
Marine Micropaleontology 101 (2013) 49–67

Contents lists available at SciVerse ScienceDirect

Marine Micropaleontology

j ourna l homepage: www.e lsev ie r .com/ locate /marmic ro
Research paper

Response of marine palynomorphs to Neogene climate cooling in the Iceland Sea
(ODP Hole 907A)

M. Schreck ⁎, M. Meheust, R. Stein, J. Matthiessen
Alfred Wegener Institute for Polar and Marine Research, Am Alten Hafen 26, 27568 Bremerhaven, Germany
⁎ Corresponding author at: Korea Polar Research Inst
Gaetbeol-ro, Incheon, Korea. Tel.: +82 32 260 6008.

E-mail address: Michael.Schreck@kopri.re.kr (M. Sch

0377-8398/$ – see front matter © 2013 Elsevier B.V. All
http://dx.doi.org/10.1016/j.marmicro.2013.03.003
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 23 May 2012
Received in revised form 20 February 2013
Accepted 13 March 2013

Keywords:
Iceland Sea
Neogene
dinoflagellate cysts
acritarchs
alkenone
paleoenvironment
Thepresent study onODP Leg151Hole907A combines a detailed analysis ofmarine palynomorphs (dinoflagellate
cysts, prasinophytes, and acritarchs) and a low-resolution alkenone-based sea-surface temperature (SST) record
for the interval between 14.5 and 2.5 Ma, and allows to investigate the relationship between palynomorph
assemblages and the paleoenvironmental evolution of the Iceland Sea.
A high marine productivity is indicated in the Middle Miocene, and palynomorphs and SSTs both mirror the
subsequent long-term Neogene climate deterioration. The diverse Middle Miocene palynomorph assemblages
clearly diminish towards the impoverished assemblages of the Late Pliocene; parallel with a somewhat gradual
decrease of SSTs being as high as 20 °C at ~13.5 Ma to around 8 °C at ~3 Ma.
Superimposed, palynomorph assemblages not only reflect Middle to Late Miocene climate variability partly
coinciding with the short-lived global Miocene isotope events (Mi-events), but also the initiation of a
proto-thermohaline circulation across the Middle Miocene Climate Transition, which led to increased
meridionality in the Nordic Seas. Last occurrences of species cluster during three events in the Late Miocene
to Early Pliocene and are ascribed to the progressive strengthening and freshening of the proto-East Greenland
Current towards modern conditions. A significant high latitude cooling between 6.5 and 6 Ma is depicted by
the supraregional “Decahedrella event” coeval with lowest Miocene productivity and a SST decline.
In the Early Pliocene, a transient warming is accompanied by surface water stratification and increased
productivity that likely reflects a high latitude response to the global biogenic bloom. The succeeding crash
in palynomorph accumulation, and a subsequent interval virtually barren of marine palynomorphs may be
attributed to enhanced bottom water oxygenation and substantial sea ice cover, and indicates that conditions
seriously affecting marine productivity in the Iceland Sea were already established well before the marked
expansion of the Greenland Ice Sheet at 3.3 Ma.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

The Neogene is a crucial epoch for the evolution of Earth's climate
as it went through the fundamental transition from a relatively warm
Early Miocene to the colder conditions at the end of the Pliocene
(Zachos et al., 2008). After the Miocene Climate Optimum (MCO,
17–15 Ma), when Earth experienced warmest temperatures since
the Middle Eocene (Zachos et al., 2008), global surface and deep
ocean temperatures cooled significantly (Wright et al., 1992; Billups
and Schrag, 2002; Shevenell et al., 2004; Kuhnert et al., 2009) across
the Middle Miocene Climate Transition (MMCT, 14.2–13.7 Ma), and
the East Antarctic Ice Sheet experienced major expansion (e.g. Flower
and Kennett, 1994; John et al., 2011; Paschier et al., 2011). This transi-
tion marked the onset of progressive long-term cooling both on land
(Pound et al., 2012) and in sea (Zachos et al., 2008) that ultimately
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pushed the climate system into the bipolar glaciated mode of today.
Superimposed, distinct short-term climate variability has been ob-
served in marine records (Miller et al., 1991; Turco et al., 2001;
Andersson and Jansen, 2003; Westerhold et al., 2005; John et al.,
2011) and partly attributed to ice sheet growth on Antarctica and/or
bottom-water cooling (Mi events sensu Miller et al., 1991). In this
context, however, the high northern latitude oceans are of eminent
relevance to decipher causes and consequences of the Neogene climate
variability (e.g. Thiede et al., 1998) since they influence global climate
through feedback mechanisms related to the formation of perennial/
seasonal sea ice cover (Miller et al., 2010; Serreze and Barry, 2011),
and production of northern-sourced deep-water (Flower and Kennett,
1994; Rahmstorf, 2006).

The timing of the onset of glaciations in the Northern Hemisphere
is still debated but ice-rafted debris (IRD) has been recorded as early
as the Middle Eocene in the Arctic Ocean (Stickley et al., 2009) and
the Greenland Sea (Eldrett et al., 2007; Tripati et al., 2008). Although
it has been speculated that a Neogene Greenland Ice Sheet has existed
since at least 18 Ma (Thiede et al., 2011), published records suggest that
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small scale glaciations large enough to reach sea-level might have oc-
curred on Greenland not before the early to middle Late Miocene
(Schaeffer and Spiegler, 1986; Wolf and Thiede, 1991; Fronval and
Jansen, 1996; Wolf-Welling et al., 1996; Helland and Holmes, 1997;
Winkler et al., 2002). In contrast, ice sheets probably developed in the
northern Barents Sea and on Scandinavia already in theMiddleMiocene
(Fronval and Jansen, 1996; Knies and Gaina, 2008).

The formation of glacial ice on the circum-Arctic continents might
have been linked to the fundamental reorganization of the circulation
in the Nordic Seas. The opening of Fram Strait and the subsidence
of the Greenland–Scotland Ridge (GSR) have led to an enhanced
exchange of water masses between the Arctic Ocean and the North
Atlantic via the Nordic Seas (Bohrmann et al., 1990; Wright and Miller,
1996; Poore et al., 2006; Jakobsson et al., 2007; Knies and Gaina, 2008).
Jakobsson et al. (2007) assumed that Fram Strait reached sufficient
width (40–50 km; present-day width 400 km) to efficiently ventilate
the Arctic Ocean at ~17.5 Ma, and began to open at greater depth
by ~14 Ma, which is supported by benthic foraminiferal evidence from
the Lomonosov Ridge and Fram Strait (Kaminski et al., 2006; Kaminski,
2007). Simultaneously, a prominent shift from biosiliceous to
calcareous-rich sediments in the Norwegian Sea (Bohrmann et al.,
1990; Cortese et al., 2004) was likely coupled to the subsidence of the
Greenland–Scotland Ridge, which consequently modulated exchange
of North Atlantic and Arctic water masses. Reduced fluxes in Northern
Component Water (NCW) have been correlated with uplifts of the GSR
and vice versa (Wright and Miller, 1996; Poore et al., 2006; Abelson et
al., 2008), and Bohrmann et al. (1990) related periodic changes in bio-
genic carbonate and opal accumulation in the Norwegian Sea to variable
exchange of surface waters between the Nordic Seas and the North At-
lantic. The initiation of a proto-East Greenland Current (EGC) may have
coincided with the establishment of a modern-like ice drift pattern
through Fram Strait at around 14 Ma (Knies and Gaina, 2008), but Wei
(1998) suggest an onset around 12 Ma based on calcareous nannofossils
from the Irminger Basin. An even younger onset at around 10.5 Ma is
proposed by Wolf-Welling et al. (1996) based on changes in bulk accu-
mulation rates in the Fram Strait. The modern EGC was probably first
established during the intensification of Northern Hemisphere glacia-
tions with the thermal isolation of Greenland due to the final closure of
the Isthmus of Panama and the opening of Bering Strait at the Plio-
cene–Quaternary transition (Sarnthein et al., 2009).

However, to date, most information is derived from a few Neogene
sections located along the path of the inflowing North Atlantic waters
Fig. 1. Schematic present-day ocean circulation in the Nordic Seas, and location of ODP Leg 1
Ocean derived cold surface waters: EGC = East Greenland Current, JMC = Jan Mayen Cu
surface water: WSC = West Spitzbergen Current, NAC = Norwegian Atlantic Current, IC = Ir
Strait Overflow Water; ISOW = Iceland Scotland OverflowWater (modified from Blindheim a
in the Norwegian Sea (Fig. 1) while the Neogene paleoceanography of
the Greenland and Iceland seas is almost unknown due to the discon-
tinuous occurrence of calcareous microfossils in these sediments
(e.g. Fronval and Jansen, 1996). Here we present a comparatively
high-resolution record of organic-walledmicrofossils (e.g. dinoflagellate
cysts = dinocysts, prasinophytes, acritarchs) from the almost continu-
ous middle Miocene to upper Pliocene sequence of ODP Hole 907A in
the Iceland Sea, an area close to the growing Greenland and Iceland ice
sheets, which experienced the effects of sea ice cover, migrating wind
fronts and ocean currents. The pristine paleomagnetic record of Hole
907A provides the unique opportunity for detailed investigations on
the response of palynomorph assemblages to theMMCTand subsequent
long-term cooling, and thus to derive complementary information on
the Neogene of the Nordic Seas cold-water domain. Palynomorph-
based interpretations have been supplemented with a low-resolution
alkenone SST record that provides new constraints on the thermal
evolution of the Iceland Sea.

2. Material and methods

ODPHole 907A is located on the eastern Iceland Plateau (69°14.989′
N, 12°41.894′ W; 2035.7 m water depth; Fig. 1), and was drilled in an
undisturbed hemipelagic sequence that mainly consists of unlithified
silty clays and clayey silts (Shipboard Scientific Party, 1995). Based on
the revised magnetostratigraphy (Channell et al., 1999), which has
been adjusted to the latest astronomically-tuned Neogene timescale
(ATNTS) 2004 (Lourens et al., 2005), a total of 120 samples spanning
the early Middle Miocene to Pliocene (Samples 23H-CC, 10–12 cm
to 6H-3, 82–84 cm), has been selected at ~100 kyr resolution. The
stratigraphic occurrence of a selected number of dinocyst and acritarch
species is discussed by Schreck et al. (2012).

