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Abstract. The Pliocene was a time of global warmth, during which the Northern Hemisphere transitioned from small, 

sporadic glaciation towards the larger-scale Pleistocene glacial-interglacial variability. Here, we present high-resolution 

records of sea surface temperature (SST) and ice rafted debris (IRD) in the Norwegian Sea from 5.32 to 3.14 Ma, providing 

evidence that the Pliocene surface conditions of the Norwegian Sea underwent a series of transitions in response to orbital 10 

forcing and gateway changes. Average SSTs are 2°C above the regional Holocene mean, with notable variability on 

millennial to orbital timescales. Both gradual changes and threshold effects are proposed for the progression of regional 

climate towards the expansion of large-scale Northern Hemisphere glaciation. Cooling from 4.5 to 4.3 Ma may be linked to 

the onset of poleward flow through the Bering Strait. This cooling was further intensified by a period of cool summers due to 

weak obliquity forcing. Warming of up to 7˚C the Norwegian Sea at 4.0 Ma suggests a major increase in northward heat 15 

transport from the North Atlantic at this time, leading to an enhanced zonal SST gradient in the Nordic Seas, and may be 

linked to the expansion of sea ice in the Arctic and Nordic Seas. A warm Norwegian Sea and enhanced zonal temperature 

gradient between 4.0 and 3.6 Ma may have been a priming factor for increased glaciation around the Nordic Seas due to 

enhanced evaporation and precipitation at high northern latitudes. 

1 Introduction 20 

The Pliocene (5.333 to 2.58 Ma) was the last epoch with extended warmth before the onset of Pleistocene style of glacial-

interglacial cycles (Zachos et al., 2001). Evidence for early small-scale glacial build-up in the Northern Hemisphere is based 

on IRD deposited from Greenland at 38 to 30 Ma (Eldrett et al., 2007) and at 9.5 to 7.0 Ma (Wolf and Thiede, 1991). Further 

isolated instances of glaciation on eastern Greenland have likely occurred since 7.0 Ma (Larsen et al., 1994), until large-scale 

glacial build-up is signaled by greatly increased IRD influx during the Late Pliocene (Jansen et al., 2000; St. John and 25 

Krissek, 2002). Small-scale ice rafting has been reported from the Norwegian Sea since the Miocene (Fronval and Jansen, 

1996). This long history of small-scale glaciation, likely regionally confined, underlines the importance of a closer 

investigation of the Pliocene Northern Hemisphere climate in order to understand the transition towards large-scale Northern 

Hemisphere glaciation (NHG), including the growth of ice sheets. Pliocene glaciations have been reported on the North 

American continent and western Scandinavia at 4.9 to 4.8 Ma, 4.0 Ma, and 3.3 Ma (review in De Schepper et al., 2014). A 30 

statistically significant increase in global ice volume from 3.6 Ma was noted by Mudelsee and Raymo (2005), who consider 

this to be the marker for the onset of NHG. Furthermore, a large increase in IRD influx in the North Atlantic (Kleiven et al., 
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2002), and a crash of productivity in the North Pacific (Haug et al., 2005), indicated an important threshold towards 

intensified Northern Hemisphere ice build-up at ca. 2.7 Ma. 

The processes that initiated these regional glaciations and the overall progression towards the Late Pliocene intensification of 

NHG remain under discussion. The main hypotheses are long-term changes in the atmospheric CO2 concentration, changes 

in oceanic gateways and circulation, and changes in orbital forcing. Recently Schreck et al. (2013) and De Schepper et al. 5 

(2015) promoted the importance of the Nordic Seas in priming the Northern Hemisphere for glaciation through the 

establishment of the East Greenland Current (EGC) and the modern Nordic Seas oceanographic pattern (Fig. 1) around 4.5 

Ma. The establishment of the cold EGC, as a potential response to changes in the ocean circulation through the Bering Strait, 

has been considered important for large-scale glaciation of Greenland because the EGC thermally isolates Greenland from 

the warm waters transported northward in the Norwegian Atlantic Current (NwAC) (Bohrmann et al., 1990; Sarnthein et al., 10 

2009; De Schepper et al., 2015). 

A strengthening of the Atlantic Meridional Overturning Circulation (AMOC), or of the oceanic heat and moisture transport 

to high latitudes (Macdonald and Wunsch, 1996) likely affected the onset of NHG (Raymo et al., 1996; Sarnthein et al., 

2009) in conjunction with the thermally isolated Greenland ice sheet (Driscoll and Haug, 1998), although the mechanisms 

and their impacts continue to be debated. Some studies have proposed that increased northward heat transport led to 15 

increased high-latitude precipitation and ice build-up (Driscoll and Haug, 1998; Haug and Tiedemann, 1998), while others 

conclude that it had very little (Lunt et al., 2008a) or even the opposite effect, delaying NHG by heating the high northern 

latitudes (Klocker et al., 2005). Stepwise strengthening of the AMOC during the Pliocene (Haug and Tiedemann, 1998; 

Steph et al., 2006, 2010) has been proposed to be a consequence of the closing of the Central American Seaway (CAS), a 

response which is supported by model studies (e.g. Maier-Reimer et al., 1990). However, the precise timing of the closure of 20 

the CAS and its potential effects on climate remain under discussion, and it is not clear if a significant step in the closure of 

the CAS actually coincided with the timing of enhanced Pliocene AMOC and glaciation (Bartoli et al., 2005; Montes et al., 

2015; Mudelsee and Raymo, 2005). Although deep water proxy datasets support the hypothesis that the AMOC strengthened 

during the early Pliocene (Steph et al., 2010) and during the mid-Piacenzian (ca. 3.3 to 3.0 Ma; Raymo et al., 1996; 

Sarnthein et al., 2009), the same responses could also be explained by enhanced Antarctic deep water ventilation (Zhang et 25 

al., 2013). Furthermore, not all benthic records from the Atlantic show the expected responses, e.g. 
13

C enrichment, to a 

more vigorous Pliocene AMOC (Bell et al., 2015). 

