reported. The export of sea
ice might be possible because it was suggested that perennial sea ice may have occurred in the
central Arctic Ocean as early as 15 Ma (Haley et al., 2008b). Late Miocene reconstructions
indicate a seasonal sea ice cover in the Arctic (Stein et al., 2016) and Early Pliocene sea ice

reconstructions in the marginal Arctic Ocean indicate the first seasonal sea ice around 4.0 Ma
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(Knies et al., 2014a). Thus, whether sea ice occurred in the Early Pliocene Iceland Sea when

an early EGC was established has so far not been assessed using direct sea ice proxies.

Mid Pliocene

Probably the best investigated time interval in the Pliocene is the mid Piacenzian Warm Period
(mPWP, 3.264-3.025 Ma). This interval has been the focus of both the Pliocene Research,
Interpretation and Synoptic Mapping project (PRISM; Dowsett et al., 2010) and the Pliocene
Model Intercomparison Project (PlioMIP; Haywood et al., 2013). Generally, the mPWP is
characterized by higher CO, levels, reduced continental ice sheets, and higher sea levels (refs
in Haywood et al., 2016a). The global atmospheric CO, concentrations were lower than in the
Early Pliocene, but still higher or possibly in the same range as the pre-industrial values of
280 ppm (Figure 1.6). Estimates range between 365—415 ppm (Pagani et al., 2010; Seki et al.,
2010) or as low as 270-300 ppm (Badger et al., 2013). The global "0 stack indicates a slight
trend towards increasing ice volume with increasing variability within the mPWP compared to
the Early Pliocene (Figure 1.6A). IRD input (as evidence for a larger GIS) is increasing in the
western Nordic Seas (Fronval and Jansen, 1996; Jansen et al., 2000) and Labrador Sea
(Sarnthein et al., 2009; Wolf and Thiede, 1991). Model studies suggest that glaciations on
Greenland were restricted to southeast Greenland (Dolan et al., 2011; Koenig et al., 2015), but
indications for small ice sheets were also found on Iceland (Eiriksson and Geirsdéttir, 1991).
The rather small continental ice sheets on Greenland and possibly Iceland are in agreement
with a higher-than-modern sea level of ~22 + 10 m (Miller et al., 2012).

The mPWP follows a major glacial event during MIS M2 (~3.3 Ma; Lisiecki and Raymo,
2005). This large MIS M2 glaciation was rather short and is often seen as a failed attempt to
start an large Northern Hemisphere glaciation (Haug and Tiedemann, 1998). While the
mechanism behind MIS M2 remains enigmatic (Tan et al., 2017), it is clear that a considerable
cooling occurred in the North Atlantic (De Schepper et al., 2013; 2009; Lawrence et al., 2009;
Naafs et al., 2010). The cooling was indicated by a shift from warm water to cold-water
dinoflagellate species and a decrease of SSTs of 3—4 °C. After this brief glacial, SSTs and
warm dinoflagellate species returned to the pre-M2 state (De Schepper et al., 2013; 2009;
Lawrence et al., 2009; Naafs et al., 2010). It was shown in a model experiment that potentially
larger-than-modern ice sheets during MIS M2 do not contradict the North Atlantic
paleoenvironmental proxy data (Dolan et al., 2015). It was proposed that the cooling resulted
from a reduced northward heat transport due to a re-opening of the CAS (De Schepper et al.,
2013; 2009). However, a recent modeling experiment indicated that the CAS opening only
resulted in a small expansion of the Northern Hemisphere ice sheets and could not trigger the

MIS M2 glaciation alone (Tan et al., 2017). These authors proposed that besides an open CAS,
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low CO, levels (220 ppm), and suitable orbital parameters were necessary for the MIS M2
glaciation.

During the mPWP reconstructed global atmospheric temperatures were higher than today (2—
3°C; Dowsett et al., 2010; Salzmann et al., 2011), with the Arctic region reaching temperatures
of up to ~8—11 °C warmer than modern (Brigham-Grette, 2013; Csank et al., 2013). This is in
agreement with significantly warmer Nordic Seas and Arctic Ocean SSTs during the mPWP
that were up to 5 and 16 °C higher than today, respectively (Robinson, 2009). Based on these
high temperature values, Arctic Pliocene sea ice extent during winter was interpreted to
correspond to modern summer minimum conditions (Dowsett et al., 2010), whereas summers
were sea ice free. This implies that the marginal Arctic Ocean was seasonally sea ice-free, and
consequently, that both the Iceland and Labrador seas were year-round ice-free. Recent studies
now indicate that the SSTs in the Nordic Seas were likely only 2-3 °C higher compared to
today (e.g. Bachem et al., 2017; 2016). At the same time, the EGC was already established in
the Early Pliocene (De Schepper et al., 2015) and could potentially have exported sea ice from
the Arctic. With seasonal sea ice, comparable to modern summer conditions, occurring on the
Yermak Plateau around this time (Knies et al., 2014a), an active EGC could have transported
or favored sea ice formation in the Iceland and Labrador seas. Yet, direct evidence for sea ice
in the Iceland and Labrador seas during the globally warm climate of the mid Piacenzian is

currently lacking.

Late Pliocene

Following the mPWP, global ice volume gradually increased towards the intensification of the
Northern Hemisphere glaciation (iNHG), when the amplitude of the glacial/interglacial cycles
increased strongly (Figure 1.6; Lisiecki and Raymo, 2005). Continental ice sheets especially
expanded in the Northern Hemisphere, where increasing amounts of IRD are detected in
marine sediments in the Barents Sea area (Knies et al., 2009; 2014b), the Iceland Sea (Jansen
et al., 2000), the Labrador Sea (Sarnthein et al., 2009), the Norwegian Sea (Henrich et al.,
1989) and the North Atlantic (Kleiven et al., 2002). Later (~2.64 Ma) also North American ice
sheets extended onto the continental shelf consistent with a gradually southward extension of
the ice sheets in the Northern Hemisphere during the iNHG (Bailey et al., 2013).

The mechanisms and causes of the iINHG remain an intriguing scientific topic. Several
hypotheses were proposed including changes of orbital parameters, ocean gateways, and
atmospheric CO,. Generally, the build-up of ice sheets in the Northern Hemisphere requires
sufficient moisture supply and cool enough temperatures so that the accumulated snow does
not melt during summer. Around 3.0 Ma, the obliquity cycle (41,000 years) — influencing the

distribution of solar insolation — was proposed to have changed from low-amplitude before
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3.0 Ma to high-amplitude obliquity. This led to cooler summers, favorable for ice sheet growth
(Haug and Tiedemann, 1998). The moisture supply towards the high latitudes was proposed to
result from the closure/shoaling of the CAS (Haug and Tiedemann, 1998), which was the most
favored theory for the iNHG for a long time. Due to the CAS closure the deep-water formation
increased, which enhanced the evaporative cooling and thus directly provided moisture for the
ice sheet growth (Haug and Tiedemann, 1998). It was further hypothesized by Driscoll and
Haug (1998) that the CAS closure increased the moisture supply towards Eurasia, which in
turn increased the freshwater input by Siberian rivers into the Arctic Ocean. The consequently
reduced salinity allowed enhanced sea ice formation, increasing the albedo feedback and
thereby contributing to cooling and ice growth in the Northern Hemisphere. This theory was
questioned by Klocker et al. (2005), who showed in a model study that the CAS closure did not
promote ice accumulation. Additionally, Lunt et al. (2008) showed that the increased moisture
transport was most likely not enough to trigger the expansion of Northern Hemisphere ice
sheets.

Alternatively, the closure of the Indonesian Seaway (Figure 1.7) was suggested to cause cooler
conditions in North America via teleconnections and thus favoring the growth of large ice
sheets (Cane and Molnar, 2001). This hypothesis could not be confirmed in model studies
(Brierley and Fedorov, 2016; Jochum, 2009; Krebs et al., 2011). Another explanation is the
termination of the ‘permanent El Nifio’ state around 3.0 Ma that ended the heat transport to the
north (Brierley and Fedorov, 2010; Wara et al., 2005). While record of proxy data in the
equatorial Pacific region suggest El Nifio patterns comparable to modern one (Molnar and
Cane, 2002), a model study showed that warm conditions in North America (i.e. no ice sheets)
also occurred during warm Pliocene conditions without a ‘permanent’ El Nifio state (Haywood
and Valdes, 2004).

Finally, the decrease of atmospheric CO, (Badger et al., 2013; Bartoli et al., 2011; Martinez-
Boti et al., 2015; Pagani et al., 2010; Seki et al., 2010; Figure 1.6) was argued to be the most
likely candidate for the growth of the Northern Hemisphere ice sheets (e.g. Lunt et al., 2008).
The CO, decrease could be related to (1) increased stratification in the North Pacific, which
increased the biological pump and thus removed CO, from the atmosphere (Haug et al., 1999),
(2) the uplift of the Rocky Mountains and Himalayan, which removed CO, out of the
atmosphere due to increased chemical weathering (Raymo et al., 1988; Ruddiman and
Kutzbach, 1989), and/or (3) promoted sea ice formation in the Southern Ocean and thus a
stronger stratification of the water column (Woodard et al., 2014), which contributed to CO,
storage in the deep ocean (Lang et al., 2016).

Sarnthein et al. (2009) demonstrated a freshening and cooling of the EGC around 3.0 Ma. They

proposed that a cooler and fresher EGC would isolate Greenland from warm Atlantic waters
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and poleward heat transport, thereby promoting a persistent glaciation of Greenland. An
enhanced EGC could have brought sea ice along with it, but there is no direct evidence for sea
ice along the East Greenland Coast. The only sea ice record for the Pliocene comes from the
marginal Arctic Ocean indicating that sea ice started to expand to modern winter maximum
around 2.75 Ma (Knies et al., 2014a). The hypothesis that a cool, fresh EGC exporting sea ice
and isolating Greenland from warm Atlantic waters (Sarnthein et al., 2009), has not been
confirmed by direct evidence for sea ice presence along eastern Greenland during the

intensification of the Northern Hemisphere glaciation.

14 Research questions and objectives

There is no doubt about the importance of sea ice for the Arctic and global climate system.
Thus, procuring knowledge of its evolution during past warmer time intervals (e.g. Pliocene) is
of great significance. The role of sea ice during past warmer than modern time intervals such
as the Pliocene is, however, neither well documented nor understood. Both study areas
(Iceland and Labrador Sea) provide an ideal location to test the sea ice biomarker IP,s (see
Chapter 2.1) during warmer climate conditions and in areas outside the marginal Arctic Ocean
environment, for which the sea ice proxy was developed. Highly variable (spatial and
temporal) modern sea ice coverage characterizes both study areas due to the dynamics between
cool and warm water masses. Previous research demonstrated that the Nordic Seas underwent
significant changes during the Pliocene and that conditions were far from stable (Bachem et
al., 2017; De Schepper et al., 2015; Risebrobakken et al., 2016). The state of the Arctic
gateways might have also played a more significant role than previously thought (Otto-
Bliesner et al., 2017). Based on the unresolved role of sea ice during the Pliocene, there are

three research questions that are addressed:

* Did sea ice occur in the Early Pliocene Iceland Sea when an early EGC was
established?

*  Could sea ice occur in the Iceland and Labrador seas during the globally warm
climate of the warm mid Piacenzian?

*  Was sea ice present in the Iceland and Labrador seas and what was its role during the
intensification of the Northern Hemisphere?

Therefore, to address the research questions, the specific objectives of this thesis were:

* To determine the presence of (seasonal) sea ice in the Pliocene Iceland and Labrador
Seas.

* To identify potential mechanisms controlling the Pliocene sea ice occurrence and the
consequences for the Greenland Ice Sheet.
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2 Methods

The recent evolution of the Arctic sea ice cover is well recorded by instrumental records (e.g.
satellite data), but its development through Earth’s history is poorly documented. To obtain
information about sea ice evolution further back in time, marine sediment cores as well as ice
cores can be investigated. Different proxy approaches can be used to reconstruct paleo sea ice

(review in e.g. de Vernal et al., 2013):
* Sedimentary analyses

* Micropaleontological analyses such as assemblages of fossil diatoms, dinoflagellate

cysts (dinocysts), foraminifera and/or ostracodes

e Geochemical analyses such as &8O in foraminiferal tests, highly branched

isoprenoids (HBIs) and/or sea salt in ice cores.

Sedimentary records can provide information on sea ice: lithogenic particles (e.g. iron grains)
picked up during sea ice formation have been associated with sea ice transport and were used
to reconstruct Arctic sea ice in the Miocene (e.g. Darby, 2014).

The analyses of microfossils (e.g. dinocysts, diatoms, foraminifera) in marine sediment are
common techniques in paleoceanography. These fossil groups are a good tool to reconstruct
sea ice because some species are directly dependent on sea ice or are feeding on sea ice
related prey and can thus be very abundant in sea ice influenced areas. For example, the
dinoflagellate species Polarella glacialis is known to live in sea ice (e.g. Montresor et al.,
1999) and their cysts have recently been reported in the sediment from the seasonally sea ice
covered Hudson Bay (Heikkili et al., 2016). Several species (e.g. Brigantedinium) commonly
occur in seasonal sea ice environments, but dinocysts are usually not recorded in sediments
underneath permanent sea ice. In general, dinocysts have a better preservation in the northern
high latitude oceans, where preservation of calcareous organisms and opal-building
organisms (diatoms) is problematic (e.g. Armand and Leventer, 2010; Henrich et al., 2002;
Stabell and Kog, 1996; Weckstrom et al., 2013). The calcareous and siliceous fossil record
might therefore be biased due to dissolution, leading to inaccuracies in the interpretation
using these proxies. When diatoms are well preserved, they are very abundant and can be
used for quantitative reconstructions (Weckstrom et al., 2013) and some species are directly
related to sea ice occurrence (Gersonde and Zielinski, 2000). When foraminifera are
preserved, they are carriers of geochemical information, e.g. 8'*0. Foraminiferal 6'*O can
provide information about brine and sea ice formation rates. This method is also not flawless

because 80 is depending on ocean temperature and salinity as well as metabolic effects of



17 Methods

the foraminifera themselves. Therefore, additional information on the ocean conditions, when
the foraminifera calcified, is needed to receive reliable information on paleo sea ice cover
(Hillaire-Marcel and de Vernal, 2008). In the Pliocene Iceland and Labrador seas, carbonate
dissolution of planktonic foraminifera, low-diversity planktonic foraminifera assemblages
(Baumann et al., 1996; Henrich et al., 2002; Jansen et al., 2000), and scarce diatom
assemblages (Stabell and Kog, 1996) are known problems that limit sea ice reconstructions.
Over the last decade, the study of organic biomarkers has gained importance in sea ice cover
reconstructions (e.g. Belt et al., 2007; Knies et al., 2014a; Kolling et al., 2017; Miiller et al.,
2011; Stein et al., 2016). Small amounts of organic molecules produced by organisms living
in the upper ocean and buried in the sediment, can provide useful information about abiotic
conditions at the time of their growth (Thomas et al., 2010). Highly branched isoprenoids
(HBI) can give direct information on spring sea ice cover in the Northern Hemisphere (IP,s
(see below); e.g. Belt et al., 2007; Miiller et al., 2009) and potentially in the Southern
Hemisphere (IPSO,s; Belt et al., 2016). In contrast to the HBI-monoene (IP,s), the HBI-diene
(IPSO,s) was found in sediments from both, the Arctic and Antarctic Ocean (Belt et al., 2007;
Massé et al., 2011). The similar variability and co-occurrence of both IP,s and the HBI-diene
in Antarctic sediments are thus thought to be produced by sea ice diatoms (Massé et al.,
2011). However, the HBI-diene was also found in the Peru upwelling region (Volkman et al.,
1983), indicating that this compound might not strictly be depending on sea ice to be
synthesized. Although it has been shown that this method is currently probably the most
accurate way to reconstruct past sea ice cover, further improvement of this method is needed
(see below).

The discovery and development of the biogeochemical sea ice proxy IP,s (ice proxy with 25
carbon atoms) a decade ago (Belt et al., 2007), has thus been a big step forward for sea ice
reconstructions. Especially by incorporating dinoflagellate cysts, indicating (shifts in)
productivity and therefore changing oceanographic conditions, biomarkers (IP,s and sterols)

are currently the best tools for reconstructing sea ice conditions in the Northern Hemisphere.

2.1 Indicator for sea ice

Past sea ice cover in the Arctic and subarctic Ocean can be reconstructed using the biomarker
IP,5 (Belt et al., 2007). IP,s is a highly branched isoprenoid (HBI) monoene (Figure 2.1) that
is synthesized by specific Arctic sea ice diatoms (Pleurosigma stuxbergii var. rhomboides,
Haslea crucigeroides, H. kjellmanii, and/or H. spicula; Brown et al., 2014). These microalgae
occupy the underside of sea ice, where they receive enough nutrient-rich water and light,
penetrating through the ice, which favors their growth (Thomas and Dieckmann, 2008). When

the ice melts or the diatoms die, their frustules may not be preserved in the sediment, but their
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chemical biomarkers are documented in marine sediments. The highest accumulation (90%)
of IP,s concentrations occurs from mid-March to May in first year sea ice (Brown et al.,
2011), indicating a seasonal signal of IP,s. Miiller et al. (2011) studied sediment surface
samples in the western and eastern Nordic Seas and demonstrated that the biomarker

reconstructions  mirror the modern

IR, monoene

satellite-derived spring sea ice distribution.
Thus, the specific, sensitive and stable
biomarker IP,5 can be used to reconstruct

the presence/absence of Arctic spring sea

Retention time.

ice.

A weakness of applying IP,s is that it is

not possible to distinguish between a

Molecuar mass permanent sea ice cover and ice-free

Figure 2.1: Mass spectrum and chemical structure of the conditions since [P is absent in both

IP,; HBI monoene. Modified after Belt et al. (2007). scenarios (Belt et al., 2007; Miiller et al.

2009). Under ice-free conditions, no life habitat is provided for the sea ice diatoms. On the
other hand, if the sea ice cover is too thick or snow accumulates on top, light penetration is
hampered, preventing sea ice algae growth (Figure 2.2). In order to overcome this problem,
Miiller et al. (2011) combined IP,s with marine phytoplankton biomarkers (e.g. brassicasterol
and dinosterol, see Chapter 2.2), which are absent under severe sea ice conditions. By
determining the phytoplankton maker IP,s index (PIP,s index; Eq. 1, Figure 2.2.), the

distinction between these two scenarios became possible.

PIPys = e M
(IPy5+Phytoplankton biomarker-c)
mean IP,5 concentrations (2)

~ mean phytoplankton biomarker concentrations

The resulting PIP,s index, developed for sea ice margin scenarios, allows semi-quantitative
estimation of the sea ice cover (Miiller et al., 2011; Figure 2.2). In general, this approach
works well in areas, which are influenced by multi-year sea ice such as continental margins of
East Greenland and West Spitsbergen, where the PIP,s index showed a good correlation with
satellite-derived spring sea ice data (Miiller et al., 2011). The application of this proxy is,
however, limited when IP,s and the phytoplankton biomarker are in-phase (e.g. coevally low
or high; Miiller et al., 2011; 2012). Similar observations were made by Weckstrom et al.
(2013), who stress to act with caution, when applying PIP,s index under different

environmental settings as prevailing in the Arctic Ocean. Especially, because there could be
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other factors than sea ice (e.g. nutrients, light availability) that control the phytoplankton
productivity. Thus, it was recommended by Miiller et al. (2012) to interpret the IP,s and

phytoplankton record also individually.
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(year-round)
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Figure 2.2: Generalized scheme illustrating spring sea ice and phytoplankton conditions and the respective
sedimentary contents of IP,s, marine and terrigenous biomarkers (including IRD) as well as the calculated PIP,;
index. Modified after Stein et al. (2016).