2.1. Palynological methods

Subsamples (~15 cm3)were processed using standard palynological
techniques (e.g.Wood et al., 1996), including acid treatment (HCl [10%],
HF [38–40%]), but without oxidation or alkali treatments. 2 Lycopodium
clavatum tablets (Batch no. 124961, X = 12,542, s = ±416 per tablet)
were added to each sample during the HCl treatment to calculate
palynomorph concentrations (Stockmarr, 1977). The residuewas sieved
over a 6 μm polyester mesh to ensure that small palynomorphs
51 Site 907, as well as sites discussed in the text (black dots). Blue arrows refer to Arctic
rrent, EIC = East Iceland Current. Red arrows indicate Atlantic Ocean derived warm
minger Current. Black arrows show pathways of deep/bottomwater: DSOW = Denmark
nd Østerhus, 2005).
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(b15 μm) would be retained, and mounted with glycerine jelly on
microscope slides.

Generally, marine palynomorphs have been counted until a mini-
mum of 350 (ø = 272) dinocysts had been enumerated. At least one
slide was completely scanned for rare taxa not encountered during
regular counts. All counts and scans were conducted on a Zeiss
Axioplan 2 microscope at 63× and 20× magnification, respectively.
Transmitted light photomicrographs (Plates I–III) have been taken
with a JenaOptik ProgRes C5 digital camera. Autofluorescence has
been determined by epifluorescencemicroscopy using a Zeiss Axiophot
microscope equippedwith the Zeiss filter set 9 (BP 450–490, FT 510; LP
515).

The dinocyst nomenclature follows Fensome and Williams (2004
and references therein), Schreck et al. (2012), and Schreck and
Matthiessen (in press), and acritarch and prasinophyte nomenclature
follows Head et al. (1989a), Manum (1997), Head (2003), and De
Schepper and Head (2008).

The Shannon–Wiener index was calculated for the dinocyst
assemblage as a statistical measure of diversity as

H′ ¼
Xs

i¼1

pið Þ log2pi
2Þ

�

with s = number of species, and pi = proportion of total sample
belonging to ith species. As a more simple measure for diversity, we
present species richness, which equals the number of dinocyst taxa
recorded in a sample. The Shannon–Wiener Index is based on
information theory and independent of sample size, and tries to
measure the amount of order (or disorder) contained in a system
(Krebs, 1998). Therefore, this index also provides information on
the heterogeneity of an assemblage. As the total number of species
is known by species richness, the differences between both diversity
measures are partly on account of relative shifts within the dinocyst
assemblage.

2.2. Organic geochemical methods

Sedimentary total organic carbon (TOC) contents were deter-
mined for all 120 samples by means of a carbon–sulfur determinator
(CS-125, Leco) after the removal of carbonates by adding hydrochloric
acid. Total carbon and nitrogen contents were measured by a CNS
analyzer (Elementar III, Vario) and used to calculate C/N ratios.

For an initial study on alkenones, a subset of 10 samples has been
selected (Table 1). The freeze-dried and homogenized sediments (2 to
4 g) were extracted with an Accelerated Solvent Extractor (DIONEX,
ASE 200; 100 °C, 1600 psi, 15 min) using dichloromethane and metha-
nol (99:1, v/v) as solvent. The neutral fraction was dissolved in hexane.
The separation of compounds was carried out by open column chroma-
tography (SiO2) using n-hexane and dichloromethane (1:1, v/v), and
dichloromethane. The composition of alkenones was analyzed with a
Hewlett Packard gas chromatograph (HP 6890, column 60 m ×
0.32 mm; film thickness 0.25 μm; liquid phase: DB1-MS) using a
temperature program as follows: 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 (CIS) 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.). Individual alkenone (C37:3, C37:2)
identification is based on retention time and the comparison with an
external standard, which was also used for controlling the instrument
stability. The alkenone unsaturation index UK′

37 and hence the mean
annual sea-surface temperature (SST in °C) was calculated as UK′

37 =
0.033 T + 0.044 according to Müller et al. (1998). The error of the
calibration equation is ±1 °C (Müller et al., 1998). The UK

37 index
may be more appropriate in the present-day Nordic Seas (Bendle and
Rosell-Melé, 2004) but could not be calculated due to low abundance
of tetra-unsaturated alkenones.

2.3. Reliability of the UK′
37 index in the Neogene

In recent sediments alkenones are mainly produced by the ubiqui-
tous coccolithophorid Emiliania huxleyi (e.g. Volkman et al., 1995), a
haptophyte that first appeared in the late Quaternary about 268 kyr
ago (Thierstein et al., 1977). In pre-Quaternary sediments, long-chain
alkenones are attributed to the morphologically related genera of the
family Gephyrocapsaceae (Marlowe et al., 1990). Previous studies
have shown that these species can be used for UK′

37 and global
core-top calibration without significant differences in SST dependence
compared to E. huxleyi (e.g. Villanueva et al., 2002; McClymont et al.,
2005). SST records for the Pliocene (Dekens et al., 2007; Lawrence
et al., 2009, 2010; Naafs et al., 2010; Seki et al., 2012), Miocene
(Herbert and Schuffert, 1998; Mercer and Zhao, 2004; Huang et al.,
2007; Rommerskirchen et al., 2011; LaRiviere et al., 2012; Rousselle
et al., 2013), and lowermost Miocene and Eocene (Weller and Stein,
2008) demonstrate the capability to obtain reliable temperature esti-
mates on pre-Quaternary time scales.

The input of allochthonous alkenones seems to be of some impor-
tance in the modern Nordic Seas (Bendle et al., 2005). However,
coccolithophorids, dinoflagellates and prasinophytes are flagellates
sharing the same habitat and thus biotic and abiotic processes should
affect the communities in the same way. As reworking of dinocysts is
very low (b1%) the input of allochthonous alkenones should be
restricted and likely not significantly affect our SST estimates. Fur-
thermore, post-depositional processes may affect the preservation
of organic matter and alkenones (e.g. Rommerskirchen et al., 2011),
with oxygen as one of the most destructive agents (Zonneveld et al.,
2010). As dinocysts, which are sensitive to oxygenic degradation
(Zonneveld et al., 2008), exhibit high concentration throughout most
of the sequence, this effect is assumed to have only a minor influence
on the record.

On global scale, UK′
37 shows the best statistical relationship to mean

annual SST, as the production of alkenones is not limited to summer in
most regions (Müller et al., 1998). In the Nordic Seas, however,
coccolithophorid production today is considerably higher during
summer than in the “non-production” period from autumn to early
summer (e.g. Andruleit, 1997; Schröder-Ritzrau et al., 2001). These
seasonal fluctuations in alkenone production may cause a shift towards
a summer bias in temperature (Conte et al., 2006). We also acknowl-
edge that alkenone production may have shifted during the time
span of our study and might have been less seasonal in the warm
Miocene.

3. Results

3.1. Palynomorph assemblages

Hole 907A yielded a diverse and moderate to well preserved
palynomorph assemblage, where 84 samples contained enough
material to enumerate a statistically relevant quantity of 350 dinocysts.
Counts in 36 samples ranged between 0 and 196 dinocysts of which 21
samples are virtually barren (b10 cysts/slide). The majority of these
samples cluster in two distinctive intervals between c. 8.1–7.4 Ma
(Late Miocene, 100–103 mbsf) and c. 4.1–2.6 Ma (Middle to Late
Pliocene, 49–62 mbsf; Fig. 2). Both intervals are also barren of acritarchs
and prasinophytes. The relative abundance and concentration of the
palynomorph groups and the distribution of the dinocyst taxa used for
paleoenvironmental interpretation in Hole 907A are shown in Fig. 2
and Fig. 3. Raw counts and stratigraphic ranges of all taxa encountered
are provided in Appendix A. To avoid spurious abundance peaks all
samples with less than 50 dinocysts counted have been omitted from
all figures.
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3.2. In-situ dinocysts

Dinocysts are the most abundant and diverse palynomorph group
(Fig. 2), comprising at least 151 species belonging to at least 43 genera.
A large number of these species are apparently not formally described,
and only 23 are extant (Appendix A).

The Batiacasphaera micropapillata complex and Nematosphaeropsis
labyrinthus represent more than 50% of the assemblages in most
samples, and are usually inversely correlated (Fig. 3). Accompanying
taxa regularly recorded are shown in Fig. 3, but only Batiacasphaera
sphaerica, Habibacysta tectata, Labyrinthodinium truncatum, Spiniferites
spp. and Protoperidinium spp. continuously contribute more than 10%
to the assemblage in some intervals. Moreover, 97 species occur in
five or less samples and 31 of these are recovered in one sample only.
Seventy-nine of these 97 species are rare (b2%) whereas seven of
these are abundant (>15%) in one sample but are rarely recorded in
adjacent samples, which seriously restrict the utility of most species
for interpretation. Another 14 species are recorded only outside the
regular counts (Appendix A).

The Middle to middle Late Miocene assemblages are characterized
by a high species richness with more than 30 taxa recovered routinely,
accompanied by concentrations ranging from 10,000 to 40,000 cysts/g
sediment, being exceptionally even higher (Fig. 2). The highest concen-
trations are attributed to low counts of Lycopodium spores. Thus, abso-
lute values are subject to statistical uncertainty but trends are reliable.
After maximum values in the Langhian, concentration decreases in
the Serravallian to a minimum around 5000 cysts/g sediment, but
reaches average values higher than 20,000 cysts/g sediment again in
the lower to mid-Tortonian before it declines to an average of
15,000 cysts/g sediment during the mid-Tortonian to mid-Messinian.
Latest Miocene and Pliocene cyst concentration is comparatively low
(ø 1340 cysts/g sediment), and the number of encountered taxa rarely
exceeds 20 per sample, with the majority varying around 10 species.
Late Pliocene assemblages usually contain less than 10 species (Fig. 2).