An additional important, yet problematic factor in Eq. 1 is the balance factor ¢ (Eq. 2). The
factor ¢ was introduced to compensate for the higher phytoplankton concentrations compared
to IP,5 concentrations (Miiller et al., 2011). The PIP,s index is strongly dependent on the
balance factor c, which is calculated for each data set specifically. This could result in shifts
in the PIP,s record, which in turn influences the interpretation of the sea ice conditions (Belt
and Miiller, 2013). Recently, Smik et al. (2016) presented HBI-triene (a variation of the HBI-
monoene IP,5) as a potential substitute for brassicasterol when calculating the PgIP,s index
(PIP,s index with brassicasterol). The authors claim that this approach is less dependent on the
balance factor ¢ and may have significant positive outcomes for down-core semi-quantitative
sea ice reconstructions.

Even though IP,5 and PIP,5 have their limitations, it is currently a solid, reliable and accurate
approach to reconstruct the past sea ice cover in the Northern Hemisphere. This was
successfully demonstrated in Quaternary sea ice reconstructions in different parts of the
Arctic and sub-Arctic Oceans (e.g. Cabedo-Sanz et al., 2013; Hoff et al., 2016; Horner et al.,
2017; Miiller et al., 2009) and in the Labrador Sea (Weckstrom et al., 2013). The proxy was
also used to reconstruct the Pliocene sea ice in the Arctic Ocean (Knies et al., 2014a) and

recently even for reconstructions of the Miocene sea ice extent in the central Arctic Ocean
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(Stein et al., 2016), demonstrating the good stability of the biomarker over long geological

times.

2.2 Indicator for organic carbon source

Sterols are valuable biomarkers for assigning the source of organic matter in water and
sediments (Rontani et al., 2014) and can be used to identify (paleo-)environmental changes.
Sterols are relatively stable over long geological timescales and have structural features (e.g.
positions of double bounds), which are restricted to a few groups of organisms (Volkman,
1986). Specific sterols (e.g. brassicasterol and dinosterol; Figure 2.3) can often be used as an
indicator for marine phytoplankton production (Volkman, 1986; Volkman et al., 1993) and
can thus serve as a proxy for open ocean conditions (for a critical review see Belt et al., 2013;
Fahl and Stein, 1999; Xiao et al., 2013). These sterols can only be produced by phytoplankton
living under ice-free conditions. Their abundance increases close to a sea ice edge (Stein and
Stax, 1991) or oceanic fronts (Hirche et al., 1991) due to higher abundance of nutrients
favoring phytoplankton growth.

Dinosterol is almost exclusively produced by (marine) dinoflagellates, although it is not
found in all dinoflagellate species (Volkman et al., 1993 and refs therein). When comparing
dinosterol with dinocyst concentrations, they often do not correlate (Boere et al., 2009;
Mouradian et al., 2007; paper II). Why dinosterol and dinoflagellate cysts are not produced or
preserved in the same sediment samples remains enigmatic. Several reasons might be
considered to explain the findings. It is assumed that dinoflagellates synthesize/contain
dinosterol at any stage of their living cycle, whereas dinocysts, which are later found in the
sediment, reflect their dormancy phase (Head, 1996; Mouradian et al., 2007). Heterotrophic
dinoflagellates have 4—12 times higher dinosterol concentrations compared to autotrophic
species, making heterotrophic dinoflagellates a major source of dinosterol in sediments (Amo
et al., 2010). Heterotrophic dinoflagellate cysts (e.g. round brown cysts, Islandinium) are
typically associated with sea ice environments (de Vernal and Rochon, 2011; Marret and
Zonneveld, 2003), but are also most prone to degradation (Zonneveld et al., 2001). In
contrast, dinosterol is more resistant against degradation and shows a good stability toward
diagenetic reworking in sediments. Further, dinosterol is not produced by all species (e.g.
Polarella glacialis; Boere et al., 2009), the quantities of dinosterol vary among different
dinoflagellate species (Volkman, 2003) and not all dinoflagellates produce cysts (Head,
1996).

In contrast to dinosterol, brassicasterol can be synthesized by coccolithophores and diatoms
(living in the marine realm), but also by freshwater diatoms and eventually sea ice diatoms
(Belt et al., 2013; Fahl and Stein, 2012; Huang and Meinschein, 1976; Volkman, 1986). Thus,

its origin is often unclear as it can also reflect fluvial input from land (especially in shelf
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areas; Fahl and Stein, 1999). Weckstrom et al. (2013) also noted that drift ice can positively
influence the growth of brassicasterol-synthesizing phytoplankton by surface stratification
due to sea ice melt and associated release of nutrients (Dieckmann and Thomas, 2003). This
can potentially increase brassicasterol concentrations suggesting reduced sea ice conditions,
which might subsequently lead to a misinterpretation of the data (Belt et al., 2013). This
stresses that in areas other than the (marginal) Arctic Ocean, other factors (e.g. nutrient) may

have a stronger control over productivity than sea ice.

brassicasterol dinosterol B-sitosterol campesterol

Figure 2.3: Chemical structures of applied sterols. Source: http://www .chemfaces.com/series/S0204-1 .html

Campesterol and p-sitosterol (Figure 2.3) are primarily produced by terrigenous vascular
plants (Huang and Meinschein, 1976, 1979; Volkman, 1986; Yunker et al., 1995). Thus, their
occurrence in the sediment reflects terrestrial input, although it was shown that marine sea
grass might produce these sterols as well (Rontani et al., 2014; Volkman et al., 2008).
Nonetheless, p-sitosterol and campesterol have been successfully applied for terrigenous

input in the Arctic Ocean (e.g. Fahl and Stein, 1999; Xiao et al., 2013).

2.3 Indicator for sea surface temperature

A widely used approach for reconstructing paleo sea surface temperatures is the UL, index
(e.g. Brassell et al., 1986; Prahl and Wakeham, 1987; Rosell-Melé et al., 2001). The U§(7
index is based on long-chain C;; alkenones (ketone with 37 carbon atoms) synthesized by
haptophyte algae (coccolithophores) living in 0—10 m water depths (mixed layer; e.g. Brassell
et al., 1986; Prahl and Wakeham, 1987). The U§7 index reflects the ratio of these Cjy,
alkenones, characterized by different numbers of double bonds, i.e. di-(Cs;.,), tri-(Cs;3), and
tetra-(C;;,,) methyl unsaturated ketones (Figure 2.4) that correlates with SST (Brassell et al.,
1986):

C37.2—C37.
Ué<7 _ 37:2=C37:4 3).
C37:2+C37:3+C37:4
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The original index was modified to U§(7' (Prahl and Wakeham, 1987), which only considers
the di- and tri-unsaturated ketones. I used this calibration for my studies, since no Cj;,

alkenones were detected in the sediments of the Iceland and Labrador seas:

C37.
Usy = g—o— @).
C37:2+C37:3

Different calibrations, derived from experiments and field studies, translate the U% index into
SSTs (e.g. Conte et al., 2006; Miiller et al., 1998; Prahl and Wakeham, 1987; Sicre et al.,
2002). The U] index was converted to SST according to the World Ocean surface sediment

vs. measured mean annual temperature calibration of Miiller et al. (1998):
UX =0.033T +0.044 3).

The error for the calculated SST values is + 1.0 °C for the entire temperature range (0-27 °C;
Miiller et al., 1998). This calibration was developed from sediment surface samples between
60 °N and 60 °S, because UL, core-top measurements seemed to be biased by ice rafting in the
Greenland and Norwegian Sea (Miiller et al., 1998) implying that the UX] is more scattered in
the lower temperature range (<10 °C) than for the mean, i.e. the error might be higher. Miiller
et al. (1998) consider their calibration as an annual mean SST, although the correlation to
summer SSTs is equally significant (* = 0.981 and r* = 0.980, respectively). For polar and
sub-polar regions, interpreting the results as summer SSTs is more accurate since alkenone
production there is limited to the summer months due to low solar insolation in winter (e.g.
Andruleit, 1997). Hence, our SST reconstructions for the Iceland and Labrador seas rather
suggest summer SSTs, which has also been shown in previous studies in the Norwegian Sea
and North Atlantic (Bachem et al., 2016; Filippova et al., 2016; Lawrence et al., 2009). When
reconstructing paleo SSTs based on alkenones, lateral advection and resuspension of this
molecular components has to be considered (Conte et al., 2006; Ohkouchi et al., 2002).
Further, the Greenland Ice Sheet may erode older (e.g. Cretaceous, Paleogene) sediments,
including its fossil content and biomarkers, which can be transported by icebergs into the
Nordic Seas and North Atlantic. Inclusion of such reworked alkenones in Pliocene samples

thus has the potential to shift the signal towards higher temperatures (Filippova et al., 2016).
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Figure 2.4: Chemical structures of di-, tri-, and tetra-unsaturated C;, alkenones. Taken from Conte et al.
(1998).

The cosmopolitan species Emiliani huxleyi is thought to be the main producer of alkenones in
Quaternary sediments. In pre-Quaternary sediments, alkenones are endorsed to
coccolithophores of the family Gephyrocapsaceae. Pliocene SST records (e.g. Lawrence et
al., 2009; Naafs et al., 2010) have shown that these species can also be used for UX] without
showing substantial differences to E. huxleyi (Schreck et al., 2013 and refs therein). The
application of UX] SST proxy necessitates that the relative abundance of the Cy;., and Csy4
alkenones are unchanged during deposition and diagenesis (Lawrence et al., 2007). Despite
the fact that several studies have shown a high degradation of Cj, alkenones, the U] index

remains constant during diagenesis (Lawrence et al., 2007 and refs therein).

All lab work was performed at the Alfred Wegener Institute, Bremerhaven (Germany).
Details of the sample preparation and analysis are described in Fahl and Stein (2012) and

paper II.
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3 Summary of papers

Paper I: On the Causes of Sea Ice in the Early Pliocene Iceland Sea

In paper I, we investigate the earliest occurrence of sea ice in the Early Pliocene Iceland Sea
(ODP Site 907) based on biomarker (IP,s, sterols, alkenones) and palynological data for the
time interval between 5.0 to 3.0 Ma. Firstly, our results show that sea ice appeared first in the
Iceland Sea around 4.5 Ma together with a decrease in dinoflagellate concentration and a
major change in the Nordic Seas surface ocean conditions (De Schepper et al., 2015). Cooling
of the summer SSTs only occurred 200 ka after the first evidence for sea ice appeared. The
sea surface changes were most likely linked to cooler water masses exiting the Arctic Ocean
and replacing the warm Atlantic water masses on the western side of the Nordic Seas. The
development of a proto EGC (De Schepper et al., 2015) may have favored the formation of
sea ice in the Iceland Sea or exported sea ice directly from the Arctic Ocean.

Secondly, at ~4.0 Ma an extended interval of seasonal sea ice occurred in the Iceland Sea and
in the Fram Strait. This widespread development of sea ice may have occurred as a
consequence of cooling in the Iceland Sea (Herbert et al., 2016) and contemporaneous
warming the North Atlantic (Lawrence et al., 2009) and the Norwegian Sea (Bachem et al.,
2017), which essentially developed a strong zonal temperature gradient in the Nordic Seas
around 4.0 Ma (Bachem et al., 2017). Increased northward heat transport into the eastern
Nordic Seas may have increased the moisture transport towards Siberia. Ultimately, this led
to a freshening of the Arctic Ocean, which favored sea ice formation. The resulting outflow of
fresher water and possibly sea ice from the Arctic likely contributed to an increased sea ice

formation/occurrence in the Iceland Sea.

Paper II: Seasonal sea ice cover during the warm Pliocene: evidence from the Iceland Sea

(ODP Site 907)

In paper 11, sea ice and summer SSTs in the Iceland Sea (ODP Site 907) for the time interval
between 3.50 and 2.40 Ma were reconstructed using organic biomarkers (IP,s, sterols,
alkenones), with additional palynological data. We show that between 3.50-3.00 Ma,
including the mid Piacenzian Warm Period (3.26-3.03 Ma; Dowsett et al., 2010), seasonal sea

ice with occasionally ice-free intervals existed in the Iceland Sea. Summers were ice free as
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indicated by our alkenone-based summer SSTs, which are similar to modern values. The EGC
may have transported sea ice into the Iceland Sea and/or brought cooler and fresher waters
favoring local sea ice formation. After 3.00 Ma, sea ice occurred less frequently in the Iceland
Sea. Nevertheless, a longer period with seasonal sea ice extending to the study site between
2.81 and 2.74 Ma may have acted as a positive feedback for the build-up of the Greenland Ice
Sheet (GIS) around 2.75 Ma. Primary productivity increased slightly as evidenced by our
biomarkers, and appears to reveal glacial/interglacial variability from 2.75 Ma onwards. We
interpreted those productivity variations in the Iceland Sea to reflect shifts of a sea ice edge

along the East Greenland margin.

Paper III: Sea Ice Expansion in the Labrador Sea prior to the Intensification of the Northern

Hemisphere Glaciation

Paper III focuses on the EGC and its links to the GIS and the subpolar gyre (SPG) prior to
and during the intensification of the Northern Hemisphere Glaciation (iNHG). We analyzed
biomarkers (IP,s, sterols, alkenones) from the Labrador Sea (IODP Site U1307) between 3.56
and 2.28 Ma. Our sea ice and SST reconstructions indicate dominantly ice-free conditions
between 3.56 and 3.10 Ma, resulting from a weak EGC and thus enhanced advection of
Atlantic waters into the Labrador Sea. This might have been related to a generally
strong/expanded SPG transporting warm Atlantic water via the Irminger Current into the
Labrador Sea, blocking the southward flow of the EGC. The GIS was generally reduced
during this period, but expanded during marine isotope stage M2 (~3.3 Ma; Dolan et al.,
2015; Koenig et al., 2015). Interestingly, between 3.32 and 3.18 Ma, a stable ice edge
occurred in the Labrador Sea possibly due to stronger EGC influence and a reduction of
Atlantic water influence.

After ~3.10 Ma, polar water influence increased as indicated by a freshening and the
development of a stable sea ice edge in the Labrador Sea, suggesting an enhanced southward
flow of the EGC. Enhanced EGC influence together with less Atlantic water influence
suggests a weakened SPG circulation. Sea ice in the Labrador Sea, a weak SPG and a stronger
EGC likely increased the isolation of Greenland from warm Atlantic water masses as well as
sea ice albedo feedbacks, which both favored the expansion of the GIS and thus ultimately

may have played a role in the iNHG around 2.7 Ma.
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4 Synthesis and outlook

My research on the evolution of the sea ice extent and the East Greenland Current in the
Iceland and Labrador seas contributes significantly to the knowledge of the Pliocene (sub-)
Arctic climate and paleoceanography. Using the sea ice proxy IP,s, I demonstrated for the
first time that sea ice occurred in the Iceland and Labrador seas during the globally warm
Pliocene. The multi-proxy approach of biomarkers (IP,s, sterols, alkenones) and palynology

allowed addressing the research questions.

Did sea ice occur in the Early Pliocene Iceland Sea when an early EGC was

established?

Following a previous cooling trend from 11 to 8 °C between 4.9 and 4.5 Ma in the Iceland
Sea (Herbert et al., 2016), I showed that sea ice first occurred in the Iceland Sea during the
Early Pliocene (~4.5 Ma, paper I). This was most likely related to significant circulation
changes in the Nordic Seas, related to the onset of an early EGC (De Schepper et al., 2015).
Sea ice occurrence itself was not accompanied by direct cooling. The trend towards
permanently cooler and fresher conditions took place approximately 100 ka later, when the
sea surface conditions in the Norwegian Sea cooled as well. This indicates enhanced EGC
influence in the entire Nordic Seas, which could have favored also sea ice presence in the
Iceland Sea. Summer sea surface temperatures (SSTs) between 4.9 and 4.0 Ma were 2-5 °C
higher than modern values of 5 °C (Locarnini et al., 2013), suggesting either a seasonal sea
ice cover or drift sea ice transported over a short distance from the North into the Iceland Sea.
At 4.0 Ma, seasonal sea ice developed in the Iceland Sea (paper I) and was accompanied by
the absence of dinocysts (De Schepper et al., 2015; Schreck et al., 2013) and a decrease in the
SSTs from ~8 to 2 °C (Herbert et al., 2016), which is well below the modern summer SSTs.
Contemporaneously, SSTs in both the North Atlantic (Lawrence et al., 2009) and the
Norwegian Sea (Bachem et al., 2017) increased strongly, which likely increased moisture
transport to the North (Bachem et al., 2017; Driscoll and Haug, 1998). This may have also
increased the moisture supply to Siberia, followed by increased river runoff towards the north
to ultimately freshen the Arctic Ocean and facilitate sea ice formation. This is in agreement
with a sea ice record from the marginally Arctic Ocean Yermak Plateau, which indicates the
first sea ice occurrence at ~3.9 Ma (Knies et al., 2014a). The resulting outflow from the
Arctic might then have contributed to increased sea ice formation/occurrence in the Iceland

Sea.
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Can sea ice occur in the Iceland and Labrador Seas during the globally warm

climate of the warm mid Pliocene?

Sea ice continued to occur in the Iceland Sea between 3.5 and 3.0 Ma including the warm mid
Pliocene (paper II), but was mainly absent in the Labrador Sea (paper III). This might have
been related to warm water advection from the North Atlantic into the Labrador Sea via the
Irminger Current, which blocked the southward flow of the EGC. As a result, cooler, fresher
polar waters including sea ice could not be transported beyond the Iceland Sea. Summer SSTs
in both the Iceland and Labrador Sea were respectively 2—-3 °C and 3—4 °C on average higher
during the Pliocene than compared to modern. This suggests that increased warm Atlantic
water influence might have been related to a stronger subpolar gyre (SPG) transporting more
warm Atlantic water via the Irminger Current into the Labrador Sea.

This state was interrupted by a major glacial event during MIS M2, when sea ice evidence
was recorded in the Labrador Sea. We interpret this as increased transport of cool polar water
via the EGC, which directly transported sea ice southward or created favorable conditions for
the development of a stable sea ice edge. This coincides with a SST cooling of up to 3—4 °C in
the eastern North Atlantic (De Schepper et al., 2013; 2009; Lawrence et al., 2009). The
reduced northward heat flow via the NAD system likely influenced the Labrador Sea and
might have co-occurred with a weakened/contracted SPG. As such, the cool water EGC likely
effectively isolated Greenland from the relatively warmer Atlantic water masses, which is

favorable for ice sheet expansion on Greenland (Sarnthein et al., 2009).