Although dinocyst diversity is comparatively high throughout
Middle to Late Miocene times, three distinctive events are highlighted
by the Shannon–Wiener index: 1) a significant decrease between
14.5 and 13.7 Ma, followed by 2) an increase to maximum values at
~10.7 Ma, and 3) a subsequent long-term decline until a significant
drop at ~7.0 Ma, which is interrupted by a prominent barren interval
between 8.1 and 7.4 Ma (Fig. 2). The species richness generally displays
the same trend. The crucial difference, however, is a distinct short-term
decline between 12.3 and 11.7 Ma, which is not clearly reflected in the
Shannon–Wiener index.

The lowermost part of the hole is characterized by abundant to dom-
inant B. sphaerica and L. truncatum, and common Palaeocystodinium spp.,
which all decrease until ~14.0 Ma when the B. micropapillata complex
increases significantly. This complex exhibits cyclic variationswith tem-
porarily reduced abundances but is characterized by a general decrease
towards themiddle Late Miocene (Fig. 3). A distinct shift is marked by a
minimum of the B. micropapillata complex at ~13 Ma associated with a
minimum of B. sphaerica, and N. labyrinthus, H. tectata, Impagidinium
pallidum, Impagidinium cf. pacificum, and Cerebrocysta irregulare were
abundant for the first time.
Plate I. All photomicrographs are in bright field illumination. Various magnifications. Max.

1–4. Decahedrella martinheadii Manum, 1997. Uncertain view at upper through lower fo
slide 1; O50/0.

5–8. Lavradosphaera crista De Schepper and Head, 2008. Uncertain view at upper throug
slide 1; M52/0.

9–12. ?Lavradosphaera sp. 1. Uncertain view at upper through lower foci. Central body le
13–16. ?Lavradosphaera sp. 2 (grouped with Lavradosphaera spp. in Appendix 1) Uncertain

17 μm. Sample 16H-2, 91.5–93.5 cm, slide 1; L40/2.
17–20. ?Lavradosphaera sp. 3 (grouped with Lavradosphaera spp. in Appendix 1). 16: Unce

foci. Central body max. dia. (excluding crests), 16 μm. Sample 23H-6, 97.5–995 cm
The gradual Late Miocene decline in diversity is punctuated by
major transitions in assemblage composition at ~10.6–10.2 Ma and
~9–8.3 Ma, when several species disappeared (Table 2, Fig. 3).
Batiacasphaera sphaerica and Reticulatosphaera actinocoronata have
their highest common occurrence (HCO) at ~10 Ma while Spiniferites
spp. and H. tectata decrease during this interval, the latter significant-
ly after a remarkable acme at ~10 Ma (Fig. 3).

After the barren interval between8.1 and 7.4 Ma, the B.micropapillata
complex is still present but in considerably lower numbers, and
N. labyrinthus is predominant in most of the samples. Another major
turnover at ~4.5 to 4.3 Ma is marked by a cluster of last occurrences
(Table 2, Fig. 3), and the HCO of the B. micropapillata complex. At
~4.2 Ma, N. labyrinthus disappeared abruptly and succeeding samples
are virtually barren, interrupted by almost mono-specific Spiniferites
spp. assemblages at 3.6 Ma, 3.4 Ma and 3.3 Ma only.

3.2.1. Ecology
For the interpretation of ecological affinities of extant species a vast

data set has been compiled in the past decade (e.g. Rochon et al., 1999;
Marret and Zonneveld, 2003; Bonnet et al., 2012; Zonneveld et al., in
press). Since most species recorded in this study are extinct, however,
it has been attempted to derive their ecological preferences based on
paleobiogeographic compilations and thermal preferences determined
by comparison to spring–summer Mg/Ca temperatures of co-occurring
planktonic foraminifera Globigerina bulloides (De Schepper et al.,
2011). The paleoenvironmental interpretations are principally
based on a few common to abundant taxa, and index-species
with relatively well-constrained (paleo)ecological preferences.
Appendix B provides a summary of the biogeography of extant
and extinct species that have been utilized for interpretation
(Fig. 3). The only ecological group erected is Protoperidinium spp.,
which includes the round brown cysts and all species of the genera
Trinovantedinium, Barssidinium, Sumatradinium, Selenopemphix,
Lejeunecysta, Xandarodinium, Brigantedinium and Cristadinium, as
there is a positive correlation between cysts of heterotrophic taxa in
Quaternary to recent sediments and productivity (e.g. Devillers and de
Vernal, 2000; Reichart and Brinkhuis, 2003; Radi and de Vernal, 2008).
Moreover, a number of protoperidinioid species prefer diatoms as a spe-
cific food source (e.g. Jacobson andAnderson, 1986). Their heterotrophic
affinity has been proven by fluorescence microscopy since the absence
of autofluorescence in recent dinocysts has been related to a heterotro-
phic feeding strategy (Brenner and Biebow, 2001; Appendix A).

For interpretation of the diversity indices, it has to be considered
that diversity of marine phytoplankton is generally lowest at the
poles and higher at lower latitudes (Barton et al., 2010). Moreover,
on global scale, dinocyst diversity is positively correlated with annual
mean sea-surface temperature but only marginally with nutrient
concentration (Chen et al., 2011), and thus dinocyst diversity may
provide independent estimates for relative temperature changes. In
surface samples from the modern Nordic Seas, it has also been shown
that species diversity is higher in the comparatively temperate
Norwegian Sea when compared to the cold-water influenced Iceland
Sea andEast Greenlandmargin (Matthiessen, 1995); and in the Pliocene
of the Labrador Sea, diverse dinocyst assemblages correspond to
dia. = maximum diameter.

ci. Note thin internal sac in 2 and 3. Overall max. dia., 87 μm. Sample 11H-1, 73–75 cm,

h lower foci. Central body max. dia. (excluding crests), 18 μm. Sample 9H-1, 40–42 cm,

ngth, 29 μm; width, 16 μm. Sample 23H-6, 97.5–99.5 cm, slide 1; O48/3.
view at upper through lower foci. Central body length (excluding crests), 23 μm; width,

rtain view at upper focus showing pylome. 17–20: Uncertain view at successively lower
, slide 1; M43/3.
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Plate II. All photomicrographs are in bright field illumination. Various magnifications. Max. dia. = maximum diameter.

1–2 Cymatiosphaera? invaginata Head et al., 1989a. Uncertain view at upper andmiddle focus. Central body max. dia. (excluding crests), 17 μm. Sample 9H-2, 90–92 cm; slide 1;
L54/1.

3–4 Cymatiosphaera? sp. 1 (grouped with Cymatiosphaera? spp. in Appendix A) Uncertain view at middle and lower focus. Central body max. dia. (excluding crests), 18 μm.
Sample 14H-6, 30–32 cm, slide 1; J37/1.

5–6 Cymatiosphaera? sp. 2 (grouped with Cymatiosphaera? spp. in Appendix A). Uncertain view at upper and middle focus. Central body max. dia. (excluding crests), 21 μm.
Sample 18H-5, 121–123 cm, slide 1; O51/0.

7–8 Prasinophyte algae type 1 (grouped with Cymatiosphaera? spp. in Appendix A). Uncertain view at middle and lower focus. Central body max. dia. (excluding crests), 12 μm.
Sample 9H-3, 41–43 cm, slide 1; G44.

9–10 Acritarch sp. 1. Uncertain view at middle and lower focus. Central body length, 29 μm; width 20 μm (both excluding crests). Sample 16H-6, 20–22 cm, slide 1; N49/3.
11–12 Prasinophyte algae type 2 (grouped with Cymatiosphaera? spp. in Appendix A). Uncertain view at middle and lower focus. Central body max. dia., 16 μm. Sample 18H-5,

121–123 cm, slide 1; H45/2.
13–14 Acritarch sp. 2. Uncertain view at upper and middle focus. Central body length, 23 μm; width, 18 μm (both excluding crests). Sample 13H-5, 12–14 cm, slide 1; H48/2.
15–16 Acritarch sp. 4 (grouped with Cymatiosphaera? spp. in Appendix A). Uncertain view at upper and middle foci. Central body max. dia. (excluding crests), 18 μm. Sample

13H-5, 12–14 cm, slide 1; K52/3.
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interglacial stageswhile lowdiversity assemblages correlatewith glacial
periods (de Vernal and Mudie, 1989b).

3.3. Reworked dinocysts

Reworking of Neogene sediments is of minor importance as
well-known stratigraphic marker species occur only rarely above their
range tops (Schreck et al., 2012). Limited reworking of pre-Neogene
material constantly occurs in Langhian and Serravallian sediments
but only sporadically above that interval. However, the number of
reworked dinocysts never exceeds 1% of the assemblage. Only
Sample 6H-3, 82–84 cm (49.1 mbsf, ~2.6 Ma) contains abundant
reworked dinocysts. Reworked Paleogene species include Deflandrea
phosphoritica, Svalbardella spp., Eatonicysta ursulae, Enneadocysta spp.,
Homotryblium spp., Oligosphaeridium spp. and Wetziella spp.

3.4. Acritarchs

Acritarchs constitute a significant part of the palynomorph assem-
blage throughout most of the analyzed interval and partly even
outnumber dinocysts (Fig. 2, Appendix A). For samples with less
than 20 acritarchs counted relative abundances have not been calcu-
lated to circumvent artificial abundance peaks. This diverse complex
has been roughly subdivided into five distinctive morphological
groups.

3.4.1. Decahedrella martinheadii (Plate I, 1–4)
This morphologically characteristic acritarch has a restricted range

in Hole 907A. It first occurs at 10.5 Ma, and is continuously present
until its last occurrence at 6.3 Ma (Fig. 2; Schreck et al., 2012). It
reveals high relative abundances from 9.9 to 8.9 Ma, but constitutes
up to 90% of the palynomorph assemblage between 6.7 and 6.5 Ma.

3.4.1.1. Ecology. This species is endemic for the high northern latitudes
and considered a cool-temperate to cold-water oceanic species
(Manum, 1997; Matthiessen et al., 2009).

3.4.2. Prasinophyta (Plate I, 5–20; Plate II, 1–16)
This group is mainly composed of species that could be assigned to

thegeneraCymatiosphaera and Lavradosphaera (mainlyCymatiosphaera?
invaginata and Lavradosphaera crista). Other specimens broadly resem-
ble different pterosphaeridiaceaen and cymatiosphaeridiaceaen species,
but have not been determined to species level. Prasinophytes are
common between 14.5 and 12.6 Ma, but most abundant at 12.5 Ma,
and between 10.9 and 10.1 Ma. Cymatiosphaera? invaginata and L. crista
exclusively dominate the acritarch assemblage between 5 and 4.5 Ma
(Fig. 2).

3.4.2.1. Ecology. Fossil prasinophytes are just as cosmopolitan as their
modern relatives (Fensome et al., 1990; Guy-Ohlson, 1996), but are
known to be important elements of modern phytoplankton in high
latitude seas (Tyson, 1995 and references therein). Indeed, exceptionally
light δ13C values of fossil phycomata suggest a relation to low tempera-
ture and reduced salinity (Prauss and Riegel, 1989), and a general asso-
ciation or affinity with cold waters has been suggested, largely based on
the high paleo-latitude or glacial associations of prasinophyte-rich facies
(Tyson, 1995). In modern and Quaternary sediments, prasinophytes (in
particular Cymatiosphaera species) are often associated with less saline
and/or cool surface water and a stratified water column (Wall et al.,
1973; Wall and Dale, 1974; Tappan, 1980; Sorrel et al., 2006). The com-
mon occurrence in early Oligocene glaciomarine sediments from the
Antarctic continental margin (Hannah et al., 2000) supports an affinity
for cooler, presumably ice-covered waters. The (paleo)biogeographic
distribution of the genus Lavradosphaera likely suggests an affinity for
cool-temperate waters (De Schepper and Head, in press).
3.4.3. Acanthomorphitic acritarchs (Plate III, 1–12)
In the lower part of the hole this group is mainly composed of 2

morphotypes that may be attributed to the genus Micrhystridium,
complemented byNannobarbophora gedlii. Thismorphological complex
dominates the acritarch assemblage during the Middle to early Late
Miocene, actually reaching more than 50% of the whole palynomorph
assemblage between12.5 and12.0 Ma (Fig. 2), but disappeared abruptly
at ~10.8 Ma. Acanthomorphitic acritarchs sporadically recorded above
this stratigraphic level broadly resemble the cyst of the dinoflagellate
Pentapharsodinium dalei but an unambiguous assignment could not be
made. However, the latter complex only plays a subordinate role.

3.4.3.1. Ecology. The ecology of this group is yet poorly constrained
(Strother, 1996) since our knowledge is mainly based on occurrences
in Palaeozoic and Mesozoic deposits (Batten, 1996). The Neogene
Nannobarbophora gedlii is associated with warm-water conditions
(Head, 2003) as is the genus. The ecology of Micrhystridium spp. is
unknown, but Jiménez-Moreno et al. (2006) recorded abundant
Micrhystridium spp. in the earliest Serravallian of central Europe proba-
bly indicating a more temperate distribution of these spinous forms.
CommonMicrhystridium spp. have also been reported from the Middle
Miocene of McMurdo Sound (Hannah et al., 1998, 2000) but figured
specimen are more similar to the dinocyst species Islandinium and
Echinidinium than to the acanthomorphs observed during this study.
Thus, this acritarch groupmay rather have an affinity towarmerwaters.

3.4.4. Sphaeromorphitic acritarchs (Plate III, 13–20)
This group comprises discoidal to spherical forms similar to the

extant genera Halosphaera and Leiosphaeridia. Due to the lack of
distinguishing features, unfavorable orientation and recurrent folding
these taxa could not be determined to genus level. Thus, these speci-
mens may belong to various genera/species but are here treated as
sphaeromorphitic acritarchs although e.g. Leiosphaeridia has been
recently assigned to the prasinophyte algae (Guy-Ohlson, 1996).
They only occur sporadically throughout but are common at 13 Ma,
11.5 Ma, and between 5.5 and 4.5 Ma (Fig. 2).

3.4.4.1. Ecology. In modern sediments of high latitude environments,
spherical forms such as Leiosphaeridia spp. occur frequently in vicinity
to sea ice margins (Mudie et al., 1990; Mudie, 1992). By analogy, they
have been associated with colder and less saline conditions, sea ice,
and/or the inflow of Arctic waters in the Late Miocene through
Pliocene of the Subarctic North Atlantic (e.g. Mudie et al., 1990).
The dominance of Leiosphaeridia spp. in early Miocene glaciomarine
sediments from the Antarctic continental margin (Hannah et al.,
2000) supports this interpretation. In pre-Neogene high latitude
deposits Leiosphaeridia spp. is often associated with increased nutrient
availability either related to upwelling (Firth and Clark, 1998) or
probably stratified surface waters (e.g. Bremer et al., 2004).

3.4.5. Undifferentiated acritarchs
This group encloses morphotypes, which could not be attributed

to one of the other groups due to diverging morphology and/or
preservational reasons.

3.4.5.1. Ecology. The uncertain taxonomy prevents the assignment of
ecological preferences.

3.5. The UK′
37 sea surface temperature record

Except the lowermost sample (23H-6, 97.5–99.5 cm, 215.27 mbsf),
all samples analyzed yielded alkenones to allow the application of the
UK′

37 index to calculate SSTs (Table 1, Fig. 2). Although core top samples
close to our study site yieldedUK′

37 values for a given SST that fall within
the Müller et al. (1998) 99% data envelope (Bendle and Rosell-Melé,
2004) we acknowledge that absolute temperatures should not be
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taken at face value. The results from Site 907 indicate conditions consid-
erablywarmer than at present day (mean annual temperature ~ 2.5 °C)
with SSTs as high as 20 °C at around 13.5 Ma decreasing towards 8 °C
by around3 Ma (Fig. 2). Further comparisons are hampered by the scar-
city of high northern latitude Neogene SST time series, which all focus
on the Plio-Pleistocene (e.g. Robinson, 2009; Lawrence et al., 2009,
2010; Naafs et al., 2010), or pre-Neogene epochs (Weller and Stein,
2008).

4. Discussion

Superimposed on the general long-term trend from a highly diverse
Middle Miocene palynomorph assemblage towards the impoverished
assemblages of the Late Pliocene significant fluctuations in abundance
and composition have been observed (Figs. 2 and 3). Some of these
fluctuations are apparently linked to short-term Mi-events and other
paleoenvironmental events as shown in Fig. 4. The palynological data
are here complemented with alkenone SSTs and TOC data (Fig. 2) to
characterize and discuss the paleoenvironmental evolution of the
Iceland Sea between 14.5 and 2.5 Ma.

4.1. The Middle Miocene transition (14.5–13.0 Ma)

Sedimentation at Site 907 commenced shortly after the MCO and
high palynomorph concentration corroborates a high primary produc-
tivity (Zonneveld et al., 2010), which has also been inferred from abun-
dant diatoms and their resting spores after 14 Ma (Stabell and Koç,
1996). However, as protoperidiniacean dinocysts are usually abundant
in upwelling areas (e.g. Reichart and Brinkhuis, 2003; Holzwarth et al.,
2010), their low abundance during this interval in the Iceland Sea
does not support substantial upwelling as suggested by Stabell and
Koç (1996). Since selective degradation is excluded due to light to
dark brown colors of cyst walls and no evidence of oxidative damage
of Barssidinium and Cristadinium specimens encountered, the high
paleoproductivity likely resulted from increased nutrient input due to
enhanced chemical weathering during a much warmer and humid
climate (Wan et al., 2009; Ma et al., 2011; Pound et al., 2012). The sig-
nificant decline in the Shannon–Wiener index towards lowest Miocene
values at ~13.7 Ma likely depicts the impact of subsequent cooling
during the MMCT (14.2–13.7 Ma, Shevenell et al., 2004). As species
richness appears to be rather constant across this interval, the decline
in the Shannon–Wiener index reflects a drastic shift of species propor-
tions within the dinocyst assemblage, which may be caused by the
increase of presumably opportunistic species (i.e. the B. micropapillata
complex) during times of ecosystem perturbation. However, the
richness exhibits two transient minima centered at ~14.2 and
~13.7 Ma, which may denote the two-step character of the MMCT
(Mi-3a/b, Miller and Mountain, 1996; Abels et al., 2005; Mourik et al.,
2011). A short-term decrease in acritarch concentration, but a relative
Plate III. All photomicrographs are in bright field illumination. Various magnifications. Max

1–2. ?Micrhystridium sp. 1. Uncertain view at upper and middle focus. Central body len
3–4. ?Micrhystridium sp. 2. Uncertain view at upper, and middle focus. Central body lengt
5. ?Micrhystridium sp. 1. Uncertain view at mid focus. Central body length, 24 μm; p
6. ?Impletosphaeridium sp. Uncertain view at mid focus. Central body length, 36 μm;
7–8. ?Micrhystridium sp. 2. Uncertain view at upper, and middle focus. Central body len
9–12. Nannobarbophora gedlii Head, 2003.
9–10. Uncertain view at middle, and slightly lower focus. Sample 23H-6, 97.5–99.5 cm;
11–12. Uncertain view at upper, and middle focus. Sample 13H-5, 12–14 cm, slide 1; D47
13–16. Sphaeromorphitic acritarch type 1.
13–14. Uncertain view at middle and lower focus showing smooth wall surface. Central b
15. Uncertain view in mid-focus. Central body max. dia., 39 μm. Sample 9H-7, 40–42 c
16. Uncertain view in mid-focus. Central body max. dia., 30 μm. Sample 9H-2, 90–92 c
17–19. Sphaeromorphitic acritarch type 2.
17. Uncertain view at upper focus showing shagreenate to faintly scrabrate wall surface