Was sea ice present in the Iceland and Labrador seas and what was its role during

the intensification of the Northern Hemisphere?

Between ~3.0 and ~2.4 Ma, sea ice only existed occasionally in the Iceland Sea while a sea
ice edge developed along eastern Greenland (paper 1I), and occurred frequently in the
Labrador Sea (paper III). This could be related to an increased southward flow of the EGC
favoring sea ice occurrence in the Labrador Sea, while the reduced EGC influence allowed
only for occasional sea ice occurrence in the Iceland Sea. A stronger EGC reaching the
Labrador Sea, would have isolated Greenland from warmer Atlantic water masses (see also
Sarnthein et al., 2009). In addition, the development of a stable sea ice edge along the coast of
eastern Greenland could have increased sea ice albedo feedbacks. Both would have likely
favored the ice sheet growth as evidenced by the increased ice-rafted debris deposition in the
Iceland and Labrador seas (Jansen et al., 2000; St. John and Krissek, 2002; Wolf and Thiede,
1991). Sea ice increased especially between 3.10 and 2.75 Ma in the Labrador Sea, well
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before the intensification of the Northern Hemisphere glaciation (~2.75 Ma; Mudelsee and
Raymo, 2005) and might thus have significantly contributed to the Greenland Ice Sheet (GIS)
expansion.

After the GIS expansion around 2.75 Ma, a strong variability on possibly glacial/interglacial
timescales was observed in the SST and sterols in the Iceland Sea (paper II) that may be
related to the development of a nearby sea ice edge along the East Greenland coast.
Occasionally, a sea ice edge also developed in the Labrador Sea after 2.70 Ma. The
development of a sea ice edge could be related to a pronounced cooling in the North Atlantic
(Lawrence et al., 2009) and a southward shift of the Arctic Front (Naafs et al., 2010) that

would have hampered Atlantic water from entering the Iceland Sea.

Outlook

It was shown previously that IP,s and sterols could be used to reconstruct Pliocene sea ice
(Knies et al., 2014a). By applying the same biomarker approach and combining the record
with alkenone and palynology data on Pliocene sediments from the Iceland and Labrador
seas, I could demonstrate that these proxies are vital and useful tools to assess the paleo sea
ice cover, where other proxies (e.g. foraminifera) cannot be used. This knowledge promotes
further paleo sea ice studies in other Arctic areas, where Pliocene sediments can be found
(e.g. Baffin Bay, Kara Sea, and Bering Strait). The recently discovered HBI-diene (IPSO,s;
Belt et al., 2016) for sea ice and HBI-triene (Smik et al., 2016) as a substitute for
brassicasterol might be tested here as well or even in the Pliocene Southern Ocean. Using
these proxies in older sediments, their stability and applicability on older geological records
can be tested.

As briefly discussed in Chapter 2.1, the PIP,5 index allows semi-quantitative estimation of the
sea ice cover. When applying the PIP,s approach to our data from the Iceland Sea (Figure
4.1A; paper II) and the Labrador Sea (Figure 4.1B; paper IlI), often a permanent sea ice
cover is reconstructed. However, a permanent sea ice cover is unlikely since in both regions
alkenone SSTs could (almost) always be measured throughout the entire studied interval.
Reconstructed SSTs are often above, but also drop below the modern values. Nevertheless,
even the cooler than modern SSTs imply that the alkenone producing organisms, i.e.
calcareous nannofossils, were present during at least part of the year (most likely summer).
As a consequence, the frequent occurrence of permanent sea ice cover as reconstructed by the
PIP,s index is thus very unrealistic. In a few samples of the Iceland Sea ODP Site 907,
alkenone SSTs could not be determined (Figure 4.1A opened and filled circles; see also
paper II), suggesting that at those occasions, a permanent sea ice cannot be excluded.

However, during these times, the PIP,s index suggests ice-free conditions. The PIP,s index
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was developed for the Arctic region, where a permanent sea ice cover occurs today. It has
been shown in a study from the southwest Labrador Sea that the PIP,s results differed from
observed (historic/satellite) sea ice data (Weckstrom et al., 2013). Therefore, the index may
not work in the Iceland and Labrador seas, where other factors (e.g. nutrients) may have more
influence the occurrence of brassicasterol and dinosterol synthesizing organisms than sea ice.
Additionally, the temporal resolution in our samples may be also problematic because (1) one
sample already integrates 1,000 years, in which sea ice cover is variable and (2) the resolution
for the studies between samples is ~7,000 years. Thus, further detailed, high-resolution

investigations are needed to confirm the possibility of short-lived year-round sea ice cover.
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Fig. 4.1: Calculated PIP,; index with brassicasterol (blue line) and dinosterol (green line) and reconstructed
SST in °C of A) ODP Site 907 and B) IODP Site U1307. The results often indicate “permanent” sea ice

conditions, which seems unrealistic considering warmer as today SSTs and the modern oceanographic
situation.

Although I demonstrated the presence of sea ice in both study areas, it remains unclear if the
sea ice was formed locally or if it was transported. This knowledge may help to better
understand the role of the EGC and whether sea ice could be formed locally in the Iceland
Sea, which was the case for instance in the 1970s during the Great Salinity Anomaly (GSA;
Bersch et al., 2007). During this event high amounts of freshwater were derived into the

Labrador Sea, reducing the winter convection and thus the production of deep-water masses
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(e.g. Belkin, 2004). The resulting change in the atmospheric pressure system caused an
advance of the polar front into the Iceland Sea and led to local sea ice formation (Olafsson,
1999). To identify whether sea ice was locally formed or transported, sedimentological data
(e.g. Andrews et al., 2016; Cabedo-Sanz et al., 2016) is needed preferably on the same
samples as the biomarker reconstruction to shed light on the local/regional development of
the sea ice.

Understanding the history of key elements in the climate system (e.g. EGC, SPG circulation,
and sea ice development close to the east Greenland coast), helps to gain a more detailed
picture of the regional Pliocene paleoceanography and paleoclimatology. The development of
the EGC has been investigated between 5.0 and 2.4 Ma in the Iceland Sea (paper I and II) and
between 3.6 and 2.3 Ma (paper III). While it was shown in paper I that the first sea ice in the
Pliocene Iceland Sea occurred most likely with the onset of the EGC ~4.5 Ma, it remains
unclear if the EGC penetrated into the Labrador Sea. The accumulation of sea ice related
diatoms in the Labrador Sea indicates surface cooling (Bohrmann et al., 1990), but direct
evidence for sea ice is missing. Unfortunately, the record of IODP Site U1307 does not
contain sediments older than ~3.6 Ma, whereas the sedimentological record of the
neighboring ODP Site 646 dates back until the Late Miocene (Shipboard Scientific Party,
1986). Sedimentological and palynological data (de Vernal and Mudie, 1989; Korstgard and
Nielsen, 1989; Wolf and Thiede, 1991) indicate the potential of this site to elucidate the
Labrador Sea’s paleoceanography. Extending IP,s; studies into the Early Pliocene will
therefore provide additional information on the evolution of sea ice in the Labrador Sea and
the role of the EGC.

As proposed in paper III, the subpolar gyre (SPG) might have played a role in the Pliocene
climate transition. Investigating the SPG during changing climates might help to understand
how important and sensitive the SPG was/is to Arctic fresher water and sea ice input via the
EGC. Therefore, areas influenced by all surface currents (EGC, WGC, LC, NAD) that form
the SPG should be studied to see, which triggers have the potential to influence the gyre
circulation. Surface water conditions can be reconstructed using temperature/salinity proxies
(e.g. foraminifera and/or coccolithophores) or fossil assemblages (e.g. dinoflagellates).
Especially the focus on the position and shifts of the frontal zones (i.e. Arctic Front) would be
very relevant to understand the SPG evolution. For understanding future climate changes,
studies on decadal/centennial timescales are crucial. On the other hand, long-term, high-
resolution studies in warm time intervals (e.g. Pliocene) can give insights in the underlying
links between the SPG circulation and GIS evolution.

After 2.75 Ma, sterols and SSTs in the Iceland Sea were probably changing on

glacial/interglacial timescales related to a sea ice edge close to Greenland (paper II). A sea ice
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edge likely also influenced the sterols in the Labrador Sea (paper III) as they were fluctuating
in agreement with IP,;. To get better insights into potential glacial/interglacial variability in
the marine productivity, an associated sea ice margin and SSTs, high-resolution records
should be procured. The detection of glacial/interglacial variability in records that are not a
direct proxy for continental ice might help to provide new insights into ice sheet expansion,
maybe also in combination with benthic 80 records. This could be tested in the late
Pliocene/early Pleistocene transitions, when glacials became more pronounced. A supposedly
promising site may be ODP Site 987 close to the eastern Greenland coast and directly
underlying the EGC. I started to analyze samples of the Pliocene section (5.00-2.54 Ma) in
low resolution. My preliminary biomarker analysis (not included in this thesis) indicates year-
round ice-free conditions as suggested by the absence of IP,; and high concentrations of
brassicasterol and dinosterol as well as average summer SSTs of 12.5 °C. Preliminary analysis
of the dinocyst assemblage shows high amounts of reworked material that is most likely
derived from pre-Neogene sediment on Greenland. This might indicate dilution by
allochthonous material brought to the study site by the EGC or more likely from Greenland.
ODP Site 987 is located off the Scoresby Sund, which was suggested to be the major drainage
pathway of the eastern GIS (Solgaard et al., 2011). However, the site is also known to be
affected by slide deposits during the Pleistocene related to the waning and waxing of the GIS
(Laberg et al., 2013) and might therefore not be an ideal site to Pliocene study sea ice
evolution.

Finally, the results of my studies provide an improvement to define the boundary conditions
for model experiments. Using this new sea ice reconstructions, it can now be more accurately
tested in model experiments how the Greenland Ice Sheet behaves, when sea ice is present in
the Iceland and Labrador seas under relatively high CO, conditions (Early to mid Pliocene).
Furthermore, the effect of closing and opening gateways in the Early Pliocene (CAS and
Bering Strait, respectively) on the EGC, Arctic sea ice cover, and Greenland temperature and
mass balance can be better simulated.

The new results of the studies presented here shed light on the state of the Pliocene sea ice
cover in the subarctic seas and demonstrated that seas ice was present during this warm
climate period. The encouraging findings illustrate that further studies are needed to better

understand changes in key climate components and regions.
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Abstract

Sea ice is a critical component in the Arctic and global climate system, yet little is known
about its extent and variability during past warm intervals, such as the Pliocene (5.33-
2.58 Ma). Here, we present the first multi-proxy (IP,s, sterols, alkenones, palynology) sea ice
reconstructions for the Late Pliocene Iceland Sea (ODP Site 907). Our interpretation of a
seasonal sea ice cover with occasional ice-free intervals between 3.50-3.00 Ma is supported
by reconstructed alkenone-based summer sea surface temperatures, which are similar to
modern values. As evidenced from brassicasterol and dinosterol, primary productivity was
low between 3.50 and 3.00 Ma and the site experienced generally oligotrophic conditions.
The EGC (and EIC) may have transported sea ice into the Iceland Sea and/or brought cooler
and fresher waters favoring local sea ice formation.

Between 3.00 and 2.40 Ma, the Iceland Sea is mainly sea ice-free, but seasonal sea ice
occurred between 2.81 and 2.74 Ma. Sea ice extending into the Iceland Sea at this time may
have acted as a positive feedback for the build-up of the GIS, which underwent a major
expansion ~2.75 Ma. Thereafter, most likely a stable ice edge developed close to Greenland,
possibly shifting with the expansion and retreat of the GIS and affecting the productivity in

the Iceland Sea.
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1. Introduction

The modern sea ice cover is rapidly diminishing in the Arctic Ocean and seasonally ice-free
conditions are projected for the middle of the 21* century (Wang and Overland, 2012).
Satellite data document the Arctic sea ice evolution over the past decades, but its
development throughout Earth’s history is poorly known, even though sea ice is a very crucial
and sensitive component in the climate system. Sea ice influences heat, moisture and gas
exchange between ocean and atmosphere, Earth’s albedo and primary production (e.g. de
Vernal et al., 2013a). Also, brine rejection during sea ice formation affects ocean circulation
and deep-ocean ventilation due to production of dense water masses (Aagaard and Carmack,
1989).

To understand sea ice variability in a globally warmer world, it is essential to document sea
ice extent, and understand the underlying mechanisms that govern sea ice distribution during
past warm climates. The Pliocene (5.33-2.58 Ma) is one period in Earth’s history that
experienced sustained intervals of global temperatures higher than preindustrial (Dowsett et
al., 2013). The Pliocene is also characterized by a gradual transition from the relatively warm
climates of the Early Pliocene towards cooler conditions in the Late Pliocene and early
Quaternary. The Late Pliocene (3.60-2.58 Ma) had atmospheric CO, levels ranging between
250 and 450 ppm, global annual mean temperatures ~3 °C higher than today, higher sea level,
and reduced continental ice sheets (e.g. Dolan et al., 2015; Haywood et al., 2016; Martinez-
Boti et al., 2015). Late Pliocene sea surface temperatures (SSTs) in the Norwegian Sea
(Ocean Drilling Program (ODP) Site 642; Bachem et al., 2016; Fig. 1) and in the Iceland Sea
(Herbert et al., 2016) were generally 2-3 °C higher than today, but fluctuate between those
and present day values. In the Labrador Sea, SSTs were also higher than today, but Sarnthein
et al. (2009) identified a freshening and cooling of the East Greenland Current in the Late
Pliocene. The emerging high-resolution datasets reveal that the Pliocene climate was
dynamical and variable, especially in the Nordic Seas (Bachem et al., 2016; Herbert et al.,
2016; Risebrobakken et al., 2016), and not a perfect analogue for a future globally warm
climate. Nevertheless, the Late Pliocene remains a key interval to understand the processes
and mechanisms contributing to a future globally warmer climate with most likely reduced
Arctic sea ice (e.g. Dowsett et al., 2010).

Currently, there is only one study based on direct proxy evidence suggesting that sea ice on
the Yermak Plateau developed between 4.00 and 2.50 Ma (Fig. 1; Knies et al., 2014). Other
studies reconstructing Pliocene sea ice conditions in the Arctic Ocean (e.g. Darby, 2008) and
in the Nordic Seas (e.g. Schreck et al., 2013; Stein and Stax, 1996) are based on indirect
evidence such as ice-rafted debris (IRD), faunal assemblages, terrigenous coarse fractions in

marine sediments and/or decrease in surface-water productivity. A compilation of the
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available indirect evidence by the Pliocene Research, Interpretation and Synoptic Mapping
(PRISM) Project has resulted in using seasonally sea ice-free Northern Hemisphere summers
and setting winter sea ice equivalent to modern summer cover as the most plausible sea ice
extent (e.g. Dowsett, 2007 and refs therein). These indirect reconstructions bear, however,
large uncertainties, when identifying the optimal model and forcing combination for the mid-
Pliocene sea ice cover (Howell et al., 2016), which is one of the greatest limitations and
weaknesses in these model studies. Thus, not only higher temporal resolution and spatial
distribution of different proxy records for surface water parameters (such as temperature or
salinity) are needed to improve data-model comparisons (Howell et al., 2016; Matthiessen et
al., 2009), but also reliable estimates of past sea ice extent.

Given the importance of the Nordic Seas and sea ice within the global climate system, we aim
to provide a better understanding about the Late Pliocene sea-surface conditions in the
Iceland Sea, by (1) reconstructing the sea ice cover, (2) documenting the paleoproductivity
and (3) determining the paleo sea surface temperature. To address these goals, we here
present a new, relatively high-resolution (~7-8 ka) time series of biomarkers (IP,s, sterols,
alkenones) and a lower resolution marine palynomorph record from ODP Site 907 in the
Iceland Sea between 3.50 and 2.40 Ma. The time interval we investigate includes (1) the mid-
Pliocene (3.26-3.03 Ma), target interval of the PRISM project (Dowsett et al., 2010) and an
often used analogue for the projected future climate; and (2) the intensification of the
Northern Hemisphere glaciation (here 2.90-2.40 Ma), which marks a transitional period from
the relative warm Pliocene climate towards the intense glacial/interglacial cycles of the

Quaternary.

2. Oceanography

The Nordic Seas (Iceland Sea, Greenland Sea, Norwegian Sea) is the main link between the
Arctic Ocean and the North Atlantic (Fig. 1; Blindheim and @sterhus, 2005). Today, the
relatively warm (~10 °C) and saline (~35 psu) North Atlantic Drift (NAD) enters the Nordic
Seas over the Greenland-Scotland Ridge (GSR; Blindheim and @sterhus, 2005) through the
Faeroe-Shetland Channel. In the eastern Nordic Seas, the NAD continuous northward along
the Norwegian margin in the Norwegian Atlantic Current (NWAC). In the north, the NwAC
divides into two branches: a considerable part flows eastwards into the Barents Sea (~1.5 Sv;
Ingvaldsen et al., 2004), but the main portion (2.7 Sv; Orvik and Skagseth, 2001) forms the
West Spitsbergen Current (WSC), which submerges and flows subsurface into the Arctic
Ocean via the eastern Fram Strait (Blindheim and @sterhus, 2005). The WSC is deflected
southwestward as the Return Atlantic Current (RAC) where it mixes in the western Fram

Strait with cold waters exiting the Arctic Ocean as the intermediate water layer below the
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East Greenland Current (EGC; Blindheim and @sterhus, 2005; Rudels et al., 2002). The EGC
itself is the dominant surface current in the western Nordic Seas and exports sea ice, cold
(<0 °C), low salinity (30 psu) and nutrient-depleted polar surface waters. Together with arctic
Atlantic water as well as deeper water masses, it flows over the Denmark Strait (e.g. Aagaard
and Coachman, 1968) back into the North Atlantic (Rudels et al., 2012). A small part of the
EGC bifurcates north of Iceland to form the East Icelandic Current (EIC), a water mass
restricted to a depth of 0-50 m (Rudels et al., 2002). West of Iceland, warm Atlantic water
enters the Nordic Seas as the Irminger Current (IC). Today, saline and warm waters of
Atlantic origin (IC, a branch of the NwAC; Fronval and Jansen, 1996) and low salinity, cold
polar waters (EGC, EIC) are mixing in the convective gyres of the Greenland and Iceland Sea
(Jansen et al., 1996). Where water masses from the Atlantic and polar regime are mixing, they
form Arctic waters. The front between the Atlantic and Arctic regime is called Arctic Front
(AF). The Polar Front (PF) defines the boundary of polar, less saline and ice-covered waters
of the EGC and thus the limit of sea ice extent (Fig. 1; Shipboard Scientific Party, 1996; Swift
and Aagaard, 1981).
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Fig. 1: Map of the Nordic Seas, with location of ODP Site 907. Other core locations discussed in the text
(PS62/022-03, ODP 642, ODP 910) are also indicated. Left map shows modern averaged July-August-September
SSTs from 1955-2012 from the World Ocean Atlas 2013 (Locarnini et al., 2013). Major warm (red arrows) and
cool (blue arrows) surface currents in the Nordic Sea are shown. Right map shows a close-up of the study area
with minimum, mean and maximum sea ice extent between 1981 and 2010 (http://nsidc.org). Maps were generated
with Ocean Data View (http://odv.awi.de/).
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The modern ocean surface circulation in the Nordic Seas likely found its origin in the Early
Pliocene, when a modern-like zonal gradient developed in the Nordic Seas (Bachem et al.,
2017; De Schepper et al., 2015). This occurred even though there were significant differences
in the paleogeography of the region: the Barents Sea was sub-aerially exposed (until ~1.5—
1 Ma; Butt et al., 2002; Zieba et al., 2017) essentially directing all warm Atlantic water via
the Fram Strait into the Arctic Ocean (Hill, 2015 and refs therein). Also, the Canadian Arctic
Archipelago (CAA) region was closed (Matthiessen et al., 2009), potentially leading to
increased outflow of the Arctic Ocean via the EGC and an increase sea ice formation and sea

surface cooling in the Iceland Sea (Otto-Bliesner et al., 2017).

3. Material and methods

3.1. Material

ODP Hole 907A (69°14.989'N, 12°41.894'W, 1800.8 m water depth; Fig. 1) was recovered
from the Iceland Plateau with Joides Resolution in 1993 during Leg 151. In 1995, the site was
revisited and two additional holes were drilled during Leg 162: Hole 907B (69°14.989'N,
12°41.898'W; 1812.8 m water depth) and Hole 907C (69°14.998'N, 12°41.900'W; 1812.4 m
water depth) to complete the record.

In total, we analyzed 155 samples between 50.83 and 72.86 mcd from Hole 907A (between
core sections SH7, 8 cm to 8HI, 82 cm), Hole 907B (core sections 8H2, 33 cm to 8H2,
138 cm) and 907C (6H4, 86 cm to 7HS, 33 cm). We followed the splice of Channell et al.
(1999) who revised the original spliced record from the Shipboard Scientific Party (1996) to
eliminate mismatches in the position of polarity chron boundaries. Meter composite depth
(mcd) of our samples was calculated by converting meter below sea floor (mbsf) into mcd
separately for each hole and core-section following Channell et al. (1999). Relevant tie points

are provided in Table 1.

3.2. Lithology

The investigated interval contains two lithological units (Fig. 2; Shipboard Scientific Party,
1995, 1996). Lithologic Unit II consists of clayey silts and silty clays, and dropstones
(Shipboard Scientific Party, 1995). Small dropstones (<1.0 cm) are also found, whereas large
dropstones are rare. The terrigenous components are constant throughout Unit II, while
biogenic components are absent or rare. Unit IIIA also comprises clayey silts and silty clays
with diatoms and has interbedded nannofossil ooze and nannofossil silty clay. A drop in
biogenic content and an onset of dropstones can be seen from Unit IIIA to II (Shipboard

Scientific Party, 1996).
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Table 1: Relevant tie points of ODP Hole 907A, Hole 907B and Hole 907C for the splice from Channell et al.
(1999; Appendix A).

907A mbsf mced 907B mbsf mcd 907C mbsf mcd
5H-6,150 43.3 49.25
5H-7, 85 448 50.75
6H-1, 150 45.3 51.09
6H-2, 150 46.8 52.59
6H-3, 150 48.3 54.09
6H-4, 150 49.8 55.59 6H-4,150 48.6 50.21
6H-5,150 51.3 57.09 6H-5,150 50.1 51.71
6H-6, 150 52.8 58.59
6H-7,71 543 60.09
7H-1,150 54.8 61.53
7H-2,150 56.3 63.03
7H-3,150 57.8 64.53
7H-4,150 59.3 66.03 7H-4,150 58.1  60.15
7H-5,150 60.8 67.53 7H-5,150 59.6  61.65
7H-6, 150  62.3 69.03
7H-7, 64 63.8 70.53
8H-1,150 64.3 72.04
8H-2,150 65.8 73.54 | 8H-2,150 61.2  69.93
8H-3,150 67.3 75.04 | 8H-3,150 62.7 7143

3.3. Chronology

In this study, we use the age model of Jansen et al. (2000). The detailed paleomagnetic record
by Channell et al. (1999) provides the elementary age constraints for Site 907 (Fig. 2). Jansen
et al. (2000) detected a distinct 41-kyr component in the untuned IRD record, which led them
to further improve the age model from Channell et al. (1999) by tuning the IRD record for the
period from 3.50 to 1.00 Ma to obliquity. Due to the absence of calcareous microfossils in
most of the Pliocene of Site 907, a direct tuning to the LR04 benthic isotope stack (Lisiecki
and Raymo, 2005) is not achievable. The Jansen et al. (2000) age model aligns the IRD
maxima with the glacial marine isotope stages (MIS) in LR04 (Fig. 3; see also Kleiven et al.,
2002), allowing to make tentative links between our data and the marine isotope stratigraphy.
We recognize that our time series cannot be related precisely to LR04, but are accurate within
a marine isotope stage.

We refrain from using the age model of Lacasse and Bogaard (2002), which used five
“Ar/*Ar ages of K-feldspar and biotite phenocrysts of tephra layers. This is mainly because
of the incompatibility of the “*Ar/*Ar age at 61.0 mbsf (3.01 + 0.05 Ma), which shows a large
age difference with the paleomagnetic reversals at 57.0 mbsf (3.04 Ma), 59.3 mbsf (3.11 Ma)
and 61.2 mbsf (3.22 Ma; Fig. 2).

Our study interval (73.11-50.83 mcd) covers the time interval from 3.50 to 2.41 Ma with a
sampling resolution across this interval being on average ~7 ka for the Late Pliocene (3.50—

2.58 Ma) and ~8 ka for the Early Pleistocene (2.58-2.41 Ma).
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Fig. 2: Age model for ODP Site 907 of Jansen et al. (2000), where the IRD record was tuned to obliquity using the
paleomagnetic reversals (Channell et al., 1999) as tiepoints (empty diamonds; inset table). Lithology units are as
identified by the Shipboard Scientific Party (1995, 1996). Grey shaded curve shows the sedimentation rate
(cmlka). The Ar/Ar-dating points from Lacasse and Bogaard (2002) are also indicated (filled diamonds), but not
included in the age model.

3.4. Approach

3.4.1. Biomarkers as proxies for reconstructing environmental conditions

The biogeochemical proxy IP,s (Belt et al., 2007) has been applied to reconstruct past spring
sea ice cover in the Arctic and subarctic Oceans during the late Quaternary (e.g. Belt et al.,
2015; Cabedo-Sanz et al., 2013; Horner et al., 2016; Miiller et al., 2009), the early Quaternary
to Pliocene (Knies et al., 2014) and even the Late Miocene (Stein et al., 2016). This indicates
a good stability of the biomarker over longer geological times. IP,s is a highly branched
isoprenoid (HBI) monoene, synthesized by specific diatoms living in the sea ice (Brown et
al., 2014). A weakness of IP,s is that it is not possible to distinguish between a fully sea ice
cover and ice-free conditions because in both of those scenarios IP,s is absent (Belt et al.,
2007; Miiller et al., 2009). Therefore, Miiller et al. (2011) compared IP,s with marine
phytoplankton biomarkers (e.g. brassicasterol and dinosterol). Both IP,5 and phytoplankton
markers absence represent a permanent sea ice cover, whereas IP,; absence and

phytoplankton marker presence indicates open-ocean conditions. Sterols are valuable
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biomarkers to assign the source of organic matter in seawater and sediments (Rontani et al.,
2014). Hence, brassicasterol and dinosterol are often used as indicators for marine
phytoplankton production (for a critical review see Belt et al., 2013; 2015; Fahl and Stein,
1999; Xiao et al., 2013). On the other hand, B-sitosterol and campesterol are produced by
vascular land plants (e.g. Volkman, 1986) and have been successfully applied for terrigenous
input in the Arctic Ocean (e.g. Fahl and Stein, 1999; Xiao et al., 2013).

Our reconstruction of sea surface temperatures (SSTs) is based on long-chain C;; alkenones
synthesized by haptophyte algae (coccolithophores) living in 0—10 m water depths (mixed
layer; e.g. Brassell et al., 1986; Prahl and Wakeham, 1987). The ratio of these C;; alkenones,
characterized by different numbers of double bonds, correlates with SST. Here, we used the

simplified UX; approach (Prahl and Wakeham, 1987):

U%) = Cy70/(Cyp0 + Ca) (D).

We are using this calibration, which only includes the Cs;, and Cs;.; alkenones since we did
not detect any Cj,., alkenones in our samples (Supplementary Fig. Sla). According to Prahl
and Wakeham (1987), the error for UX] calculation is + 0.05 UX units for a temperature
range of 0-27 °C. UX) was converted to SST according to the World Ocean surface sediment

vs. measured mean annual temperature calibration (Miiller et al., 1998):

UK =0.033T +0.044 Q).

The error for the calculated SST values is + 1.0 °C for the entire temperature range (Miiller et
al., 1998). This calibration was developed from sediment surface samples between 60 °N and
60 °S and SSTs between 0-27 °C. Therefore, the UX is more scattered in the lower
temperature range (<10 °C) than for the mean, i.e. the error might be higher. Miiller et al.
(1998) consider their calibration as an annual mean SST, although the correlation to
spring/summer SSTs is equally significant (Filippova et al., 2016). Further, alkenone
production in high-latitudes is limited to the summer months due to low solar insolation in
winter (e.g. Andruleit, 1997). Hence, our SST reconstructions rather suggest summer SSTs,
which has also been shown in previous studies (e.g. Bachem et al., 2016; Conte et al., 2000).
Although the absolute amount of the single alkenones may decrease with increasing core
depth due to degradation processes, the UX index remains relatively constant during
diagenesis (Lawrence et al., 2007 and refs therein), making the UX] index a good tool to

reconstruct paleo SSTs. The combination of SST proxies and IP,s sea ice data helps to
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interpret the proxy records more precisely in terms of sea ice variability (e.g. Stein et al.,

2016; this study, see below).

3.4.2. Geochemical analyses

Subsamples (100 pg) of freeze-dried and homogenized sediment were used to measure the
total organic carbon (TOC) using an ELTRA CS2000 Carbon Sulfur Detector. 4-7 g sediment
was extracted using an Accelerated Solvent Extractor (DIONEX ASE 200; 100 °C, 5 min,
1000 psi) with dichloromethane:methanol (2:1 v/v) as solvent. Prior to the extraction, the
internal  standards  7-hexylnonadecane, (7-HND; 0.076 ul/sample), cholesterol-dg
(10.5 ul/sample), 19:0 (FAME; 51 ul/sample), and squalane (2.4 ul/sample) were added to
the sample for quantification. Hydrocarbons, alkenones, and sterols were separated using
open-column chromatography (5 ml n-hexane, 7 ml n-hexane:dichloromethane (1:1 v/v), 6 ml
n-hexane:ethylacetate (4:1 v/v), respectively with silica gel (SiO,) as stationary phase. Sterols
were silylated with 200 u1 BSTFA (bis-trimethylsilyl-trifluoroacet-amide; at 60 °C for 2
hours).

Compound analysis was performed by gas chromatography—mass-spectrometry (GC-MS).
IP,s was analyzed using an Agilent 7890B GC coupled to an Agilent 5977A MSD using
following heating program: 60 °C (3 min), 150 °C (rate: 15 °C/min), 320 °C (rate: 10 °C/min),
320 °C (15 min isothermal). Sterols (brassicasterol, 24-methylcholesta-5,22E-dien-3§-ol;
campesterol,  24-methylcholest-5-en-3f3-0l;  p-sitosterol,  24-ethylcholest-5-en-3f3-ol;
dinosterol, 40,23 ,24-trimethyl-50-cholest-22E-en-33-0l) were analyzed using an Agilent
6850 GC (30 m HP-5MS column, 0.25 mm inner diameter, 0.25 ym film thickness) coupled
to an Agilent 5975C MSD (with 70 eV constant ionization potential, ion source temperature
230 °C). The GC oven was heated as following: 60 °C (2 min), 150 °C (rate: 15 °C/min),
320 °C (rate: 3 °C/min), 320 °C (20 min isothermal). For both analyses, helium was used as
carrier gas (I ml/min constant gas flow). The injection volume was 1 ul (splitless). The
identification and quantification of the IP,s monoene and sterols were performed as described
in Fahl and Stein (2012; see also Fig. S1b). All biomarker concentrations were corrected to

the amount of extracted sediment and normalized to the TOC contents of the samples.

For the alkenone analysis, the previous extracted and column chromatographed
hexane:dicloromethane fraction was used. Alkenones were analyzed using an Agilent 7890A
GC (column 60 m x 0.32 mm; film thickness 0.25 mm) and the following temperature
program: 60 °C (3 min), 150°C (rate: 20°C/min), 320°C (rate: 6°C/min) and 320°C (40 min
isothermal). For splitless injection, a cold injection system was used (60 °C (6 s), 340 °C

(rate: 12 °C/s), 340 °C (1 min isothermal)). Helium was used as carrier gas (1.2 ml/min). The
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individual alkenones (C;;; and C;;,) were identified by their retention time and the
comparison to an external standard. Instrument stability was continuously controlled by
reruns of the external alkenone standard during the analytical sequences. The range of the
total analytical error calculated by replicate analyses was less than 0.4 °C based on SST.

All biomarkers were measured and analyzed at the Alfred-Wegener-Institute in Bremerhaven,

Germany.

3.4.3. Palynology

Samples (10 cc) were dried and prepared using a standard palynological maceration
procedure (De Schepper et al., 2017), which included adding one Lycopodium clavatum tablet
(batch #124961), digestion cycles in cold HF and HCI, no oxidation, and sieving at 10 ym
before mounting the residue on microscope slides using a 34x22 cover slips. Slides were
scanned using a light microscope at x400 magnification along non-overlapping traverses.
Counting was stopped when less than 25 in situ specimens were recorded within 10 traverses.
If more specimens were recorded, the entire slide was counted or until > 300 specimens were

counted.

3.5. Data storage
All raw data is available at doi.pangaea.de/10.1594/PANGAEA .877309.

4. Results

IP,s (Fig. 3c) was detected more frequently between 3.50 and 3.00 Ma than between 3.00 and
2.40 Ma. The highest concentration (3.72 ug/gTOC) of the entire record occurs at 3.20 Ma.
After ~3.00 Ma, IP,s is mostly absent or below the detection limit with small peaks occurring
around 2.90, 2.85-2.74 and around 2.40 Ma.

Brassicasterol (Fig. 3d) has its highest concentrations (117.59 ug/gTOC) around 3.1 Ma and
is absent in a few samples. From 2.80 Ma, concentrations are decreasing. Dinosterol (Fig. 3e)
is absent or below the detection level between 3.50 and 3.00 Ma except for small peaks
around ~3.30 Ma (0.41 ug/gTOC), ~3.20 Ma (0.78 ug/gTOC) and ~3.00 Ma (0.91 ug/gTOC).
From around 2.90 Ma, dinosterol concentrations are increasing with an average concentration
of 1.21 ug/gTOC, and a maximum value of 5.49 pg/gTOC at ~2.81 Ma.

Since both, B-sitosterol and campesterol, are of terrigenous origin and do not differ much in
our record, they are presented here together (terrigenous sterols; Fig. 3b). These terrestrial
biomarkers show strong fluctuations with three major peaks at ~3.00 Ma (101.41 ug/gTOC),
~2.90 Ma (189.02 ug/gTOC) and ~2.80 Ma (108.09 ug/gTOC). Between 3.50 and 3.00 Ma

the average concentration is 5.14 pug/gTOC. Maximum concentration does not exceed
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14.73 ug/gTOC, whereas the sterols are absent or below the detection level in a few samples.
Between 3.00 and 2.40 Ma, the average concentration of the terrestrial marker decreases to

13.1 ug/gTOC, while maximum values go up to 189.02 pg/gTOC.
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Fig. 3: Proxy records from ODP Site 907 between 3.50 to 2.40 Ma (a—f). (a) IRD counts (Jansen et al., 2000) and
reworked palynomorph concentrations (brown line, this study). Biomarker concentrations in (ug/gTOC) for (b)
terrigenous sterols (campesterol and B-sitosterol), (c) IP,s, (d) brassicasterol, (e) dinosterol (this study). Red
diamonds in panel (c) show the presence of the sea ice associated dinoflagellate species Islandinium. (f) Alkenone
SSTs (UX]) in °C (red line, this study; gray line, Herbert et al. (2016)). Open circle in panel (f) indicates not
detectable Cs,., and C;,.; alkenones; filled circles indicate not detectable C,., alkenones in the samples. Red
dashed line is the modern summer SST of ~6 °C (from World Ocean Atlas). (g§) LRO4 benthic foraminifer isotope
stack and glacial marine isotope stages (Lisiecki and Raymo, 2005). (h) Obliquity (Laskar et al., 2004). Note that
all data is plotted using the age model of Jansen et al. (2000).
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The average SST over the entire record is 6.7 °C (Fig. 3f). Between 3.50 and 3.00 Ma, the
SST varies between 16.7 and 2.3 °C with an average of 6.9 °C. Between 3.00 and 2.40 Ma,
the average SST drops slightly to 6.6 °C, with a maximum SST of 14.5 °C and minimum of
0.9 °C. At 2.71 Ma, neither C;;.; alkenones nor C;,., alkenones could be detected (Fig. 3f,
open circle) and at 3.33,2.99,2.69, 2.64 , and 2.52 Ma, no Cs;, alkenones could be detected
(Fig. 3f, filled circles). C;,., alkenones were not detected in the entire record.

Between 3.50 and 3.30 Ma, dinoflagellate cyst assemblages are dominated by Spiniferites
sp. 1 with an average concentration of 5,000 cysts per gram dry sediment (Fig. 4). After

3.30 Ma, dinoflagellate cyst concentrations dropped steeply reaching on average values of 20
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Raymo (2005).
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cysts per gram dry sediment (minimum O and maximum of 197 cysts per gram dry sediment).
Nine samples were completely barren for dinoflagellate cysts (Fig. 4, open diamonds). Four
samples (3.01, 2.66, 2.61, 2.41 Ma) recorded higher concentrations (50-197 cysts per gram
dry sediment) and the assemblage mainly consisted of cysts of Protoceratium reticulatum,
Habibacysta tectata and Impagidinium pallidum. Specimens of the sea ice associated
Islandinium were recorded at 2.68, 2.67, 2.59 and 2.41 Ma (Fig. 3c, red diamonds). The
reworked palynomorphs (Fig. 3a, brown line) show two small peaks 3.30 and 3.10 Ma.
Between 2.75 and 2.40 Ma four peaks with concentrations between 1302 and 1396 cysts per
gram dry sediment occurred. All peaks in the reworked palynomorphs occur together with

IRD peaks (Fig. 3a).

5. Discussion

Using the sea ice proxy IP,s, sterols for paleoproductivity, alkenone-based SSTs and
palynology, we present for the first time sea ice reconstructions for the Late Pliocene to the
earliest Pleistocene Iceland Sea. Our sea ice reconstruction indicates two different intervals
(Fig. 3b—e): from 3.50 to 3.00 Ma, the Iceland Sea is characterized by a seasonal sea ice cover
with occasionally sea ice-free intervals, whereas between 3.00 and 2.40 Ma the Iceland Sea is
mainly sea ice-free with an occasional seasonal sea ice cover and ice edge conditions. The
change in the biomarker record at 3.00 Ma coincides with a change in the lithology, where
3.00 Ma marks the boundary between Unit IIIA and Unit II (Shipboard Scientific Party, 1995,
1996).