1; E55/1.
18–19. Uncertain view at upper and middle focus showing shagrenate to faintly scrabrate
20. Sphaeromorphitic acritarch type 3. Uncertain view at mid-focus. Central body ma
shift in assemblage composition from more warm-temperate
acanthomorphitic acritarchs (N. gedlii, Micrhystridium spp.) to
prasinophytes characterizes both steps. The MMCT is also reflected by
a decline in B. sphaerica, L. truncatum and Palaeocystodinium spp. accom-
panied by the first occurrence of the cool-water species H. tectata at
~14.2 Ma (temperature range c. 9–17 °C, De Schepper et al., 2011).
Batiacasphaera hirsuta and the B. micropapillata complex both increase
during the early phase of this transition followed by a significant drop
at ~14.1 and ~14.2 Ma respectively. The latter is common in theMiddle
to Late Miocene of the high northern latitudes including the Arctic
Ocean, and is considered a cool- to warm-temperate species complex,
which may sustain some sea ice cover (Schreck and Matthiessen, in
press). Its drastic increase at ~13.9 Ma thus suggests the establishment
of somewhat cooler conditions, but the occurrence of sea ice in the
Iceland Sea during the MMCT as reported from Fram Strait (Knies and
Gaina, 2008; Thiede et al., 2011) remains speculative because IRD has
only been studied from ~8 Ma (Fronval and Jansen, 1996). Nonetheless,
the low abundance/absence of (sub)tropical Impagidinium species
(e.g. I. paradoxum, I. patulum, and I. strialatum), large gonyaulacoids
and species with expanded wall coverings (e.g. Hystrichosphaeropsis
pontiana, Hystrichosphaeropsis obscura, Hystrichokolpoma rigaudiae,
Lingulodinium machaerophorum, Melitasphaeridium choanophorum,
Tuberculodinium vancampoae, Dapsilidinium pseudocolligerum, and
Invertocysta spp.) suggest colder surface waters than in the Norwegian
Sea and other North Atlantic sites where these taxa dominate coeval
assemblages (Harland, 1979; Costa and Downie, 1979; Mudie, 1987;
Manum et al., 1989; see Mudie et al., 1990 for discussion). These taxa
are also absent from Baffin Bay (Head et al., 1989c), which might be
related to the onset of cooler conditions as inferred from the drop in
accumulation rates of terrigenous organic carbon around 14.5 Ma
(Stein, 1991, 2008).

The cooler surface waters in the Iceland Sea than in the Norwegian
Sea may be attributed to enhanced exchange of water masses with
the Arctic Ocean and the Nordic Seas since ~14 Ma (Jakobsson et al.,
2007). As the Transpolar Drift has been active in the past 15 Ma
(Haley et al., 2008), the opening of the Fram Strait led to the establish-
ment of a modern-like ice drift pattern with export from the Arctic
Ocean into the western Nordic Seas (Fig. 4; Knies and Gaina, 2008),
most likely via a proto-East Greenland Current (EGC). This presumably
resulted in a temperature gradient across the Nordic Seas as early as the
Middle Miocene (cf. Fronval and Jansen, 1996), supported by differ-
ences in dinocyst assemblages. In concert with the proposed onset of
a Norwegian–Atlantic Current precursor (Henrich et al., 1989), this
may point towards the initiation of a proto-thermohaline circulation
in the Nordic Seas around this time as also indicated by a prominent
switch from biosiliceous to carbonate-rich sedimentation on Vøring
Plateau (Bohrmann et al., 1990; Cortese et al., 2004). However, paleobo-
tanical studies on Iceland revealed that a land bridge (i.e. a partly
subaerially exposed GSR) between Europe and Greenland must have
. dia. = maximum diameter.

gth, 23 μm; process length, 10 μm. Sample 16H-2, 91.5–93.5 cm, slide 1; N48/3.
h, 29 μm; width, 19 μm; process length, 4–5 μm. Sample 14H-6, 30–32 cm, slide 1; K47/0.
rocess length, 9 μm. Sample 16H-2, 91.5–93.5 cm, slide 1; L38/2.
width, 23 μm; process length, 10 μm. Sample 23H-6, 97.5–99.5 cm, slide 1; S41/1.
gth, 21 μm; process length, 4 μm. Sample 14H-6, 10–12 cm, slide 1; P51/0.

slide 1; N40/1.
/3.

ody max. dia., 33 μm. Sample 9H-1, 40–42 cm, slide 1; C39/3.
m, slide 1; E53/0.
m, slide 1; D55/4.

and excystment aperture. Central body max. dia., 37 μm. Sample 9H-2, 90–92 cm, slide

wall surface. Central body max. dia., 39 μm. Sample 9H-2, 90–92 cm, slide 1; E53/2.
x. dia., 53 μm. Sample 9H-2, 90–92 cm, slide 1; D51/0.
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Table 1
Alkenone data from Hole 907A.

Core, section, interval Depth Age SST

(cm) (mbsf) (Ma) UK′37 (°C)

7H-4, 102–104 60.32 3.16 0.325 8.5
9H-2, 90–92 76.20 4.74 0.436 11.9
10H-3, 90–92 87.20 5.80 0.278 7.1
11H-3, 117.5–119.5 96.98 6.85 0.443 12.1
11H-6, 77–79 101.07 7.72 0.550 15.3
12H-4, 111.5–113.5 107.92 9.17 0.545 15.2
13H-6, 20–22 119.50 10.44 0.643 18.1
16H-3, 42.5–44.5 143.72 12.21 0.500 13.8
19H-1, 34–36 169.14 13.39 0.718 20.4
23H-6, 97.5–99.5 215.27 14.33 – –
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been present (Denk et al., 2011; Fig. 4) restricting the water mass
exchange with the North Atlantic.

A brief (~500 kyr) warming is indicated subsequent to Mi-3b by
an increased Shannon–Wiener index, recurrent Palaeocystodinium spp.,
a single peak of thermophilic Barssidinium graminosum (not shown),
and a significant increase in acanthomorphitic acritarchs. The rare but
Fig. 2. Total organic carbon (TOC weight percentage, wt.%), C/N ratio and alkenone sea-surf
Hole 907A. The relative abundance (%) and concentration (specimen/g sediment) of dinoc
acritarch groups within the acritarch assemblage in Hole 907A are shown. For the dinoc
lines (species richness, Shannon–Wiener index and cysts/g sediment) represent the runn
907A. Dark blue bars indicate the position of the confirmed and orbitally tuned Mi-events
Mi-4 = 13.2–13.0 Ma, Mi-5 = 11.8–11.4 Ma, Mi-6 = 10.7–10.4 Ma (all Westerhold et a
shown. Light blue bars indicate additional cooling phases identified in Hole 907A.
continuous occurrence of Tectatodinium pellitum indicates summer
SSTs > 15–25 °C (De Schepper et al., 2011) consistent with our
reconstructed mean annual SST of 20 °C at 13.4 Ma (Fig. 2). The ob-
served warming of surface waters may have resulted from temporary
westward deflection of warmer North Atlantic waters into the Iceland
Sea.

The highest persistent occurrence (HPO) of the warmwater species
T. pellitum, and subsequent peaks of typical high latitude species such as
N. labyrinthus, H. tectata, I. pallidum, I. cf. pacificum and C. irregulare
(Fig. 3) indicate iterative cooling presumably associated with the
Miocene isotope event Mi-4 (13.2–13.0 Ma, Westerhold et al., 2005).
Likewise the shift that occurred across the MMCT, a pronounced
minimum in the B. micropapillata complex is accompanied by a decline
in B. sphaerica and B. hirsuta, but now co-occurs with very abundant
N. labyrinthus. The minimum in acanthomorphitic acritarchs, which is
similar to that observed during Mi-3a and b, is coeval with an increase
in sphaeromorphitic acritarchs (Fig. 2), which, together with increasing
N. labyrinthus and I. pallidum, may evince first sea ice reaching the
Iceland Sea. Impagidinium pallidum has been frequently considered an
indicator for cold surface water conditions and a variable range of sea
ice cover (e.g. Rochon et al., 1999; de Vernal et al., 2001; Zonneveld et
ace temperature estimates (SST in °C, red line illustrating the long-term trend) in ODP
ysts (dark green) and acritarchs (light green), and relative abundance (%) of the five
ysts, the diversity indices (species richness, Shannon–Wiener index) are shown. Red
ing average. Horizontal gray bars indicate the position of the barren samples in Hole
. Mi-3a = 14.2 Ma (Abels et al., 2005), Mi-3b = 13.9–13.7 Ma (Mourik et al., 2011),
l., 2005). For Mi-7, the two possible ages discussed in Westerhold et al. (2005) are
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Fig. 3. Detailed diagram showing relative percentages (% out of the total sum of dinocysts counted) of dinocyst species in Hole 907A used for paleoenvironmental interpretation. For color coding of horizontal bars see Fig. 2.
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Table 2
List of dinocyst datums associated with the three disappearance events. HO = highest
occurrence, HCO = highest common occurrence, HPO = highest persistent occurrence.
For stratigraphic ranges of species not shown in Fig. 3 see Appendix A.