5.1. Seasonal sea ice cover in the Iceland Sea between 3.5 and 3.0 Ma

Between 3.50 and 3.00 Ma, the presence of IP,s, absence or low concentration of marine and
terrigenous biomarkers and variable SSTs between 16.7 and 2.3 °C indicate the frequent
occurrence of spring sea ice cover and ice-free summers in the Iceland Sea (Fig. 3). Higher
IP,s values (between 1.2 and 3.2 ug/gTOC) within this interval are in the range of
1.65 ug/gTOC measured in the core top sample of a nearby sediment core (PS62/022-03:
72°29.4°N, 12°36.0°W; Miiller et al., 2011). However, early diagenetic degradation of IP,s
(Belt and Miiller, 2013 and refs therein) has to be considered for our Pliocene samples,
suggesting that IP,5 concentrations were likely higher before diagenesis.

The relatively high alkenone-based SSTs throughout the entire period suggest that summers
were generally ice-free and sea ice could only occur seasonally. The average paleo-SST of
7°C, ~2°C above the modern summer SST (WOA, 2013), as well as the minimum and
maximum SSTs of 2 and 14 °C (Fig. 3f), attest for generally ice-free conditions in summer.

The alkenone SST record of the same site of Herbert et al. (2016) (Fig. 3f) indicates relatively
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stable SST's that are 2 °C higher compared to our record between 3.50 and 3.30 Ma. This may
be the result from different amount of extracted sediment or the researcher-specific
integration of the individual Cs;; and C;;, components. Between 3.30 and 3.00 Ma, the
alkenone SSTs from Herbert et al. (2016) has a lower resolution and their reconstructed SSTs
fall within the range of our reconstructions.

At the same time, productivity was generally very low in the Iceland Sea. The marine
phytoplankton marker dinosterol, indicative of phytoplankton productivity in open waters
(e.g. Belt et al., 2013; Fahl and Stein, 1999), is absent in every sample except for three minor
peaks (~3.30 Ma, ~3.13 Ma, and ~3.00 Ma). Concentrations of ~1 »g/gTOC remain far below
the values of 27.6 pg/gTOC measured in the core top sample (PS62/022-03; Miiller et al.,
2011). Comparing the dinosterol record with dinoflagellate cyst counts and concentrations in
our record (Fig. 4), no correlation is apparent, an observation that has been made before in
different regions (detailed review in Mouradian et al., 2007). Between 3.48 and 3.30 Ma, the
only productive interval with a monospecific assemblage of the autotrophic dinoflagellate
cyst Spiniferites sp. 1 is recorded, but this is not reflected in the dinosterol record (Fig. 4). In
modern regions with seasonal sea ice cover, heterotrophic taxa are typically dominant in the
sediment record (e.g. de Vernal et al., 2013b), but are also most prone to degradation due to
oxidation (Zonneveld et al., 2008). The dinoflagellate cysts, including a few heterotrophs
(Brigantedinium, round brown cysts) recorded between 3.30 and 3.00 Ma, were all in pristine
condition, showing no evidence of degradation. Given the stability of the dinosterol molecule
in the sediment and the low concentrations of dinoflagellate cysts concentrations, a very low
biological productivity is in fact most plausible for the interval 3.30-3.00 Ma. This
interpretation is in agreement with previous studies suggesting low phytoplankton
productivity in this interval (Schreck et al., 2013 and refs therein). Between 3.40 and 3.00 Ma
however, five layers of nannofossil ooze were recorded (Fig. 4 black arrows; Shipboard
Scientific Party, 1995) indicating occasional high productivity and high carbonate
preservation as a result of occasional enhanced influence of warm North Atlantic water
masses (Fronval and Jansen, 1996). The increase in dinoflagellate cyst concentrations of
Spiniferites sp. 1 and P. reticulatum around 3.40 Ma and H. tectata around 3.05 Ma (Fig. 4),
could be related to an increased influence of Atlantic water masses or a shift of the Arctic
Front towards the site.

Brassicasterol (Fig. 3d) also shows low concentrations between 20 and 40 pg/gTOC between
3.50 and 3.10 Ma, i.e. values far below the values of 152.6 s g/gTOC determined in nearby
surface sediments (PS62/022-03; Miiller et al., 2011). These low values corroborate low
marine productivity in open waters, rather than indicating degradation processes (e.g. Rontani

et al., 2014). However, there is an ongoing discussion about the suitability of brassicasterol as
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a proxy for open ocean conditions
especially at sea ice margins (Belt et al.,
2015) due to the uncertain origin of
brassicasterol (i.e. freshwater vs. marine;
Belt et al., 2013; Fahl and Stein, 2012;
Huang and Meinschein, 1976; Volkman,
1986) and the occasional co-occurrence of
IP,s and brassicasterol (Belt et al., 2015;
Weckstrom et al., 2013). Between 3.50 and
3.00 Ma, the poor correlation of dinosterol
and brassicasterol (Fig.5a) suggest that
brassicasterol may had a (additional)
freshwater source rather than a purely
marine source. This interpretation, however,
is only weakly supported by the correlation
@ =

0.52) of terrigenous sterols and

brassicasterol (Fig.5c). Nevertheless, it
suggests that brassicasterol has a mixed
marine and freshwater signal during this
time. Terrigenous organic matter and
freshwater-derived brassicasterol may have
been derived from Greenland and/or Iceland
(Xiao et al., 2017), or even from Siberia
(e.g. Fahl and Stein, 1999; 2012; Xiao et al.,
2013) via transport by ocean currents, drift
ice and/or IRD.

At 3.10 Ma, brassicasterol increased briefly
to concentrations of >80 ug/gTOC,
corresponding to two nannofossil ooze
layers in the sediment core (Fig. 4) and an
increase in the terrigenous sterols (Fig. 3b).

This peak could thus be due to increased

Atlantic water influence or indicate a
terrestrial origin of brassicasterol.
Generally, the presence of IP,5, the

dominantly absence of dinosterol and low



(partly freshwater-derived) brassicasterol suggest that sea ice presence did not promote
enhanced primary productivity in the Iceland Sea. The sediments of Site 907 are not rich in
organic material and the accumulation rates of total organic carbon (TOC; Supplementary
Fig. S2) are comparable to those observed in modern open-ocean oxic environments with low
productivity (Stein and Stax, 1996 and refs therein). Incoming waters from the west (via EGC
and EIC) and from the northeast (branch of the NwAC; Fig.1) form a weak cyclonic gyre in
the Iceland Sea (Swift and Aagaard, 1981) and modern observations show a minimum in
primary productivity in the center of the Iceland Sea close to the core location (Bgrsheim et
al., 2014). The gyre isolates the core location from incoming nutrients, resulting in
oligotrophic conditions and low primary productivity.

We cannot determine whether the sea ice was locally formed or transported to the site via the
EGC. Here, additional information from mineralogical or geochemical proxies indicative for
specific source areas characterized by a unique geology is needed (e.g. Andrews et al., 2016).
The frequent presence of the sea ice biomarker IP,s, and the low dinosterol, brassicasterol and
dinoflagellate cyst concentrations, however, argues for sea ice extension into the Iceland Sea,
comparable to recent observations (see references in Aagaard and Carmack, 1989). This
suggests that a proto-EGC, which was likely established already during the Early Pliocene
(De Schepper et al., 2015; Schreck et al., 2013), might have brought cool and fresh polar
water directly into the Iceland Sea (Fig. 6a). Increased fresh water can facilitate local sea ice
formation in the Iceland Sea (Olafsson, 1999). However, since seasonal sea ice was already
present in the Fram Strait region since 4.00 Ma (Knies et al., 2014; Stein et al., 2014),
possibly some sea ice may have been transported directly via the proto-EGC (and EIC) into
the Iceland Sea. In fact, both processes are not mutually exclusive and may have operated
simultaneously. Seasonal sea ice that formed locally or drifted over a short distance is most
consistent with low phytoplankton productivity, high IP,s concentrations and highly variable
SSTs between 2 and 14 °C (Fig. 3f). Especially the highest SSTs suggest that sea ice may not

have been transported over long distances.

5.2. Development of sea ice edge during the intensification of the Northern Hemisphere
Glaciation

A pronounced increase in the marine productivity in the Iceland Sea from around 3.00 Ma is
documented by the increase in dinosterol concentrations, although no obvious change is
recorded in brassicasterol concentrations. The productivity change is accompanied by a
lithology change from the presence of biogenic silica in Unit IIIA to an absence of biogenic
silica and carbonate in Unit II (Shipboard Scientific Party, 1995, 1996) and increased IRD

(Fig. 3a; Jansen et al., 2000), suggesting that the oceanographic conditions in the Iceland Sea
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underwent changes related to the expansion of the Greenland Ice Sheet (GIS) linked to the
intensification of the Northern Hemisphere Glaciation (iNHG, ~2.75 Ma).

The concentrations and accumulation of the marine phytoplankton biomarkers are
substantially higher after 3.00 Ma (Fig. 3d, e; Supplementary Fig. S2), suggesting increased
productivity that remains well below recent productivity rates in the Iceland Sea (Miiller et
al., 2011). The correlation (r*=0.79) of brassicasterol and dinosterol (Fig. 5a) suggest that
brassicasterol is mostly of marine origin after 3.00 Ma, which is supported by a relatively
weak correlation of brassicasterol and terrigenous sterols (Fig. 5c, 1> = 0.47) after 3.00 Ma,
indicating a reduced freshwater origin of brassicasterol. The increase in dinosterol might be
related to increased input of terrigenous material and thus nutrients favoring phytoplankton
growth as indicated from a good correlation between both sterols (Fig. 5b). Comparable to
before 3.00 Ma, there is also a general mismatch between the dinoflagellate cyst
concentrations and dinosterol (for discussion see chapter 5.1.): dinosterol shows a gradually
increasing productivity trend from around 2.80 Ma onwards, whereas dinoflagellate cyst
concentrations remain very low. The dinoflagellate cysts only show somewhat elevated
numbers, and thus likely increased productivity, at 2.66 and 2.61 Ma (interglacials MIS Gl
and G3; Fig. 4). On those occasions, Habibacysta tectata and cysts of Protoceratium
reticulatum dominated the assemblages suggesting that Atlantic water may have reached the
site, which is in agreement with IP,s absence and higher SSTs.

Generally, IP,s is absent or below the detection limit during this time interval suggesting
either sea ice-free conditions or permanent sea ice cover. Given the increasing trend in sterol
concentrations, a permanent sea ice cover is unlikely, i.e. dominantly ice-free conditions
might have been more probable (Belt et al., 2007; Miiller et al., 2011). IP,5 occurred,
however, occasionally around 2.95, 290, 2.81-2.74 and 240 Ma with maximum
concentrations of 1.35 ug/gTOC at ~2.75 Ma and 1.63 ug/gTOC around 2.40 Ma. Taking
degradation into account, these IP,; values were probably higher (Miiller et al., 2011),
suggesting an extended sea ice cover into the Iceland Sea during these times. Our
reconstructed SST ranges between 0.9 and 14.5 °C. Herbert et al. (2016) present only a few
SST estimates after 3.00 Ma, and these are in agreement with our results (Fig. 3f). Sarnthein
et al. (2003) proposed that, based on temperature estimates reconstructed by foraminiferal
transfer functions, areas are covered by sea ice, when the summer SSTs is < 2.5 °C. In our
record, SST drops below 2.5 °C in several glacials (e.g. G6-G4, 104, 100). Extremely cold
surface conditions occurred during some of these glacials, where we did not record either the
Cs;, alkenone or both the Csi;, and Cs;; alkenones (Fig.3f, filled and open circles,
respectively). The Cs;, alkenone cannot be synthesized when sea surface conditions are too

cold. In those samples (no alkenones and < 2.5 °C) also IP,swas absent. This could imply a
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permanent sea ice cover, but because both dinosterol and brassicasterol were present, very
cold, open-water conditions without a permanent sea ice cover were most likely.

Following the sporadic occurrences of IP,s at 2.95 and 2.90 Ma, a prolonged presence of IP,s
reflects an extended time interval with seasonal sea ice in the Iceland Sea between 2.81 and
2.74 Ma. Sea ice extending into the Iceland Sea during this time might have acted as a
positive feedback for the ice sheet expansion on Greenland, which became most apparent
from around MIS G4-6 (ca. 2.75 Ma) when IRD peaks are recorded more frequently during
consecutive glacials in the Iceland Sea (Fig. 3a; Jansen et al., 2000; Kleiven et al., 2002). The
IRD also brought along a large amount of reworked terrestrial and marine palynomorphs of
Mesozoic and Early Cenozoic age (Fig. 3a). Deposits of this age occur along the coast of East
Greenland and were thus probably eroded during glacials MIS G6-G4, G2 and 96 (Fig. 3a)
when the GIS may have expanded onto the Greenland Shelf (Vanneste et al., 1995). Such a
GIS expansion would have moved the EGC and associated sea ice edge eastward and thus
closer to Site 907, where it would enhance primary productivity (Fig. 3, 6b; Stein and Stax,
1996).

After 2.75 Ma, SSTs and sterols show a strong variability (less visible in brassicasterol) that
may be related to a shift in seasonality, which become more extreme in glacials after MIS G3
(~2.67 Ma) onwards (Hennissen et al., 2015; Pross and Klotz, 2002). The shift towards
stronger seasonality in the Pliocene is related to the large-scale expansion of the Greenland,
Scandinavian and North American ice sheets (e.g. Bailey et al., 2013; Kleiven et al., 2002).
Around this time (2.75-2.60 Ma), a pronounced cooling in the North Atlantic (Lawrence et
al., 2009) and a southward shift of the Arctic Front (Hennissen et al., 2014) is documented.
An Arctic Front located further southward would have hampered Atlantic water from entering
the Iceland Sea, implying that productivity shifts are more likely linked to shifts in the sea ice
edge rather than Atlantic water influence. These shifts in the sea ice edge and EGC possibly
related to the waxing and waning of the GIS on glacial/interglacial timescales (Fig. 3c—e) can
explain the changes in sterol concentrations after 2.75 Ma: a sea ice edge closer to Site 907
would increase productivity, whereas an edge closer to Greenland would reduce it.

It remains puzzling why IP,s is absent at Site 907 during the major expansions of the GIS
between MIS G4-6 and 98 (Fig. 3c). Since we exclude the presence of a long-term permanent
sea ice cover and propose that a stable ice edge was located between the Greenland coast and
Site 907, sea ice was most likely transported southward towards the Labrador Sea. Only
around 2.4 Ma (MIS 96), IP,s presence again supports a seasonal sea ice extent into the

Iceland Sea.
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Maximum sea-ice extent
between 3.5 and 3.0 Ma

Reduced sea-ice extent
between 2.9 and 2.4 Ma

Ocean Data View

Fig. 6: Schematic illustration of possible Late Pliocene sea ice scenarios for the Iceland Sea. (a) Seasonal sea ice
cover occurs in the subarctic Ocean and the Nordic Seas from 3.50-3.00 Ma (dashed/solid black line). Dark blue
line shows the East Greenland Current (EGC), which branches into an intense East Icelandic Current (EIC; thick
arrow) and a possibly less intense EGC continuing southward (thin line). Greenland Ice Sheet (GIS) is after
Koenig et al. (2015). (b) Sea ice extent is restricted to the East Greenland shelf and increased iceberg rafting
between 2.90 and 2.40 Ma. Dark blue line shows the EGC, which branches into a weaker EIC (thin arrow) and a
possibly more intense southward flowing EGC. Green area indicates enhanced phytoplankton productivity. Light
blue arrow indicates a possible shift of a sea ice edge during glacial/interglacial (G-IG) times. GIS extension is
shown after Vanneste et al. (1995), Iceland Ice Sheet after Geirsdottir and Eiriksson (1994) and Scandinavian
(incl. Svalbard) Ice Sheet after Knies et al. (2009).
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In summary, dominantly sea ice-free conditions occurred in the Iceland Sea between 3.00 and
2.40 Ma. Seasonal sea ice occurred for a prolonged period around 2.81-2.74 Ma in the
Iceland Sea, which may have had a positive influence on the major GIS expansion around
2.75 Ma. Afterwards, a stable ice edge was present between Greenland and Site 907 and its
shifts affected productivity in the Iceland Sea most likely contemporaneously with the waning
and waxing of the GIS. Sea ice was absent in the Iceland Sea between 2.74 and 2.40 Ma, with

sea ice most likely being transported towards the Labrador Sea.

6. Conclusion

For the first time, IP,s was used for reconstructing the sea ice history of the Iceland Sea
during the globally warm Pliocene. Together with biomarkers for paleoproductivity,
alkenone-based SSTs and palynology, we demonstrate that seasonal sea ice conditions
prevailed with ice-free summers between 3.50 and 3.00 Ma, including also the mid-
Piacenzian Warm Period, when global temperatures were on average 2-3 °C higher than
today. This might have been linked to an EGC (and EIC) bringing cooler and fresher waters
favoring sea ice formation or in fact transporting sea ice directly into the Iceland Sea.

After 3.00 Ma, SSTs dropped more frequently below 2.5 °C indicating cooler sea surface
conditions than before 3.00 Ma. However, the Iceland Sea remained predominantly ice-free,
but sea ice extended into the Iceland Sea particularly between 2.81 and 2.74 Ma, and around
2.40 Ma. Sea ice presence between 2.81 and 2.74 Ma may have acted as a positive feedback
for the build-up of the GIS, which underwent a major expansion ~2.75 Ma (intensification of
the Northern Hemisphere Glaciation). Thereafter, a stable ice edge developed close to
Greenland possibly shifting with the expansion and retreat of the GIS affecting the
productivity in the Iceland Sea. The EGC (and EIC) influence was likely reduced in the

Iceland Sea resulting in more sea ice being transported southward into the Labrador Sea.
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Supplementary Fig. S1: Examples of identification of C;,; and Cs,.,, IP,s, and brassicasterol. (A) GC
chromatograms of alkenone standard (from culture experiments, red line) and sample 907_A6H6_47 (blue line);
(B) Selected-ion monitoring chromatogram (SIM mode) of ion m/z 350 of the external IP,; standard (blue line)
and IP,; (black line) analyzed from sample 907_B9H1_107.5 (overlaid chromatograms); (C) Mass spectrum of
brassicasterol of sample 907_A6H2_37. The samples were selected according to low compound concentrations.
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Supplementary Fig. S2: Marine accumulation rates (MAR) of all biomarkers and total organic carbon (TOC) at
ODP Site 907. IRD is shown as IRD (>150 um) per gram dry sediment.

83






115 Appendix

7 Appendix

7.1 Paper IV

A part of my data from this thesis has also been used in another research paper. This study
investigates the relationship between sea surface temperatures and species relative abundance
of extinct dinoflagellate cyst and acritarch taxa from the Neogene of the Iceland Sea (ODP
Site 907) by using palynological assemblages and organic geochemical (alkenone) data.

I contributed to this paper by providing alkenone data points, reading and correcting the

manuscript.

Neogene Dinoflagellate Cysts and Acritarchs from the high
Northern Latitudes and their Relation to Sea Surface
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J. (2017). Neogene Dinoflagellate Cysts and Acritarchs from the high Northern Latitudes and
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Abstract

Organic-walled dinoflagellate cysts and acritarchs are a vital tool for reconstructing past
environmental change, in particular in the Neogene of the high northern latitudes where marine
deposits are virtually barren of traditionally used calcareous microfossils. Yet only little is known
about the paleoenvironmental value of fossil assemblages that do not have modern analogues, so that
reconstructions remain qualitative. Thus, extracting their paleoecological signals still poses a major
challenge, in particular on pre-Quaternary timescales. Here we unravel the relationship between
species relative abundance and sea surface temperature for extinct dinoflagellate cyst and acritarch
taxa from the Neogene of the Iceland Sea using palynological assemblages and organic geochemical
(alkenone) data generated from the same set of samples. The reconstructed temperatures for the
Miocene to Pliocene sequence of Ocean Drilling Program Site 907 range from 3 to 26°C and our
database consists of 68 dinoflagellate cyst and acritarch samples calibrated to alkenone data. The
temperature range of five extant species co-occurring in the fossil assemblage agrees well with their
present-day distribution providing confidence to inferred temperature ranges for extinct taxa. The 14

extinct dinoflagellate cyst and acritarch species clearly exhibit a temperature dependency in their
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occurrence throughout the analysed section. The dinoflagellate cyst species Batiacasphaera hirsuta,
Labyrinthodinium truncatum, Cerebrocysta irregulare, Cordosphaeridium minimum, Impagidinium
elongatum and Operculodinium centrocarpum s.s., and the acritarch Lavradosphaera elongatum,
which are confined to the Miocene, have highest relative abundances and restricted temperature
ranges at the warm end of the reconstructed temperature spectrum. The latter five species disappear
when Iceland Sea surface temperatures permanently drop below 20°C, thus indicating a distinct
threshold on their occurrence. In contrast, species occurring in both the Miocene and Pliocene interval
(Batiacasphaera  micropapillata, —Habibacysta tectata, Reticulatosphaera actinocoronata,
Cymatiosphaera? invaginata) show a broader temperature range and a tolerance towards cooler
conditions. Operculodinium? eirikianum may have a lower limit on its occurrence at around 10°C.
The calibration of species relative abundance versus reconstructed sea surface temperature
provides a quantitative assessment of temperature ranges for extinct Miocene to Pliocene species
indicating that temperature is a decisive ecological factor for regional extinctions that may explain the
frequently observed asynchronous highest occurrences across different ocean basins. It demonstrates
that qualitative assessments of ecological preferences solely based on (paleo) biogeographic
distribution should be treated with caution. In addition to enhancing knowledge on marine
palynomorph paleoecology, this study ultimately improves the application of palynomorphs for
paleoenvironmental reconstructions in the Neogene of the Arctic and subarctic seas, a region essential

for understanding past global climate.

Keywords

Iceland Sea | Neogene | dinoflagellate cyst | acritarch | alkenones | paleotemperatures

Introduction

Due to the nearly complete absence of biosiliceous and calcareous microfossils in Neogene deposits at
high northern latitudes, organic-walled marine palynomorphs (dinoflagellate cysts and acritarchs) are
important proxies for the establishment of a regional biostratigraphy and paleoenvironmental
reconstructions in the Arctic and sub-arctic realm (e.g. Schreck et al., 2012, 2013; De Schepper et al.,
2015, 2017). They have been proven particularly useful in upper Quaternary deposits where
assemblages are comparable to modern assemblages (de Vernal et al., 2005). The distribution of
modern dinoflagellate cysts (dinocysts) at high northern latitudes was first studied on locally
restricted data sets, which were subsequently expanded and combined within a Northern Hemisphere
reference database that currently comprises 1492 sites (Fig. 1; e.g. de Vernal et al., 2013 and

references therein). The present-day n=1492 database documents the relationship between species
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relative abundance and observed surface water parameters, which control assemblage composition.
This extensive reference dataset has been widely used to quantitatively reconstruct sea surface
temperature, salinity, productivity and sea ice cover in upper Quaternary sediments (e.g. Radi and de
Vernal, 2008; de Vernal et al., 2001, 2013; Van Nieuwenhove et al., 2016) using transfer functions
(e.g. Modern Analogue Technique, Guiot and de Vernal 2007).

Reconstructions of Neogene high latitude paleoceanographic and paleoclimatic variability
relies heavily on marine palynomorphs, which are often the only microfossil group with a continuous
record in pre-Quaternary sediments in this region. However, when going further back in the Neogene,
palynomorph assemblages are increasingly dominated by extinct species of which the ecological
affinities are poorly constrained. Therefore, it is of crucial importance to unravel the (paleo)ecology
of these Neogene marine palynomorphs in order to improve their application for paleoceanographic
studies in a region essential for understanding the Cenozoic transition from greenhouse to icehouse
climates.

In the past decades, significant progress has been made in deciphering the paleoecology of
extinct species using statistical analyses (e.g. Versteegh and Zonneveld, 1994), the definition of
paleoenvironmental indices (Edwards et al., 1991; Versteegh, 1994), and analysis of the
biogeographic distribution (Head, 1997; Masure and Vrielynck, 2009; Schreck and Matthiessen,
2013). The derived information, however, solely remains qualitative (e.g. warm/cold, oceanic/neritic).
Recently, geochemical proxies for sea surface conditions have been employed to directly assess the
paleoecology of extinct species (De Schepper et al., 2011; Hennissen et al., 2017). De Schepper et al.
(2011) correlated the relative abundance of extant species to a sea surface temperature (SST) proxy
derived from the same sample and then compared to the species’ modern temperature distribution
using the n=1171 dataset (the n=1492 precursor) of Radi and de Vernal (2008) and a subset thereof.
The subset was restricted to 518 samples located mainly in the North Atlantic Ocean between 75°W
and 15°E, and north of 25°N, with samples from the Mediterranean and northern part of Baffin Bay
being omitted (De Schepper et al., 2011). Based on a dataset containing 204 samples from four
drilling sites across the Plio-Pleistocene North Atlantic (Fig. 1), the authors demonstrated a strong
correlation between reconstructed and present-day SST ranges of extant species. Because modern
species occurring in fossil assemblages have a comparable temperature distribution as today, De
Schepper et al. (2011) argued that SST ranges of extinct species could be determined with confidence.
Using this approach, they documented past temperature ranges of 16 extinct dinocyst species from the
Plio-Pleistocene North Atlantic in their n=204 paleo-database.

Based on this approach, we establish a quantitative relationship between high latitude marine
palynomorph species and alkenone-based SST for the Miocene to Pliocene interval of Ocean Drilling
Program (ODP) Hole 907A in the Iceland Sea. Both palynological assemblage and organic

geochemical data are extracted from the same sample to ensure one-to-one comparability. Therefore,
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this study provides independently derived temperature affinities of extinct species, and refines
previous ecological interpretations that where solely based on biogeographic distribution and
stratigraphic ranges. Ultimately, our study enhances the application of fossil palynomorph
assemblages for paleoenvironmental reconstructions in the Neogene of the Arctic and subarctic seas,
and improves our understanding of paleoceanographic implications of assemblages that do not have a

modern analogue.

Fig. 1: Location of the study site ODP Site 907 (yellow dot) together with the n=1492 present-day Northern
Hemisphere reference database of de Vernal et al., 2013 (black and grey dots) and the n=101 Nordic Seas subset
(grey dots only). Blue dots represent the Pliocene to Pleistocene North Atlantic sites of the n=204 paleo-database
(De Schepper et al., 2011).

Material and Methods

Material

Located on the eastern Iceland Plateau (69°14.989° N, 12°41.894” W; 2035.7 m water depth; Fig. 1),
ODP Hole 907A was drilled in an undisturbed hemipelagic sequence, terminating at a total depth of
224.1 meters below sea floor (Shipboard Scientific Party, 1995). The lithology mainly consists of
unlithified silty clay and clayey silt. Five lithostratigraphic units were distinguished based on their

siliciclastic, biogenic calcareous, and biogenic siliceous contents (Fig. 2). Unit III is subdivided into
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Subunit IITA which is nannofossil ooze bearing, and Subunit IIIB lacking calcareous nannofossils, but
having higher biogenic silica content (Shipboard Scientific Party, 1995).

Previous studies (e.g. Schreck et al., 2012, 2013) used the revised composite
magnetostratigraphy of ODP Site 907 (Channell et al., 1999) adjusted to the Astronomically Tuned
Neogene Time Scale 2004 (ATNTS 2004, Lourens et al., 2005). Here, we update the paleomagnetic
reversals to the Geological Time Scale 2012 (Hilgen et al., 2012), which is identical to the ATNTS
2004 back to 8.3 Ma. The investigated interval spans the entire Pliocene and extends back to the early
Middle Miocene. In addition to the 126 samples from Hole 907A, we included five samples from the

Pliocene of Hole 907B, resulting in a total of 131 samples analysed for palynology and biomarkers.

Palynology

Subsamples (~ 15 cm?) were processed using standard palynological techniques including acid
treatment (cold HCI [10%], cold HF [38-40%]), but without oxidation or alkali treatments (see
Schreck et al., 2012 for details). Two Lycopodium clavatum tablets were added to each sample during
the HCI treatment to calculate palynomorph concentrations (Stockmarr, 1977). The residue was
sieved over a 6 um polyester mesh and mounted with glycerine jelly on microscope slides.

Six samples from Hole 907A (indicated by asterisk on Fig. 2) and the five sample from Hole
907B (not shown on Fig. 2) were processed by Palynological Laboratory Services Ltd (Holyhead,
UK) using a similar processing technique, also without oxidation (details in De Schepper et al., 2017).
For those samples, only one Lycopodium clavatum tablet was added. The residue was sieved on 10
um and mounted with glycerine jelly on microscope slides.

Wherever possible, marine palynomorphs have been counted until a minimum of 350
dinocysts had been enumerated. All counts were conducted at 40x and 63x magnification
respectively, using a Zeiss Axioplan 2 and Zeiss Axio Imager.A2 microscope. Dinocyst and acritarch
nomenclature follows Williams et al. (2017), De Schepper and Head (2008a), Schreck et al. (2012),
and Schreck and Matthiessen (2013, 2014). However, in contrast to De Schepper and Head (2008a),
we have not distinguished Operculodinium? eirikianum on variety level. Percentage calculations for
dinocysts (Figs. 3, 5-7) are based on the sum of all cysts counted to ensure comparability with
previously published data. The relative abundance of acritarchs (Figs. 3 and 8) is based on the total
marine palynomorph assemblage (= dinocysts + acritarchs). To evaluate the reliability of relative
abundances as a function of total cyst counts and dissemination of individual species, we have
calculated the simultaneous confidence intervals (95%) for each sample following Sison and Glaz
(1995; Fig. 4). Except for six samples from Hole 907A (indicated with asterisk on Fig. 2) and five
samples from Hole 907B (not shown on Fig. 2), all palynological data have previously been published
by Schreck et al. (2012, 2013). These data can be accessed at www.pangaea.de via
doi:10.1594/PANGAEA 805377 and doi:10.1594/PANGAEA .807134.
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Fig. 2: Raw counts of selected dinocyst and acritarch species (data from Schreck et al., 2013) and their relation to
alkenone-based sea surface temperature (data from Schreck et al., 2013; De Schepper et al., 2015; Stein et al., 2016) in
ODP Hole 907A. Light shading illustrates the total stratigraphic range and dark shading the first and last occurrence
respectively. * = species only encountered outside regular counts, (n) or (*) = suspected reworking. Also shown is the
magnetostratigraphy (Channell et al., 1999) and the lithostratigraphic units (Shipboard Scientific Party, 1995) of ODP
Hole 907A.
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Alkenone paleothermometry

This study uses alkenone SST estimates previously published by Schreck et al. (2013), De Schepper
at al. (2015), and Stein et al. (2016), but adds another 11 samples (see above) to the Site 907 SST
record (Figs. 2 and 3). All data have been generated in the organic geochemistry laboratory of the
Alfred Wegener Institute, Helmholtz Centre for Polar and Marine Research (Bremerhaven, Germany)
using the following procedure: bulk sediments (2 to 7g) from the same samples as used for
palynology were extracted using accelerated solvent extraction (DIONEX, ASE 200; 100°C, 1000 psi,
15min, solvent dichloromethane). Compounds have been separated by open column chromatography.
The composition of alkenones was analysed with a Hewlett Packard HP 6890 gas chromatograph
(n=120 samples) and an Agilent 7890A gas chromatograph (n=11 samples). Individual alkenone
(Ci7.3, Cyy,) identification is based on retention time and the comparison with an external standard.
The instrument stability has been continuously controlled by reruns of the external alkenone standard
(extracted from coccolithophore Emiliana huxleyi (Lohman) cultures with known growth
temperature) during the analytical sequences. The range of the total analytical error calculated by
replicate analyses is less than 0.4°C. The alkenone unsaturation index U*;;and the global core top
calibration (Miiller et al., 1998) were used to calculate sea surface temperature (SST in °C). We used
the Miiller et al. (1998) calibration versus summer SSTs. UX'y, shows the best statistical relationship to
mean annual SST on a global scale (Miiller et al., 1998), but coccolithophore production in the
modern Nordic Seas is significantly higher (factor of 10) during summer than during autumn to spring
due to the availability of light for photosynthesis. This may cause a shift towards a summer bias in
temperature (Schroder-Ritzrau et al., 2001; see also discussion below). The summer calibration is
similar to the annual mean calibration of Miiller et al. (1998) frequently used in the literature, but
results in SSTs higher by a constant value of 1.2°C independent of the Uy, value. The standard error
of this calibration is reported as + 0.055 U*;; units or 1.7°C. Due to this uncertainty, we only present
integral numbers for the alkenone SSTs. Full details of the method and the reliability of the U*'3; index
in Neogene deposits of the high northern latitudes are discussed in Schreck et al. (2013) and Stein et
al. (2016). The alkenone datasets can be accessed at www.pangaea.de via
doi:10.1594/PANGAEA 807107, doi:10.1594/PANGAEA.848671 and,
doi:10.1594/PANGAEA.855508.

Comparison database

To test whether extant taxa have a comparable SST distribution in the Neogene as in the modern
ocean, we follow the approach of De Schepper et al. (2011) and first compare selected species to the
Northern Hemisphere reference database n=1492 (Fig. 1). In a second step, the n=1492 database was
restricted to 101 samples (n=101 database) located in the Iceland Sea and adjacent areas (between 67—

78°N, and between 10°E-20°W) to provide a spatially confined representation of our study site and to
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exclude sites less suitable for comparison. In both datasets species relative abundance is given as a
function of summer and winter SSTs derived from the World Ocean Atlas 2001 (WOAO1, Stephens et
al., 2002). For the purpose of this study, we use the summer (July—September) SSTs given in the
WOAO1 for comparison as dinoflagellate and coccolithophore production in the Nordic Seas today is
mainly restricted to the summer season (e.g. Matthiessen et al., 2005; see discussion below). We
refrain from a detailed comparison with the global dataset of modern cyst distribution (Zonneveld et
al., 2013), which presently consists of 2405 data points (including the Northern Hemisphere reference
database), as it contains sites less suitable for meaningful comparison with our high latitude data.

In addition, the distribution of extant and extinct dinocyst species is compared to the North
Atlantic paleo-database of De Schepper et al. (2011) where possible. This dataset compares Plio-
Pleistocene dinocyst relative abundances with (spring—summer) SST estimates derived from the same
sample by measuring Mg/Ca ratios on the planktonic foraminifera Globogerina bulloides
(d’Orbigny). It currently comprises 204 samples (n=204 paleo-database) from four DSDP/ODP/IODP
sites in the North Atlantic (Fig. 1) spanning the Late Pliocene through Early Pleistocene, and can be
accessed at www.pangaea.de via doi:10.1594/PANGAEA.758713.

For most dinocyst species discussed here, however, no previous calibration of relative

abundance vs. SST is available. This also applies to the acritarch taxa presented.

Comparability of proxies and general limitations of the approach

The approach used here, i.e. combining marine palynomorph assemblages with geochemical SST
reconstructions, has previously been proposed by De Schepper et al. (2011). The authors show that
extant species (both dominant and less abundant) occurring in fossil assemblages have a similar
temperature distribution compared to today, and that these SST reconstructions can therefore be used
to assess temperature ranges of extinct species. In contrast to the study of De Schepper et al. (2011),
who used the Mg/Ca ratio of planktonic foraminifera Globogerina bulloides as a SST proxy, the
virtual absence of planktonic foraminifera in the Miocene-Pliocene section of ODP Site 907
(Shipboard Scientific Party, 1995) prevents the application of the same SST proxy for calibration of
species relative abundance. However, previous studies have shown that the alkenone unsaturation
index U*’;;can be applied to reliably reconstruct SSTs on pre-Quaternary timescales at high northern
latitudes (see discussion in Schreck et al., 2013; Stein et al., 2016; Herbert et al., 2016).

While sea surface temperature is the primary ecological factor determining the distribution of
dinoflagellates (e.g. Taylor 1987), we note that the relationship between temperature and
phytoplankton species abundance might be more complex. In order to compare dinoflagellate cyst
abundance, alkenone-based SSTs (this study) and Mg/Ca SSTs (De Schepper et al., 2011), the
producing organisms (dinoflagellates, coccolithophores, foraminifera) should have comparable habitat

depth and seasonality, as these parameters determine the recorded signal.
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1) Habitat depth

All dinocysts discussed here are cysts of phototrophic dinoflagellate species because of fluorescent
properties of the cyst wall (cf. Brenner and Biebow, 2001). Apart from temperature, phototrophic
dinoflagellates respond to light availability, and consequently they are restricted to the photic zone of
the surface waters. Although capable of vertically adjusting their position in the water column, they
generally inhabit a shallow and thin surface layer (e.g. Dale, 1996).

Alkenones are biosynthesized by haptophytes (e.g. coccolithophores, Herbert, 2003) and,
given their phytoplanktonic source, the alkenone production must originate from the photic zone.
Direct measurements of alkenones in the upper water column indicate that the zone of maximum
alkenone production is in the isothermal surface mixed layer (0-20m) rather than within the deeper
chlorophyll maximum layer (e.g. Rosell-Melé and McClymont, 2007, and references therein). Indeed,
calibration of the UX';;is best when using temperatures from 0—10m water depth (Miiller et al., 1998),
suggesting that temperatures derived from alkenone producing coccolithophores reflect surface
conditions.

The planktonic foraminifera Globogerina bulloides generally occupies a habitat restricted to
the upper 60m in the North Atlantic (Ganssen and Kroon, 2000; Chapman, 2010) and the average
calcification depth lies around = 50 m (Véazquez-Riveiros et al., 2016). Therefore, this species records

slightly deeper surface water conditions compared to alkenones.