Age Event Species

Disappearance event I
(10.6–10.2 Ma)

10.6 HCO Hystrichosphaeropsis obscura
10.6 HO Cleistosphaeridium placacanthum
10.5 HO Spiniferites sp. B
10.4 HO Cerebrocysta irregulare
10.4 HO Cordosphaeridium minimum
10.4 HO Impagidinium sp. A
10.4 HO Operculodinium giganteum
10.4 HPO Selenopemphix brevispinosa
10.2 HO Impagidinium aff. aculeatum
10.2 HO Impagidinium elongatum

Disappearance event II
(9.0–8.3 Ma)

9.0 HO Dapsilidinium pseudocolligerum
8.9 HO Palaeocystodinium spp.
8.8 HO Hystrichosphaeropsis obscura
8.8 HO Spiniferites sp. A
8.5 HPO Selenopemphix nephroides
8.4 HPO Melitasphaeridium choanophorum
8.4 HO Batiacasphaera hirsuta
8.4 HO Labyrinthodinium truncatum
8.4 HO Operculodinium piaseckii
8.4 HO Selenopemphix brevispinosa
8.3 HCO Cristadinium cristatoserratum
8.3 HO Lingulodinium machaerophorum

Disappearance event III
(4.5–4.3 Ma)

4.5 HO Corrudinium? labradori
4.5 HCO Batiacasphaera micropapillata
4.5 HO Batiacasphaera sphaerica
4.5 HO Corrudinium devernaliae
4.5 HO Invertocysta lacrymosa
4.5 HO Melitasphaeridium choanophorum
4.5 HO Pyxidinopsis vesiculata
4.5 HO Operculodinium? eirikianum
4.5 HO Operculodinium tegillatum
4.5 HO Reticulatosphaera actinocoronata
4.3 HO Corrudinium harlandii
4.3 HO Spiniferites elongatus
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al., in press), and its common occurrence (~10%) has been associated
with summer SSTs b 15 °C (De Schepper et al., 2011). Since H. tectata
requires summer SSTs > 9 °C (De Schepper et al., 2011) and abundances
of N. labyrinthus > 50% preponderantly correlate to SSTs b 15 °C
(Bonnet et al., 2012; Zonneveld et al., in press), SSTs might have been
in the range of >9 to b15 °C. Today, N. labyrinthus is abundant to domi-
nant (40–60%) in regions where colder, polar waters mix with warmer
Atlantic waters (Rochon et al., 1999). As SSTs are still comparatively
warm, sea ice likely originated in the Arctic Ocean (St. John, 2008) and
has been exported via Fram Strait (Knies and Gaina, 2008) into the
western Nordic Seas.

4.2. Late Middle to early Late Miocene (13.0–10.7 Ma)

After the incisive changes that occurred across the MMCT and the
Mi-4 event, comparatively stable conditions prevailed on the Iceland
Plateau after ~13 Ma. Concentration indicates dinoflagellate produc-
tivity similar to the modern western North Atlantic margin (Rochon
et al., 1999), but considerably higher when compared to the modern
Iceland Sea (Matthiessen, 1995). A more temperate environment is in-
dicated by themore or less continuous occurrence of Cleistosphaeridium
placacanthum, Operculodinium centrocarpum s.s., Impagidinium aff.
aculeatum, H. obscura, common Spiniferites ramosus s.l., and very abun-
dant acanthomorphitic acritarchs (Figs. 2 and 3). Consistently, both
dinocyst diversity measures show a general increase across the latest
Middle through early Late Miocene as a likely response to higher
temperature (Chen et al., 2011), only interrupted by a transient decline
between 12.3 and 11.6 Ma as also observed in the cyst concentration.
Although the age model is well constrained in this interval (Channell
et al., 1999), these brief minima, and a coeval minimum of the
B. micropapillata complex slightly precede the global Mi-5 cooling
(11.8–11.4 Ma, Westerhold et al., 2005), which might be attributed to
insufficient sample resolution. However, these minima coincide with
peak abundance of N. labyrinthus (≥50%) which suggests SSTs b 15 °C
(Bonnet et al., 2012; Zonneveld et al., in press) and temporary enhanced
mixing of Atlantic and polar water (cf. Rochon et al., 1999). Wei (1998)
inferred time-equivalent cooling of surface waters along the southeast
Greenland margin from calcareous nannofossils, which he attributed
to the development of a (proto) EGC. Therefore, the inverse correlation
between N. labyrinthus and the B. micropapillata complex may indicate
cooling, but further studies are needed to test this assumption. Notwith-
standing, alterations in the acritarch assemblage resembling those ob-
served during the MMCT occur contemporaneously with Mi-5,
whereas the dinocyst diversity and productivity apparently recovers.
On continental Iceland, pollen data also suggests that markedly warm
conditions persisted at least until the Late Miocene (Denk et al., 2011).
These temperate conditionsmight be related to a generally enhanced in-
flow of North Atlantic waters into the Nordic Seas as suggested by the
renewal of NCW production around 13–12 Ma (Bohrmann et al., 1990;
Wright and Miller, 1996; Poore et al., 2006).

4.3. Glacial inception in the Iceland Sea (~10.7–10.2 Ma)

Both diversity measures start to decline within this interval accom-
panied by the first occurrence of the endemic cold-water acritarch
Decahedrella martinheadii (Manum, 1997; Matthiessen et al., 2009) at
~10.5 Ma, and a significant cluster of species last occurrences (Table 2,
Figs. 2 and 3). The B. micropapillata complex shows a significant
minimum as previously observed during Mi-3, Mi-4, and shortly prior
to Mi-5 while Impagidinium elongatum, Spiniferites spp. (mainly
S. ramosus s.l.), and cool-water H. tectata, contribute significantly to
the dinocyst assemblage. Whereas S. ramosus s.l. is a cosmopolitan
species (Zonneveld et al., in press), the occurrence of I. elongatum ap-
pears to be restricted to the high northern latitudes (Schreck et al.,
2012). In alignment with common to abundant prasinophytes, and
the disappearance ofMicrhystridium spp. andwarm-temperateN. gedlii,
this suggest a cooling of surfacewaters thatmay correspond to theMi-6
event (10.7–10.4 Ma, Westerhold et al., 2005), which primarily reflects
an increase in global ice volume (Turco et al., 2001). Indeed, the onset of
predominantly siliciclastic deposition (120 mbsf, 10.5 Ma) and the
occurrence of the first dropstone (116.5 mbsf, 10.3 Ma) at Site 907
(Fig. 4; Shipboard Scientific Party, 1995) prove ice rafting since that
time, and suggest a link between observed assemblage changes and
the Mi-6 event. Increased bulk accumulation rates at ODP Site 909
supposedly reflect intensification of water mass exchange through
Fram Strait (Wolf-Welling et al., 1996; Winkler et al., 2002), which
would have resulted in enhanced advection of comparatively cold,
low saline, and presumably ice covered waters into the Iceland Sea,
forcing the observed changes in the palynomorph assemblage. The
increased advection of colder waters may have triggered the coeval
collapse in accumulation of Chaetoceros resting spores reflecting a
diminished diatom production (Stabell and Koç, 1996).

Benthic δ18O values on Vøring Plateau indicate substantial deep
water cooling at ~11 Ma (Fronval and Jansen, 1996), and increased
circum-Arctic IRD fluxes between 11.0 and 9.5 Ma (Schaeffer and
Spiegler, 1986; Thiébault et al., 1989; Wolf and Thiede, 1991; Fronval
and Jansen, 1996; Wolf-Welling et al., 1996; Helland and Holmes,
1997; Winkler et al., 2002) prove general cooling in the high northern
latitudes. The timing of IRD events broadly corresponds to a major uplift
phase on Greenland (Thomson et al., 1999; Japsen et al., 2006)
suggesting a pivotal role in establishing the Greenland Ice Sheet during
Late Miocene times, when pCO2 stabilized at pre-industrial values
(Pagani et al., 1999). Recently, Hegewald and Jokat (2013) showed that
substantial relative global sea level fall since the middle Miocene, culmi-
nating in a lowstand at about the same time, is even more strongly
expressed in the Arctic Ocean, and assumed a relation to the formation
of ice sheets on the Northern Hemisphere.



Fig. 4. Palynomorph events and diversity trends (green bar) identified in this study in relationship to paleoceanographic, tectonic, and IRD events (for references see text).
Lithological units are from the Shipboard Scientific Party (1995), and global benthic oxygen isotope record from Zachos et al. (2001). Palynomorph events and reconstructed surface
water cooling (blue arrows) occurred partly coeval with Mi-events (black arrows, see Fig. 2 for details). Gray arrows show position of the palynologically barren samples. Note that
signature for variations in NCW and GSR are only schematic representations, and do not indicate direction or quantity. DE1–3 = disappearance events as discussed in the text;
FO = first occurrence; HPO = highest persistent occurrence; NCW = Northern Component Water; EGC = East Greenland Current; GSR = Greenland–Scotland Ridge.
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A similar cooling at ~10.5 Ma has been reported not only from
northeast North Atlantic ODP Site 982 (Andersson and Jansen,
2003), but also from shallow marine deposits in northwest Europe
(Donders et al., 2009). Based on pollen from continental Iceland,
Mudie and Helgason (1983) proposed a drastic drop in atmospheric
temperature (~10 °C) at around 10 Ma, but this magnitude has
been recently challenged by Denk et al. (2011) who suggest a more
continuous climate deterioration starting around that time. More-
over, such drastic change in atmospheric temperature should have
been recorded in the alkenone SST as well, that, instead show only a
moderate decrease throughout the Late Miocene (Fig. 2).

4.4. Late Miocene cooling and variable surface water conditions
(~10.2–6.7 Ma)

Subsequently, the prevalence of colder Arctic derived waters in
the Iceland Sea is suggested by continuously high abundances of the
cold-water acritarch D. martinheadii (Fig. 2), and the gradual decline
in both diversity measures indicate progressive Late Miocene cooling.
Habibacysta tectata declines drastically after a massive acme (~9.8 Ma),
whereas N. labyrinthus and the high northern latitude dinocyst
Cristadinium cristatoserratum (Schreck et al., 2012) reveal generally
higher abundances. As such high abundance of H. tectata occurs within
its usual temperature range (De Schepper et al., 2011) other factors
such as nutrient availability or salinity changes might have been respon-
sible. However, the temporary influence of warmer, more saline Atlantic
waters is indicated by lownumbers of prasinophytes and the sporadic oc-
currence of warm-water species (e.g. Operculodinium israelianum,
D. pseudocolligerum, L. machaerophorum, and M. choanophorum). The
alternating influence of different source water masses is also shown by
large fluctuations of N. labyrinthus between 10 and 6.8 Ma. At ~9.5 Ma,
increased abundance of N. labyrinthus coincides with a minimum in the
B. micropapillata complex. Interestingly, such inverse correlation has al-
ready been observed during Mi-4 and slightly prior to Mi-5 suggesting
similar conditions around 9.5–9.4 Ma. Indeed, both diversity measures
show a contemporaneous short-lived minimum accompanied by
sphaeromorphitic acritarchs, and this timing coincides with the
Mi-7 event as proposed by Wright and Miller (1992, 9.45 Ma), but
its identification in high-resolution benthic δ18O records, however,
remains uncertain (see Westerhold et al., 2005 for discussion).
Notwithstanding, this points towards Arctic water inflow that pre-
sumably caused the subsequent disappearance of the warm-water
D. pseudocolligerum (Fig. 3). Consequently, the variations in surface
waters caused a variable pattern of nutrient availability and paleo-
productivity as revealed by contemporaneous changes in
Protoperidinium spp. and TOC (Fig. 2). The TOC is predominately of
marine origin as shown by C/N ratios around 6 (Fig. 2; e.g. Bordovskiy,
1965), although they should be interpreted cautiously due to low TOC
contents of ≤0.5% (Stein and Macdonald, 2004). However, diatoms
also show a distinctive shift from a continuously high to amore variable
abundance pattern around 10 Ma (Stabell and Koç, 1996). Variable
surface and deep-water circulation and progressive Late Miocene

image of Fig.�4
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cooling has also been reported from the Norwegian Sea (Bohrmann
et al., 1990; Ciesielski and Case, 1989; Locker and Martini, 1989),
whereby the former is likely coupled to GSR sill depth variations
(Poore et al., 2006). Accordingly, Iceland pollen data suggest an active
North Atlantic Land Bridge via a partly subaerial exposed GSR until
~8 Ma (Denk et al., 2011), and thus varying surface and deep-water
exchange (Fig. 4). Moreover, moist and cool-temperate conditions con-
tinuously established on continental Iceland between 10 and 7–6 Ma
(Denk et al., 2005, 2011). The waxing and waning of circum-Arctic
ice-sheets as indicated by repetitive IRD events during this time in the
Fram Strait (Wolf-Welling et al., 1996), the Vøring Plateau (Jansen
and Sjøholm, 1991), Labrador Sea (Wolf and Thiede, 1991) and the
Irminger Sea (Schaeffer and Spiegler, 1986; St. John and Krissek,
2002) might have been linked to these variations in ocean circulation.

4.5. Enhanced cold-water advection into the Iceland Sea (~9–8.4 Ma)

Superimposed on the progressive decline in dinocyst diversity last
occurrences of some dinocyst species cluster between 9.0 and 8.4 Ma.
The disappearance respectively the HPO and HCO of several taxa,
including those with warm-water affinity and/or longer stratigraphic
ranges elsewhere in lower latitudes (Fig. 3, Table 2, Schreck et al.,
2012), common I. pallidum and C. cristatoserratum, and very abundant
cold-water acritarch D. martinheadii, indicate cooling in the Iceland
Sea. This is supported by the coeval occurrence of IRD at Site 907
(Fig. 4; Fronval and Jansen, 1996), and the inverse correlation of
N. labyrinthus and the B. micropapillata complex at 8.6 Ma, the latter
already observed in the vicinity of previous cooling events. Despite
a high abundance of Protoperidinium spp. between 8.5 and 8.2 Ma,
which is usually associated with elevated primary productivity
(Reichart and Brinkhuis, 2003; Radi and de Vernal, 2008) dinocyst
concentration drops significantly at 8.6 Ma. Thus, the abundance of
protoperidiniacean taxa (mainly C. cristatoserratum, round brown
cysts; Fig. 3, Appendix A)may result from severe sea-surface conditions
with sea ice cover (Rochon et al., 1999; Radi and de Vernal, 2008). Coin-
cidentally, Engel (1992) reported a shift to a cold-adapted dinocyst
assemblage transported from polar regions to DSDP Site 408, located
just south of the Denmark Strait, and δ18O data (Aksu and Hillaire-
Marcel, 1989) and changes in the coiling ratio of Neogloboquadrina
atlantica (Aksu and Kaminski, 1989) at ODP Site 646 in the Labrador
Sea strongly suggest strengthened influence of cold water at this time.
Accordingly, the cluster of species last occurrences, HCOs and HPOs,
and abundant D. martinheadii at Site 907 presumably record the
amplification of southward transport of colder Arctic waters via the
proto-EGC, and thus its progressive development towardsmodern con-
ditions. Moreover, Wold (1994) inferred the onset of deep Denmark
Strait overflow due to initial formation of the Eirik Drift at the same
time, suggesting modern-like conditions of surface and deep-water
circulation in the Iceland Sea.

Interestingly, cold-indicative silicoflagellate assemblages from the
Vøring Plateau suggest a plunge in temperature at ~8.5 Ma (Ciesielski
and Case, 1989), as does the strong decrease in SSTs in northwest
Europe at ~8.4 Ma (Donders et al., 2009). Moreover, in North Atlantic
ODP Site 982 a marked increase in δ18O occurs around 9 Ma
(Andersson and Jansen, 2003), in North Atlantic ODP Site 904 at
8.7 Ma (Miller et al., 1998), in South Atlantic ODP Site 1085 at 8.8 Ma
(Westerhold et al., 2005), and in the global δ18O composite between
8.9 and 8.7 Ma (Zachos et al., 2008), which may suggest an alternate
timing for the Mi-7 event (see discussion in Westerhold et al., 2005)
that broadly correspond to the changes observed in the palynomorph
assemblage.

4.6. The palynologically barren interval (8.1–7.4 Ma)

The sudden disappearance of marine palynomorphs, as well as pol-
len and spores (not shown), is apparently not related to sedimentation
rate changes, as deposition is low but constant in that part of Hole 907A.
Moreover, diatoms are present throughout this interval (Stabell and
Koç, 1996; Koç and Scherer, 1996) thus excluding low sedimentation
rates as a single cause. However, diatomswere studied at low resolution
in this interval (3 samples) and no overlap existswhen compared to our
samples. Hence, sample spacing may partly explain the observed dif-
ferences. In addition, prolonged exposure to oxygen due to the low
sedimentation rates might have played an important role preventing
the accumulation of palynomorphs, as it would result in aerobic degra-
dation of organic-walled microfossils (e.g. Zonneveld et al., 2008).
However, the reason for this barren interval still remains enigmatic,
particularly in context of its restricted temporal extent and the sharp
recovery of palynomorph concentration after 7.4 Ma, but may involve
circulation changes or increased ventilation in the study area that may
be related to the onset of Denmark Strait overflow (Wold, 1994) or
final collapse of the North Atlantic land bridge (Denk et al., 2011).

4.7. The “Decahedrella event” and pronounced cooling (6.7–6.3 Ma)

A pronounced reorganization of the oceanography in the Iceland Sea
starting at ~6.7 Ma is unveiled by a significant acme of the endemic
cold-water acritarch D. martinheadii (Fig. 2), succeeded by its abrupt
disappearance. Dinocyst concentration drops significantly and species
richness reaches lowest Miocene values at ~6.2 Ma, suggesting unfa-
vorable conditions for dinoflagellates on the Iceland Plateau. Besides
D. martinheadii (up to 90% of the palynomorph assemblage), only rare
N. labyrinthus and I. pallidum have been recorded. This acme can be
traced across the Iceland and Greenland seas into the Arctic Ocean,
but although there is some uncertainty in the exact timing of this
event at different sites (see Matthiessen et al., 2009 for discussion) it
portrays its supraregional prevalence. The comparable composition of
the dinocyst assemblage in the Central Arctic Ocean (Matthiessen
et al., 2009) and the Iceland Sea suggest an increased advection of
cold waters via the proto-EGC. Contemporaneously increasing IRD
fluxes (Fig. 4) in the Iceland Sea, on Vøring Plateau (Fronval and
Jansen, 1996), and in Fram Strait (Wolf-Welling et al., 1996), and
increased δ18O values of planktonic foraminifera suggest a major
cooling event in the Nordic Seas between 7 and 6 Ma (Fronval and
Jansen, 1996), thus linking the “Decahedrella event” with surface
water cooling. As SSTs are still significantly higher than annual mean
temperatures today they are probably biased to summer temperatures
due to a generally increased seasonality in the Late Miocene as shown
by Mosbrugger et al. (2005) for continental Europe. However, the
observed cooling significantly precedes the establishment of large-scale
glaciations in the Northern Hemisphere (Kleiven et al., 2002). The vege-
tation changes in the high latitudes (Pound et al., 2012) and particularly
the general impoverishment of vegetation on Iceland (Denk et al., 2011)
is in agreement with these findings and reveals a cool-temperate
climate.

4.8. The Miocene/Pliocene transition (6.3–5.1 Ma)

The palynomorph record becomes patchy with low dinocyst
diversity, while concentration and thus production is somewhat com-
parable to the modern Iceland Sea (Matthiessen, 1995; Marret et al.,
2004). Where they occur, protoperidiniacean cysts (mainly round
brown cysts) do not show evidence for enhanced aerobic degradation,
thus the low palynomorph concentration in that interval is likely no
preservational artifact but rather represents a general development
towardsmodern sea-surface conditions. On the other hand, the samples
barren of palynomorphs (including pollen and spores)within this inter-
val may present a preservational bias. The impoverished dinocyst
assemblage is dominated by N. labyrinthus with abundances usually
associated withmean annual temperatures around 5 °C in modern sur-
face sediments (Marret and Zonneveld, 2003), which is in accordance
with our reconstructed SST of 7 °C at 5.8 Ma (Fig. 2). The occurrence
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of accessory species such as cool-water H. tectata and cool to temperate
Ataxiodinium choane (Edwards and Anderle, 1992; Rochon et al., 1999)
depicts the prevalence of cold conditions in the Iceland Sea after
~6.3 Ma, as also shown for ODP Site 982 just south of the Greenland–
Scotland Ridge (Hodell et al., 2001). Likewise depleted Arctic–Subarctic
assemblages have been reported from the Miocene/Pliocene of the
Labrador Sea (Head et al., 1989b; de Vernal and Mudie, 1989b; de
Vernal and Mudie, 1992), Davis Strait (Piasecki, 2003), and Baffin
Bay (de Vernal andMudie, 1989a), and a LateMiocene temperature de-
crease has been inferred for theNorwegian Sea based on silicoflagellates
(Locker and Martini, 1989). Abundant prasinophytes (mainly
C.? invaginata) and presumably sea ice indicative sphaeromorphitic
acritarchs co-occur with significant IRD at ~5.4 Ma (Fronval and
Jansen, 1996) and suggest not only colder, but also less saline and
probably stratified surface waters between 5.5 and 5.3 Ma, a time
of major global cooling and intense glaciations (Hodell and
Kennett, 1986). However, the co-occurrence of O. israelianum and
T. pellitum, which both prefer summer SST > 10 °C (De Schepper et
al., 2011) and are restricted to warm water conditions today, and
presumably sea ice indicative acritarchs either implies increased
seasonality in the Iceland Sea or sporadic advection of relatively
warmer North Atlantic water.
4.9. Early Pliocene surface stratification and elevated productivity
(5.1–4.5 Ma)