2) Seasonality of production

In the Nordic Seas, a generally restricted production period has been observed and the export of
fossilizable plankton groups (including dinoflagellates, coccolithophores, foraminifera) occurs during
4-6 months of the year. Hence, the signal recorded in the sediments mainly represents the summer to
autumn seasons (Schroder-Ritzrau et al., 2001, and references therein).

While studies of dinocysts in surface sediments are numerous, sediment trap studies focussing
on the seasonal production of dinoflagellates and their cysts are rare. Most studies are limited to
coastal marine environments, upwelling regions and very restricted marine settings such as fjords and
inlets. While on global scale dinoflagellate cyst relative abundance in surface sediments shows a good
correlation to summer, autumn and annual mean SSTs (Zonneveld et al., 2013), in the Arctic and
Subarctic realm dinoflagellates undergo a pronounced seasonal cycle in production. They are most
abundant during summer due to the prevailing light regime and nutrient availability, but never during
the spring bloom (see Matthiessen et al., 2005, and references therein). Indeed, the few sediment trap
studies from the high latitudes revealed a trend towards summer production of dinoflagellate cysts
(e.g. Dale and Dale, 1992; Howe et al., 2010; Heikkild et al., 2016). Therefore, we consider

dinoflagellate cysts as recorders of summer surface conditions in the study area.
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The same limitations as discussed for dinocysts also apply to production of coccolithophores
in high latitude settings. In the modern Nordic Seas, the production of coccolithophores is
significantly higher (factor of 10) during summer than in the non-production period from late autumn
to early summer due to the availability of light for photosynthesis (Andruleit, 1997; Schréder-Ritzrau
et al., 2001), and high cell densities are usually not observed before August (Samtleben et al., 1995).
This is also documented by the vertical flux of coccolithophores recorded in sediment traps
(Samtleben and Bickert, 1990). Therefore, we interpret the alkenone-derived SSTs to reflect summer
SSTs in the study area.

The foraminifer Globogerina bulloides reflects the northward migrating North Atlantic spring
bloom, February-March between 30° and 40°N, and May-June at higher latitudes (Ganssen and
Kroon, 2000). In fact, recently published isotopic temperatures suggest G. bulloides to calcify their
tests during the summer season between 40—60°N (Vazquez-Riveiros et al., 2016). In the eastern
North Atlantic it reaches highest abundances in late spring and summer (Chapman, 2010). Therefore,
De Schepper et al. (2011) discussed this species as a recorder of spring to summer SSTs in the North
Atlantic n=204 paleo-database. The SST estimates presented by De Schepper et al. (2011) are derived
using the North Atlantic calibration of Elderfield and Ganssen (2000).

3) Limitations of the approach

Despite the fact that dinoflagellate cysts and alkenone producing coccolithophores have a comparable
habitat and seasonality in the study area, certain limitations apply to this approach. In particular,
dispersal with ocean currents has to be considered when comparing fossil and modern species
distribution (Dale and Dale, 1992), but also alkenone distribution (e.g. Mollenhauer et al., 2005) The
East Greenland current flowing along the Greenland continental shelf and slope is the main
oceanographic feature influencing the Iceland Sea (e.g. Blindheim and @sterhus, 2005). Its north to
south configuration limits lateral transport from the Greenland fjords and shelf into the open waters of
the study site. Indeed, palynological assemblages of ODP Site 907 indicate an open ocean
environment throughout most of the analysed interval with only occasional input from the outer shelf
(De Schepper et al., 2015). Thus, ODP Site 907 reflects local conditions with only minimal influence
by oceanic transport. Another bias to the fossil assemblage may be introduced by species-selective
degradation (e.g. Zonneveld et al., 2008). However, this factor does not exert a major influence on the
ODP Site 907 palynomorph assemblages in the productive intervals of both the Miocene and the
Pliocene (see Schreck et al., 2013 for discussion). Finally, the overall SST range reconstructed for
ODP Site 907 (3-26°C) is largely comparable to that in the present-day n=1492 database (-1.8—
30.5°C, de Vernal et al., 2013) and the Plio-Pleistocene North Atlantic paleo-dataset (7.7-25.2°C, De
Schepper et al., 2011). However, our dataset contains more samples from the presumably warmer

Middle to Late Miocene than from the cooler Pliocene, thus partially introducing an offset towards
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higher SSTs when compared to the modern n=1492 and n=101 reference datasets (de Vernal et al.,
2013). Therefore, we may record the warm end of species distribution rather than its minimum SST
requirements. Due to these limitations, we refrain from defining exact upper and lower temperature
limits for the occurrence of extinct species, but rather provide temperature ranges in which extinct
species occurred based on independently derived SST estimates. We note that additional data from
different sites needs to be incorporated into the developing paleo-database to allow for more precise

assessment of species temperature affinities.

Results and Discussion

Alkenone sea surface temperatures

The alkenone SST data used here represent a stack record of data previously published by Schreck et
al. (2013), De Schepper at al. (2015) and Stein et al. (2016). They are discussed in detail in the
respective publications. In addition, this study adds 11 samples with alkenone-based SST estimates to
the ODP Site 907 record. In summary, 86 of the 131 analysed samples yielded sufficient alkenones to
allow the application of the U*y, index to calculate summer SST. The U*y, index varies from 0.116 to
0.863, which translates into SSTs ranging from 3 to 26°C (Figs. 2-3). Modern mean annual SSTs are
2°C at the study site while summer SSTs are 5°C (Fig. 3). Thus, the ODP Site 907 record suggests
warmer than present-day conditions throughout most of the analysed interval. Highest temperatures
are observed in the Middle Miocene. SSTs subsequently decrease towards the end of the latest
Pliocene (Figs. 2-3), where SSTs close to modern values have been recorded. The long-term
temperature evolution in the Iceland Sea therefore follows the general global Neogene cooling trend
(Zachos et al., 2008). However, samples with low amounts of alkenones preventing a reliable
calculation of the U*; index cluster in the early Middle Miocene (Langhian stage) and latest Pliocene.
The Late Pliocene interval coincides with samples almost barren of palynomorphs (Figs. 2—-3; Schreck
et al., 2013) and diatoms (Stabell and Kog, 1996), which has been assigned to a combination of
factors such as sea ice cover, nutrient availability, bottom water ventilation and selective degradation
in relation to waxing and waning of the Greenland Ice Sheet. That may also account for the low
amounts of alkenones. In contrast, the Langhian (Middle Miocene) samples are characterized by high
palynomorph and diatom abundance and diversity, so that the controlling factors for the low alkenone

abundance remains speculative.

Dinoflagellate cysts and acritarchs

The details and raw data of the palynological investigation are presented in Schreck et al. (2013) and
summarized together with our new data in Figs. 2-3. Several species exhibit restricted stratigraphic
ranges with well-defined range tops. This is exemplified in clusters of highest occurrences (HO) in the

early Late Miocene and Early Pliocene (Fig. 3). From the 86 samples with SST estimates (see above)
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Relative abundance of extant and extinct dinoflagellate cysts and acritarchs in ODP Site 907. Also shown

observed in ODP Site 907. Red line presents the present-day sea surface temperature in the sudy area, while the

is the reconstructed alkenone sea surface temperature (SST in °C). Black line depicts the gradual cooling trend
blue line presents the present-day annual mean sea surface temperature.

Fig. 3



18 were virtually barren (< 50 palynomorphs counted, Fig. 2). These 18 samples have been removed
from the dataset due to the large statistical uncertainty introduced by the low number of counts. Of the
remaining 68 samples, 48 samples yielded more than 350 cysts while 7 samples contained less than
150 cysts (Figs. 2 and 4). In order to account for the variability in the number of counts per sample
and to evaluate the statistical error it introduces, we have calculated the simultaneous confidence
interval (95%) for each sample using the method of Sison and Glaz (1995), which takes the total

number of counts per sample into account, but also the
500

® ' distribution of counts for each individual species. This

400 — © -] corresponds to confidence intervals on the relative
- fg%‘\ abundance of + 0.6 to + 12.9% in any given sample,
g e § () and an average of 5.3% on the entire dataset (Fig. 4).
g 200 :,\]4 In general, higher count numbers result in smaller
o0 confidence intervals (represented by larger dots in

100 © ° o Figs. 5-8) and are thus more reliable. This allows to
0o : | I— objectively assess the reliability of the relative

0 2 4 6 8 10 12 14

abundance and avoid over-interpretation.
+ confidence interval in (%)

. ) . In summary, this study provides 68 samples
Fig. 4: The -calculated simultaneous confidence

interval (95%) using the method of Sison and Glaz with marine palynomorph relative abundance
(1995) for all samples in our Miocene-Pliocene

database (n=68). Samples with less than 50 calibrated to SST estimates from the Miocene through
palynomorph counts have been omitted from that i o . .
figure. Larger confidence intervals (i.e. less reliable Pliocene. The temperature affinities of extinct species

samples) are represented by smaller dots in Figs. 4-7. . . . . .
discussed in the text are summarized in Fig. 9.

Extant dinoflagellate cysts

Even though extant species are recorded almost continuously in the Middle Miocene to Late Pliocene
of ODP Site 907, their relative abundances are usually low (< 1%) thus rendering conclusions on their
paleoecology difficult. Extant species recorded include Bitectatodinium tepikiense, Impagidinium
aculeatum, Impagidinium patulum, Impagidinium strialatum, Operculodinium israelianum,
Selenopemphix nephroides, Tectatodinium pellitum and several Brigantedinium species. Only
Nematosphaeropsis labyrinthus, Impagidinium pallidum, Ataxiodinium choane, Spiniferites elongatus
s.l. and Lingulodinium machaerophorum occur continuously and in higher relative abundances (up to
~ 80%) in parts of the analysed interval, and are hence discussed here (Fig. 5). Species abundance is
plotted against alkenone-based SSTs (yellow dots) and compared with their modern distribution in the
Northern Hemisphere reference dataset (black and grey dots) and the n=101 subset (grey dots only).
The present-day data are plotted as a function of summer SST derived from the WOAO1 (Stephens et

al., 2001) because they provide the best comparison with our alkenone-based SSTs, which reflect
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Lingulodinium machaerophorum Nematosphaeropsis labyrinthus Ataxiodinium choane
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Fig. 5: Relative abundance (in %) of extant dinoflagellate cysts in relation to sea surface temperatures (SST in °C). Species
relative abundance (yellow dots) is plotted against alkenone-based SST. Species relative abundance in the modern ocean
(n=1492 = black and grey dots, n=101 = grey dots only) is plotted against present-day summer SST derived from the World
Ocean Atlas 2001 (Stephens et al., 2002). For the Pliocene-Pleistocene n=204 paleo-database (blue dots) species relative
abundances is plotted vs. foraminiferal Mg/Ca-derived (spring-summer) SST (De Schepper et al., 2011).

summer temperatures at the study site (see discussion above). In addition, we compare their Miocene-
Pliocene distribution with that observed in the n=204 paleo-dataset from the Plio-Pleistocene North
Atlantic (blue dots), where species relative abundance is plotted against Mg/Ca spring-summer SST
(De Schepper et al., 2011).

At ODP Site 907, Lingulodinium machaerophorum is restricted to the comparatively warm
Miocene, where it occurs at SSTs ranging from 15 to 24°C (Fig. 5). This compares favourably with its
distribution in the present-day n=1492 database where it is restricted to SSTs between 14 to 30°C (de
Vernal et al., 2013), and also with its distribution in the Plio-Pleistocene North Atlantic where it
mainly occurs between 16 to 24°C (De Schepper et al., 2011). Lingulodinium machaerophorum is a
temperate to tropical species today (Zonneveld et al., 2013) and accordingly has not been observed in
the n=101 subset from the Nordic Seas, where present-day summer SSTs are around 5°C. It is only a
minor component of the ODP Site 907 dinocyst record and thus the data has to be treated with caution

due to the uncertainties related to the low numbers of counts. However, our paleo-dataset suggests a
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preference for warm waters during the Neogene in accordance with its present-day and its Plio-
Pleistocene distribution, indicating a similar lower limit on its occurrence as observed today (> 15°C).

Nematosphaeropsis labyrinthus exhibits a broad temperature range in both the Mio-Pliocene
Iceland Sea (Fig. 5, 7-26°C) and the modern ocean (-1.8-30°C). Its Neogene distribution compares
particularly well at the warm end of its temperature distribution with both present-day datasets
(n=1492 and n=101), but clearly misses elevated relative abundances below 5°C. A similar
distribution is observed in the n=204 paleo-database (De Schepper et al., 2011), which compares
favourably with our data. However, both paleo-datasets (n=204 and this study), do not facilitate
comparison at the lowermost end of this species present day SST range as they only contain two
samples with temperatures < 5°C compared to the strong representation of this temperature interval in
the modern dataset. Nonetheless, it is interesting to note that N. labyrinthus becomes successively
more abundant over the course of the gradual Neogene cooling observed in ODP Hole 907A (Fig. 3).
Besides few exceptions, however, relative abundances > 40% are confined to the interval from 8 to
15°C in both paleo-datasets, while such relative abundances are observed between 7-12°C in the
present-day distribution of this cosmopolitan species.

Ataxiodinium choane occurs in subpolar to temperate regions of the Northern Hemisphere
today and has been rarely observed in the Southern Hemisphere (Zonneveld et al, 2013). In the Mio-
Pliocene of the Iceland Sea, it occurs at temperatures ranging from 8 to 21°C, exceptionally as high as
26°C, which is similar to its present-day distribution in the n=1492 database (0-25°C, Fig. 5, de
Vernal et al, 2013), in particular at the warm end of its temperature distribution. It can apparently
occur at lower temperatures today (< 5°C) but then it is only rare (< 1%). Ataxiodinium choane
accounts for up to 3% of the modern dinocyst assemblage but constitutes as much as 8-14% of the
dinocyst assemblage in the Neogene of the Iceland Sea. It is important to note that its maximum
relative abundance at the study site is related to similar SSTs (10-15°C) as its maximum abundance in
the modern ocean, thus lending confidence to our reconstruction. In the Plio-Pleistocene North
Atlantic this species is only a rare component of the dinocyst assemblage (< 0.5%, data supplement in
De Schepper et al., 2011), but it occurs at temperatures ranging from 11 to 21°C in the n=204 paleo-
database, thereby more or less supporting our Mio-Pliocene temperature assessment.

In the modern ocean, Spiniferites elongatus s.1. is a polar to subtropical species restricted to
the Northern Hemisphere (Zonneveld et al., 2013). It occurs at SSTs ranging from -1.8 to 25°C (Fig.
5), occasionally as high as 30°C, but has highest relative abundances (> 10%) between 2 and 15°C (de
Vernal et al., 2013). At ODP Site 907, S. elongatus s.l. is mainly confined to the cooler Pliocene
interval and is present in only two samples from the Miocene. It occurs at restricted SSTs between 7
to 13°C, and is particularly abundant between 5-4 Ma when ODP Site 907 received increased IRD
input (Fronval and Jansen, 1996), which may suggest a tolerance for colder surface waters similar to

its present-day distribution.
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In contrast, the Middle Miocene to Pliocene record of Impagidinium pallidum suggests a
preference for warmer conditions than its distribution in the modern ocean. Today this species occurs
at SSTs ranging from -2.1 to 25.7°C (Zonneveld et al., 2013), but is most abundant (> 10% of the
assemblage) in the Northern Hemisphere at SSTs ranging between -1.8 and 6.5°C, clearly suggesting
a cold-water affinity (Fig. 5, de Vernal et al., 2013). This species apparently has a similar overall SST
range (7-26°C) and reaches highest relative abundance (6-8% of the assemblage) at the colder end of
its temperature spectrum (7-10°C) in the Mio-Pliocene Iceland Sea, but does not exhibit increased
abundances at similarly lower temperatures as observed in the present-day database. In fact, /.
pallidum never constitutes more than 10% to the dinocyst assemblage at ODP Site 907, which is in
contrast to its high relative abundance in the present-day Iceland Sea (Matthiessen, 1995; Marret et
al., 2004). The overall temperature range in the Iceland Sea agrees well with the distribution observed
in the Plio-Pleistocene North Atlantic and, in particular, its occurrence at temperatures exceeding
15°C supports the tolerance of 1. pallidum for higher SSTs in the past as suggested by De Schepper et
al. (2011). However, De Schepper et al. (2011) reported highest relative abundances (> 10%) of I.
pallidum at SST values between 10-15°C only at DSDP Site 610 from the eastern North Atlantic,
while in the Iceland Sea it reaches maximum relative abundance at SSTs between 7—10°C, thus being
closer to present-day values. Nonetheless, the occurrence of 1. pallidum at warmer conditions in the
geological past, in particular in the eastern North Atlantic, is in clear contrast with its present-day
distribution (Fig. 5), which suggests other factors, such as nutrient availability, may play a decisive
role in controlling its occurrence. While its present-day distribution reflects affinities with cold and
rather oligotrophic environments this might have been different in the past. However, we note that the
modern database does not include warm oligotrophic sites. It is worth mentioning, that /. pallidum is
stratigraphically long-ranging and extends back into at least the Middle Eocene (Bujak, 1984; Head
and Norris, 1989). Its existence during those periods, which were much warmer than today, already
suggests some tolerance for warmer conditions. Moreover, its longevity, in particular from the late
Paleogene to the present-day, also suggests a potential for adaption to changing environments.
However, given the fact that /. pallidum reaches highest relative abundances in the present-day Nordic
Seas and the eastern Arctic Ocean (Matthiessen, 1995), reduced habitat competition in these hostile
environments may also explain the observed differences. On the other hand, it may also reflect the
existence of two cryptic species and therefore explain the observed differences in distribution. We
therefore corroborate the questionable value of 1. pallidum as a reliable cold-water indicator in older

(pre-Quaternary) deposits (this study, De Schepper et al., 2011).
Extinct dinoflagellate cysts

The majority of the Miocene to Pliocene samples of ODP Site 907 is dominated by extinct species.

Despite the high diversity of the palynomorph record, however, only 10 dinocyst species continuously

132



occur in significant numbers to reliably perform a correlation exercise. Most species are rare (< 2% of
the assemblage) or occur in a few samples only (see Schreck et al., 2013 for details), thus
circumventing conclusions on their ecological affinities. Therefore, only the most relevant species are
shown in Figs. 67 and 9, and discussed here. All Miocene to Pliocene data (yellow dots) are plotted
versus alkenone-derived summer SSTs. Habibacysta tectata and Operculodinium? eirikianum have
also been recorded by De Schepper et al. (2011) from the Plio-Pleistocene North Atlantic, hence
allow to compare their distribution with the n=204 paleo-database (Fig. 6).