The Early Pliocene is characterized by elevated marine productivity
as indicated by an increase in cyst concentration, the common occur-
rence of Protoperidinium spp., and an increase in TOC, which is presum-
ably of marine origin (Fig. 2). Coeval IRD pulses (Fig. 4; Fronval and
Jansen, 1996) indicate freshwater input via melting sea ice/icebergs
likely causing surface water stratification as suggested by abundant
prasinophytes (C.? invaginata, L. crista; Fig. 2, Appendix A), triggering
the productivity increase. Such enhanced Early Pliocene dinocyst
productivity has also been observed in the Labrador Sea (de Vernal
and Mudie, 1989b) and the Vøring Plateau (Mudie, 1989), and
appears to be in concert with the global biogenic bloom (see Cortese
et al., 2004 for discussion). Furthermore, common to abundant
C.? invaginata in the Labrador Sea (de Vernal and Mudie, 1989b),
Davis Strait (Piasecki, 2003) and Baffin Bay (de Vernal and Mudie,
1989a) indicate somewhat similar surface water conditions with
temporary freshening and/or stratification on both sides of Greenland
presumably related to the waxing and waning of the Greenland Ice
Sheet.

Furthermore, the Early Pliocene SST might have been somewhat
higher than in the latest Miocene, which agrees with the general
consensus of a warm Early Pliocene following a cooler period in the
latest Miocene (e.g. Lawrence et al., 2009; Salzmann et al., 2011; Seki
et al., 2012). Spiniferites elongatus, a major component of the dinocyst
assemblage during this phase, is usually associated with cool-
temperate surface waters (Rochon et al., 1999; Zonneveld et al., in
press) that may have (seasonally) reduced salinities (Zonneveld et al.,
in press). However, in recent sediments around Iceland it has highest
abundances in areas underlying the comparatively warm Irminger Cur-
rent (Marret et al., 2004), and off North Norway in areas underlying
the Norwegian–Atlantic Current (Matthiessen, 1995). Common S.
elongatus has been also recorded during MIS5e from the Vøring Plateau
(Van Nieuwenhove et al., 2007) and the Eurasian continental margin
(Matthiessen et al., 2001) associated with Atlantic water inflow. The
sporadic occurrence of Invertocysta lacrymosa, Impagidinium aculeatum,
M. choanophorum, Corrudinium spp., Operculodinium tegillatum, and
O. israelianum indeed indicate temporary advection of North Atlantic
derived warm water presumably linked to intensified heat transport
to the high latitudes since the restriction of the Panama Isthmus
(Fig. 4; Haug and Tiedemann, 1998; Butzin et al., 2011).
4.10. Early Pliocene species turnover (4.5–4.3 Ma)

Last occurrences of species distinctly cluster between 4.5 and
4.3 Ma (Fig. 3, Table 2), and their higher stratigraphic occurrence in
lower latitudes (Schreck et al., 2012) suggests a strong climatic control
on this event. This species turnover demonstrates a pronounced adjust-
ment of the Iceland Sea palynomorph assemblage to changing oceano-
graphic conditions prior to the intensification of Northern Hemisphere
glaciations. Recent studies (Sarnthein et al., 2009; Verhoeven et al.,
2011) indicate the onset of a northward flow of Pacific waters through
Bering Strait into the Arctic Ocean at that time caused by the further
restriction of the Panama Isthmus, which resulted in a considerably
fresher, modern like EGC and the thermal isolation of Greenland
(Sarnthein et al., 2009). Thus, this species turnover is the result of
both decreasing temperature and salinity, and likely reflects the estab-
lishment of the modern EGC.

4.11. Early through Late Pliocene: productivity crash and/or pronounced
deep-water formation (4.2–2.5 Ma)?

The most distinctive feature of the Pliocene is a crash in
palynomorph accumulation at 4.2 Ma, which significantly precedes
the diatom productivity crash between 3.5 and 3.3 Ma (Stabell and
Koç, 1996) and antedates the first major IRD peak at 3.3 Ma that
marks the expansion of the Greenland Ice Sheet (Jansen et al., 2000;
Kleiven et al., 2002). Thus, sea-surface conditions similar to modern
that seriously affected palynomorph productivity have already been
established in the Iceland Sea well before the onset of large-scale
glaciations on Greenland.

Besides almost mono-specific Spiniferites spp. assemblages at
3.6 Ma, 3.4 Ma and 3.3 Ma all subsequent samples are virtually barren
of marine palynomorphs (b10 cysts/sample). Dilution by high input
of terrigenous material is an unlikely cause for this barren interval, as
it would have affected all microfossil groups. Moreover, as sedimenta-
tion rates are fairly constant between 7.0 and 2.5 Ma (1.5–2.5 cm/kyr)
accumulation of biogenic material must have been altered by processes
at the sea surface (e.g. nutrient availability, sea ice cover) or within the
deeper waters such as selective degradation and dissolution (Jansen
et al., 1996). Species recorded just below this interval (N. labyrinthus,
I. pallidum, and S. elongatus) survive harsh conditions with up to
12 months per year sea ice cover (de Vernal et al., 2001; Zonneveld
et al., in press) excluding sea ice as a single cause, and nutrient availabil-
ity might be excluded since diatoms have been constantly recorded in
this interval (Stabell and Koç, 1996). Recent studies demonstrate a
species-dependent selective aerobic degradation (Zonneveld et al.,
2008, 2010), and “Impagidinium and Nematosphaeropsis are clearly
more resistant than TOC” (Versteegh et al., 2010, p. 177), but all other
dinocyst species degrade considerably faster. However, N. labyrinthus
and Impagidinium spp. disappear abruptly whereas TOC contents
even show a slight increase (Fig. 2). Therefore, post-depositional aero-
bic degradation due to sinking of well-oxygenated surface waters dur-
ing times of enhanced deep-water formation probably played a role,
but is unlikely the single cause. In addition, sampling might have been
biased towards unfavorable conditions, and narrow intervals with
abundant palynomorphs might have not been sampled. Nevertheless,
this barren interval might indicate increased Pliocene overturning cir-
culation in the Iceland Sea related to the closure of the Panama Isthmus
(Haug and Tiedemann, 1998) or a submerged Greenland–Scotland
Ridge (Robinson et al., 2011), as also indicated by sustained NCW pro-
duction during this time (Poore et al., 2006).

5. Conclusions

For the interval between 14.5 and 2.5 Ma, ODP Hole 907A has been
palynologically investigated on ~100 kyr resolution in order to provide
new constraints on the Neogene paleoenvironmental evolution of the
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Iceland Sea. In addition, an alkenone based SST record has been
constructed to portray its long-term thermal development. In general,
our findings are in good accordance with the few Neogene high north-
ern latitude proxy records available highlighting the potential for
palynomorph based paleoenvironmental reconstruction.

The Middle Miocene Iceland Sea is characterized by a high marine
productivity, and distinctive differences in assemblage composition
compared to the Norwegian Sea suggest the prevalence of cooler
waters and the establishment of a temperature gradient between both
regions across the MMCT. Palynological and geochemical methods
both reveal a gradual cooling trend that initiated after the MCO, and
using the UK′

37 index, the maximum cooling of surface waters during
this period is estimated to be ~12 °C. Superimposed, our palynomorph
record depicts Miocene climate variability and transient alterations in
the assemblages coincide with the MMCT (Mi-3a and Mi-3b) and the
Mi-4 event, both presumably reflecting short-lived cooling periods in
the Iceland Sea. Changes in dinocyst diversity and assemblage composi-
tion, however, slightly precede the Mi-5 event. Substantial changes in
the surface water characteristics and the onset of progressive Late
Miocene cooling is indicated between 10.6 and 10.2 Ma (equivalent to
Mi-6) by a pronounced cluster of species last occurrences and the first
occurrence of the endemic cold-water acritarch D. martinheadii. In
concert with a second major cluster of last occurrences between 9 and
8.4 Ma, which may coincide with Mi-7, this reflects the progressively
strengthened influence of a proto-East Greenland Current in the Iceland
Sea. The subsequent supraregional “Decahedrella event”, and a contem-
poraneous SST decreasemark a general LateMiocene climate deteriora-
tion in the high northern latitudes at ~6.5 Ma. Indeed, most Neogene
cooling occurred prior to 5.5 Ma, well before the initiation of
large-scale Northern Hemisphere glaciations.

The earliest Pliocene is characterized by a transient warming, and
enhanced productivity is likely related to surface stratification caused
by freshwater discharge of melting icebergs/sea ice. However, the most
distinctive feature of the Pliocene palynomorph record is a pronounced
cluster of species disappearance between 4.5 and 4.3 Ma, probably
related to the establishment of the modern East Greenland Current,
and a subsequent crash of palynomorph accumulation that results in a
conspicuous barren interval. Possible explanations for this interval
invoke not only decreasing palynomorph productivity, enhanced
bottom-water oxygenation due to increased Mid-Pliocene overturning
circulation, and sea ice cover but probably also a bias introduced by
sample resolution. However, the timing of these events significantly
precedes themarked expansion of the Greenland Ice Sheet and suggests
a sensible adaptation of the palynomorph assemblage to climate deteri-
oration of a magnitude that does not led to traceable records in
deep-sea sediments.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.marmicro.2013.03.003.
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