Based on its geographical distribution in the Pliocene of the Labrador Sea, North Atlantic and
North Sea basin, Habibacysta tectata has been considered a cool-water tolerant (Head 1994) to cold-
water species (Versteegh 1994), while recent quantitative data indicate a broader temperature
tolerance with a cool-water affinity (De Schepper et al., 2011; Hennissen et al., 2017). This species
has also been recorded from the Middle Miocene of the Mediterranean (Jiménez-Moreno et al., 2006),
and the upper Miocene of the Gulf of Mexico (as Tectatodinium sp. B in Wrenn and Kokinos, 1986)
and the Caribbean Sea (Wrenn pers. com. in Head 1994) respectively, suggesting a much wider
thermal preference. In Iceland Sea ODP Hole 907A, which covers both the Miocene and the Pliocene,
H. tectata indeed exhibits a much broader temperature range (8—26°C, Figs. 6 and 9) than in the study
of De Schepper et al. (11-17°C, 2011), suggesting that temperature may not be the only factor
controlling this species distribution. Even though it can occur at temperatures below 10°C, it clearly
shows a centre of distribution at temperatures > 15°C. Given its wide temperature distribution across

the Middle Miocene to Pliocene in the Iceland Sea (this study), its more restricted range in the Plio-
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Fig. 6: Relative abundance (in %) of extinct dinoflagellate cysts in relation to sea surface temperatures (SST in °C).
Species relative abundance (yellow dots) is plotted against alkenone-based SST, and for the Pliocene-Pleistocene n=204
paleo-database (light blue dots) species relative abundance is plotted vs. foraminiferal Mg/Ca-derived (spring-summer)
SST (De Schepper et al., 2011).
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Pleistocene North Atlantic and its overall biogeographic distribution ranging from subtropical/tropical
(in the Miocene) to subpolar (in the Plio-Pleistocene), this may suggest an adaptation of this species
towards cooler conditions occurring in concert with the general global cooling observed during the
Neogene, with optimum temperatures > 15°C. Based on the clear decrease in relative abundance
around 10°C, and comparable to the conclusion of Hennissen et al. (2017) we consider H. tectata as a
cold-tolerant species rather than a strictly cold-water indicator.

Operculodinium? eirikianum is only a minor component of the Mio-Pliocene palynomorph
assemblage in the Iceland Sea, and thus conclusions should be treated with caution. However,
similarly low counts of O.? eirikianum have been reported from the Miocene and Pliocene of the
North Atlantic and North Sea basin suggesting this species is typically a minor but consistent
component of Neogene assemblages (e.g. Louwye, 2002; Louwye et al., 2007; Louwye and De
Schepper et al., 2010; De Schepper et al., 2011; Quaijtaal et al., 2014). It is present from 8 to 26°C in
the Mio-Pliocene of the Iceland Sea (Figs. 6 and 9), but in significant numbers (> 5%) only in one
sample at 12°C, thus clearly restricting interpretations of its paleoecological preferences. Nonetheless,
the lower limit of distribution compares well with the n=204 North Atlantic paleo-database where
both subspecies (0.? eirikianum var. eirikianum and O.? eirikianum var. crebrum) have not been
recorded at SSTs below 9°C (De Schepper et al., 2011). This may suggest a certain temperature
threshold on its occurrence and supports the interpretation of this species being cold-intolerant (Head,
1997).

The species stratigraphically restricted to the Miocene (Cerebrocysta irregulare,
Cordosphaeridium minimum, Operculodinium centrocarpum s.s., Impagidinium elongatum,
Batiacasphaera hirsuta, and Labyrinthodinium truncatum) all show a preference towards higher
temperatures (Figs. 7 and 9). Cerebrocysta irregulare, Cordosphaeridium minimum, Operculodinium
centrocarpum s.s. and Impagidinium elongatum are all confined to the early Late Miocene and occur
at SSTs between 19 and 26°C, with only one sample recorded at a lower temperature (16°C) outside
this restricted SST range. All four species disappear around 10.5 Ma when temperatures permanently
drop below 20°C (Figs. 2-3). In addition, siliciclastic sedimentation becomes predominant and the
first drop stone is recorded at the study site (Shipboard Scientific Party, 1995). This suggests incisive
environmental changes in the study area causing these species to disappear. It seems likely that a
critical temperature threshold on the occurrence of these species might have been crossed, but a lower
temperature limit cannot be assessed with certainty based on the limited data available. Similarly,
Batiacasphaera hirsuta persistently occurs with relative abundances greater than 1% of the dinocyst
assemblage at SSTs in excess of 20°C (Fig. 7). In contrast to C. irregulare, C. minimum, O.
centrocarpum s.s., and I. elongatum, which all disappear around 10.5 Ma, B. hirsuta still occurs,
although sporadically and in very low numbers only, at temperatures as low as 16°C until its highest

occurrence (HO) in ODP Hole 907A at around 8.5 Ma (Figs. 2-3). Labyrinthodinium truncatum
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clearly shows a centre of distribution at SSTs between 16 and 22°C, occasionally occurring at even

higher temperatures (Figs. 7 and 9). It has a similar stratigraphic range as B. hirsuta, but in contrast to

the latter it occurs continuously and in greater numbers until its HO around 8.5 Ma (Fig. 3). While the

contemporaneous disappearance suggests a similar temperature threshold for the occurrence of both

species, L. truncatum appears to be more tolerant towards cooler conditions than B. hirsuta judged by

its higher relative abundances.
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Fig. 7: Relative abundance (in %) of extinct dinoflagellate cysts in relation to sea surface temperatures (SST in °C). Species
relative abundance (yellow dots) is plotted against alkenone-based SST.
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All six Miocene species exhibit very restricted temperature ranges in ODP Hole 907A, but
with distinctively varying thermal affinities indicating a strong individual adaptation to the warm
conditions prevailing during most of the Miocene. Cerebrocysta irregulare, C. minimum, O.
centrocarpum s.s. and I. elongatum disappear in an interval when the first drop stone is observed and
temperatures constantly drop below 20°C, suggesting an intolerance towards cooler conditions.
Batiacasphaera hirsuta and L. truncatum occur at SSTs as low as 16°C, the latter probably being
more tolerant to these temperatures judged by its higher relative abundances. However, none of the
six taxa has been recorded at temperatures lower than 15°C clearly suggesting them all to be warm-
water species. They all disappear from the Nordic Seas and the North Atlantic in the early Late
Miocene in concert with general Neogene climate deterioration (Figs. 2-3).

In contrast, the Batiacasphaera micropapillata complex and Reticulatosphaera
actinocoronata, which both range up into the Early Pliocene across the North Atlantic, occur at a
much broader temperature range (Figs. 7 and 9). The B. micropapillata complex ranges from 8 to
26°C, but highest relative abundances are recorded at the warm end of the SST spectrum
reconstructed for Iceland Sea ODP Site 907. It contributes to the dinocyst assemblage at temperatures
below 10°C, but relative abundance only starts to increase at SSTs > 10°C. Previous interpretations of
this species complex as being warm- to cool-temperate based on its (paleo) biogeographic distribution
(Schreck and Matthiessen, 2013) may have to be reconsidered since high relative abundances at SST's
in excess of 15°C clearly suggests a warm water affinity. Reticulatosphaera actinocoronata has a
similar temperature range and occurs at SSTs between 9 and 25°C. Relative abundances of 2.5% and
above are usually associated with SST values greater than 18°C and it only occurs sporadically at
temperatures lower than 15°C. This indicates a lesser tolerance of this species versus colder waters
compared to the B. micropapillata complex, which is still common (e.g. > 10%) at SSTs between 10
and 15°C (Fig 3). In addition, R. actinocoronata disappears earlier than the B. micropapillata
complex across the North Atlantic during Pliocene cooling supporting the interpretation of R.
actinocoronata being less tolerant towards colder conditions. However, both taxa tolerate a wide
range of temperatures, thus favouring their cosmopolitan distribution in the Neogene (see Schreck et
al., 2012, and references therein). Both species disappear in the Iceland Sea during the Early Pliocene
in concert with a fundamental reorganisation of the Nordic Seas surface circulation (Schreck et al.,
2013; De Schepper et al., 2015).

Operculodinium tegillatum is only a minor constituent of the dinocyst assemblage at ODP
Site 907, and interpretations should thus be considered tentative. It is largely confined to the Early
Pliocene interval and only occurs sporadically in the warmer Miocene (Figs. 2-3). It exhibits a
restricted temperature range and its occurrence is related to SSTs between 7 and 15°C (Figs. 7 and 9),
indicating a tolerance versus cool-temperate conditions. We note, however, that occurrences at both

ends of the temperature spectrum are confined to very low relative abundances. Contemporaneously
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with B. micropapillata and R. actinocoronata, this species disappears at 4.5 Ma from the record of
ODP Hole 907A (Fig. 3). This disappearance event has been related to a general reorganisation of
surface water circulation in the entire Nordic Seas (De Schepper et al., 2015). As these changes in
oceanographic conditions certainly affected different surface water mass properties, it leaves the
question whether species disappearance is exclusively a function of temperature (e.g. cooling). As all
three species have slightly different thermal preferences it seems likely that other factors such as

salinity and nutrient availability also played a crucial role in their coeval disappearance.

Acritarchs

Due to their small size, unknown biological affinity and challenging taxonomy, acritarchs have often
received considerably less attention than dinocysts during palynological analyses, in particular during
stratigraphic studies, resulting in a loss of information (De Schepper and Head, 2014). However,
significant progress in their taxonomy has been made over the last two decades, and their stratigraphic
and paleoenvironmental value is progressively explored. The fossil acritarch genera Cymatiosphaera
and Lavradosphaera have been frequently recorded in the Neogene of the high northern latitudes and
exhibit high relative abundances in certain intervals where they may even outnumber the dinocysts
(de Vernal and Mudie, 1989; Piasecki, 2003; De Schepper and Head, 2014; Schreck et al., 2013).
Despite providing valuable biostratigraphic marker events (Matthiessen et al., 2009; De Schepper and
Head, 2014; Mattingsdal et al., 2014; Grgsfjeld et al., 2014), the application of these high abundance
intervals (acmes) for paleoenvironmental reconstructions is still restricted due to limited knowledge
on their paleoecological implications. At ODP Site 907, acritarchs occur throughout most of the
analysed interval and contribute substantially to the palynomorph assemblage (Figs. 2-3).
Unfortunately, the Middle Miocene assemblage is dominated by various spinous forms that could not
be assigned to a particular genus but have only collectively been referred to as acanthomorphic
acritarchs (Schreck et al., 2013), and are hence not discussed here.

Lavradosphaera elongata is restricted to the Middle Miocene in ODP Site 907 and its highest
occurrence in the upper Serravallian (Figs. 2-3) has been related to the global Mi-5 cooling event
leading to the interpretation of L. elongata being a warm-temperate species (Schreck and Matthiessen,
2014). Indeed, its occurrence is confined to SSTs higher than 20°C (Figs. 8-9) indicating a warm
water preference. It exhibits a restricted temperature range between 20 and 24°C suggesting an
adaptation to warmer surface waters, which likely explains its disappearance during times of high
latitude cooling. However, this species has only been recorded in the Iceland Sea to date and relative
abundances are usually low, thus conclusions should be regarded tentative until more data on its

distribution are available to validate the temperature range given in this study.

The acritarch Decahedrella martinheadii is endemic to the high northern latitudes and an

excellent stratigraphic marker for the Late Miocene in the Arctic and sub-arctic seas (Schreck et al.,
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2012). Based on its biogeographic distribution it has been considered a cold-water species (Manum,
1997; Matthiessen et al., 2009). Indeed, its first occurrence in Iceland Sea ODP Hole 907A around
10.5 Ma is contemporaneous with the occurrence of the first drop stone, the onset of predominantly
siliciclastic deposition at the site (Figs. 2-3, Shipboard Scientific Party, 1995) and a permanent drop
of SSTs below 20°C. In combination with simultaneously declining dinocyst diversity and the
disappearance of several dinocyst and acritarch taxa, this suggests initiation of cooler surface water
conditions in the study area at that time (Schreck et al., 2013). However, alkenone data from ODP
Hole 907A indicate a broad temperature tolerance for this species as it occurs at SSTs ranging from 3
to 21°C (Figs. 8-9). Although its presence in significant numbers until 21°C contrasts previous
interpretations of this species being a cold-water indicator based on biogeographic distribution,
highest relative abundances (> 40% of the total marine palynomorph assemblage [dinocysts and
acritarchs]) are found < 12°C. In the central Arctic Ocean, D. martinheadii continuously occurs in
samples with alkenone SST estimates ranging from 4 to 6°C (Stein et al., 2016), which indicates that,
even though this species can tolerate a wide range of temperatures, it is well adapted to colder
conditions in the Arctic and subarctic realm.

The genus Cymatiosphaera has been assigned to the prasinophytes, which today forms an
important element of high latitude phytoplankton communities (Tyson, 1995, and references therein).
In modern and Quaternary sediments, prasinophytes (in particular Cymatiosphaera species) are often
associated with cooler surface waters and/or less saline conditions (Wall and Dale, 1974; Tappan,
1980; Sorrel et al., 2006). In the Pliocene of Iceland Sea ODP Hole 907A, Cymatiosphaera?
invaginata reaches relative abundances > 5% of the total marine palynomorph assemblage at
temperatures lower than 15°C (Fig. 8), indeed indicating a cold-water tolerance of this species. The
Early Pliocene interval with elevated C.? invaginata abundance is characterized by severe cooling
(Figs. 2-3, De Schepper et al., 2015) and increased occurrence of ice-rafted debris (Fronval and

Jansen, 1996), both supporting this interpretation. In the generally warmer Middle Miocene, however,
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Fig. 8: Relative abundance (in %) of extinct acritarchs in relation to sea-surface temperatures (SST in °C). Species
relative abundance (yellow dots) is plotted against alkenone-based SST.
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it can occur at temperatures of up to 26°C, but then never exceeds more than 2% of the total marine
palynomorph assemblage suggesting an occurrence close to its upper temperature limit. This species
apparently tolerates a broad range of temperatures, but relative abundances in ODP Hole 907A clearly

suggest an affinity for cooler surface waters.
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Fig. 9: Summary of the temperature ranges of the extinct dinoflagellate and acritarch species discussed in the text.
Highlighted area (back) represents the centre of distribution. Blue line indicates the total reconstructed temperature range
in ODP Site 907.

Conclusion
Information on the paleoecology of extinct marine palynomorphs has been mainly derived from their
biogeographic distribution and thus, remained qualitative. However, the combination of dinocyst and
acritarch assemblages with independently derived alkenone-based SST estimates from the same
sample presented here provide an initial quantitative assessment of temperature preferences for
Miocene through Pliocene species in a high latitude setting. We refrain from defining exact upper and
lower temperature limits for the occurrence of extinct species, but provide temperature ranges in
which extinct species may have occurred based on independently derived SST estimates, thus
improving previous qualitative assignments that were solely based on biogeographic distribution. Our
results indicate that:
¢ The Miocene dinocyst species Cerebrocysta irregulare, Cordosphaeridium minimum,
Operculodinium centrocarpum s.s., Impagidinium elongatum, Batiacasphaera hirsuta and
Labyrinthodinium truncatum, and the acritarch Lavradosphaera elongata are restricted to a
narrow temperature interval and none of these are recorded at SSTs below 15°C. Therefore,
these species are considered as warm-water species. Their disappearance during late Neogene
cooling, indicated by a SST decrease and the first drop stone, suggests a strong adaptation to
the warmer conditions prevailing during most of the Miocene.
¢ The stratigraphically higher ranging species Operculodinium? eirikianum, Reticulatosphaera

actinocoronata, Batiacasphaera micropapillata complex and Habibacysta tectata tolerate a
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broader temperature range. The latter two taxa still contribute to the palynomorph assemblage
at temperatures below 10°C, but our data indicate that H. tectata is not a cold-water species as
previously suggested based on (paleo)biogeographic distribution. In contrast, B.
micropapillata complex may have a preference for warmer surface conditions than previously
suggested by biogeography. Operculodinium? eirikianum is considered a cold-intolerant
species that may have a lower SST limit for its occurrence at around 10°C.

¢ The acritarchs D. martinheadii and C.? invaginata have a broad temperature distribution
across the Miocene to Pliocene, but high relative abundances at temperatures < 10°C in the
Iceland Sea clearly suggest a preference for cooler surface water conditions. Based on our
data quantitative data, however, D. martinheadii should not be regarded as an indicator for
cold waters exclusively.

¢ The Miocene-Pliocene distribution of the extant L. machaerophorum, N. labyrinthus, A.
choane and S. elongatus compares well with its occurrence in the Plio-Pleistocene North
Atlantic and in the modern ocean. However, it rather corresponds to the warm end of its
distribution in the modern ocean for S. elongatus s.1. and N. labyrinthus.

¢ Compared to present-day, the extant [. pallidum does not exhibit increased relative
abundances at the lower end of its temperature range in both paleo-datasets, but rather show a
preference for somewhat warmer waters (> 10°C) in the geological past. We thus question its

use as a reliable cold-water indicator in pre-Quaternary sediments.

Although our Miocene to Pliocene record may be slightly biased towards warmer SSTs when
compared to the present-day reference database, fossil and modern distribution of extant species is
largely comparable. It is in good agreement with the species distribution recorded in the North
Atlantic Plio-Pleistocene paleo-dataset (De Schepper et al., 2011) and therefore provides first
indications on how to interpret Miocene assemblages with no modern analogue. In particular, when
combining the SST range of several individual species it allows to narrow the interval of co-
occurrence and thus to infer the prevailing SSTs at the study site (Fig. 9). Our new data complement
the previously published paleo-dataset from the North Atlantic and expands its spatial (high northern
latitudes) and temporal (into the Miocene) coverage. However, we note that our data represent an
initial assignment of paleoecological affinities of extinct Mio-Pliocene species and there is a strong
need to further augment data from different sites to this dataset in order to confirm the proposed
relationships and to further increase the reliability of ecological assessments of extinct species.
Despite its limitations, this approach helps to decipher the paleoecology of extinct species and
improves their application for paleoenvironmental reconstructions, in particular in the high northern
latitudes where other microfossil groups are rare to absent. A refined understanding of temperature

preferences of Neogene high latitude species and its quantitative assessment will be particularly
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important to better understand paleoenvironmental changes in the Arctic Ocean and marginal seas

during Earth’s transition from Greenhouse to Icehouse conditions.
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Appendix: List of taxa discussed in the text and their full authorial citations.
Ataxiodinium choane Reid, 1974

Batiacasphaera hirsuta Stover, 1977

Batiacasphaera micropapillata Stover, 1977

Cerebrocysta irregulare Schreck et al., 2012

Cordosphaeridium minimum (Morgenroth, 1966) Benedek, 1972

Habibacysta tectata Head et al., 1989

Impagidinium elongatum Schreck et al., 2012

Impagidinium pallidum Bujak, 1984

Labyrinthodinium truncatum Piasecki, 1980

Lingulodinium machaerophorum (Deflandre and Cookson, 1955) Wall, 1967
Nematosphaeropsis labyrinthus (Ostenfeld, 1903) Reid, 1974

Operculodinium centrocarpum (Deflandre and Cookson, 1955) Wall, 1967
Operculodinium tegillatum Head, 1997

Operculodinium? eirikianum Head et al, 1989 emend. Head, 1997
Reticulatosphaera actinocoronata (Benedek, 1972) Bujak and Matsuoka, 1986 emend. Bujak and
Matsuoka, 1986

Spiniferites elongatus Reid, 1974

Cymatiosphaera? invaginata Head et al., 1989

Decahedrella martinheadii Manum, 1997

Lavradosphaera elongata Schreck and Matthiessen, 2014
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