In contrast to the suggestion that a strengthened AMOC is important for glacial growth at high northern latitudes, a 

modelling study by Klocker et al. (2005) indicated that strengthening of the AMOC would lead to decreased snowfall at high 

northern latitudes, despite any potential increase of precipitation. These authors concluded that AMOC change is a less 30 

effective driver of NHG than changes in orbital parameters. The configuration of the orbital parameters as a decisive timing 

factor of NHG around 2.7 Ma has also been suggested by Maslin et al. (1998), who proposed that an extended period of 

high-amplitude obliquity variability may have supported the preservation of ice through summer, but this mechanism also 

requires low enough atmospheric CO2 concentrations. Evidence exists for above Holocene (ca. 270 ppm; Indermühle et al., 
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1999) atmospheric CO2 concentrations during most of the Pliocene, with a decreasing trend towards the late Pliocene 

(Pliocene CO2 estimates range between ca. 300 to 500 ppm; Bartoli et al., 2011; Martínez-Botí et al., 2015; Pagani et al., 

2010; Seki et al., 2010). The decreasing atmospheric CO2 concentration has also been proposed as the cause for gradual 

global cooling which enabled the expansion of Northern Hemisphere ice sheets during the late Pliocene (e.g. Lunt et al., 

2008; Martínez-Botí et al., 2015).  5 

It is unclear in which way changes of atmospheric CO2 concentration, ocean heat transport, and orbital variability interacted 

at high northern latitudes, and if the cooling of the Northern Hemisphere and the growth of ice sheets proceeded gradually or 

through more rapid transitions. Different regional patterns and timings of sea surface temperature (SST) decreases are 

recorded at a global scale since 4.0 Ma (Ravelo et al., 2004), with only a certain subset of sites, mainly in modern upwelling 

zones, showing a common trend of cooling starting at 4.0 Ma (Fedorov et al., 2013). The only existing sub-orbitally resolved 10 

Pliocene (5.1 to 3.1 Ma) climate records from the Norwegian Sea, based on the stable isotope composition of planktic and 

benthic foraminifers, indicate a series of distinct changes of water mass density and ventilation proposed to be driven by a 

combination of gateway changes and orbital forcing (Risebrobakken et al., 2016), but the authors also noted a potential 

impact of diagenetic overprinting which may complicate the recorded climate signals in planktic foraminifers. A recently 

published U
K’

37 SST record from the Iceland Sea shows variable surface conditions throughout the Pliocene (Herbert et al., 15 

2016) that indicate overall above-modern temperatures, an Early Pliocene stepwise cooling trend and Late Pliocene 

warming. 

Here, we present high-resolution U
K’

37 SSTs, C37:4 alkenone percentages (%C37:4), and IRD counts from ODP Hole 642B in 

the Norwegian Sea (Fig.1) across the 5.32 to 3.14 Ma time interval. Sea surface temperatures and %C37:4 provide insights 

into the changing properties of the surface water masses in the western Nordic Seas, while the IRD record indicates changes 20 

in the behavior of glacial margins extending to the Nordic Seas. The records from ODP Hole 642B provide insight on 

whether Pliocene climate variability on tectonic (>100 ka) and orbital timescales (20 to 400 ka) was important for 

establishing favorable conditions for sporadic Northern Hemisphere glaciation during the early Pliocene (De Schepper et al., 

2014), and for increasingly widespread glaciation during the late Pliocene (Mudelsee and Raymo, 2005). 

2 Materials and Methods 25 

2.1 Study area and present-day oceanographic conditions 

Two major surface currents dominate the Nordic Seas (Norwegian Sea, Greenland Sea and Iceland Sea), the Norwegian 

Atlantic Current (NwAC) and the East Greenland Current (EGC) (Fig. 1), setting up distinct meridional and zonal gradients 

of SSTs and salinity (e.g. Blindheim and Østerhus, 2005). The NwAC is supplied by the North Atlantic Current (NAC) with 

warm and saline Atlantic water (>3°C, >35 psu; Mauritzen, 1996). It flows in two bathymetrically steered branches over the 30 

Norwegian shelf and the Norwegian basin. Moving northward the Atlantic water masses of the NwAC lose heat due to 

exchanges with the atmosphere. The NwAC bifurcates by the Barents Sea, and again when the NwAC reaches the Fram 
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Strait, where parts of its water masses submerge into the Arctic Ocean, while the majority of the Atlantic water is deflected 

westward and submerged southward below the surface of the EGC. The surface of the EGC is composed of cold and 

relatively fresh polar water (0 to 0.5°C, 34.8 to 34.9 psu; Mauritzen, 1996) which travels southward through the Fram Strait. 

The polar water flows southward along the Greenland shelf and exits the Nordic Seas through the Denmark Strait between 

Greenland and Iceland. Parts of the polar water are deflected into the Greenland Sea and the Iceland Sea, where they form 5 

part of the Nordic Seas deep water, feeding the North Atlantic deep water (e.g. Mauritzen, 1996). The remainder of the deep 

water is a mixture of deflected Atlantic water as well as recirculated Atlantic water that passed through the Arctic Ocean. In 

the central Nordic Seas, between the Polar water in the West and the Atlantic water in the East, a mixed region of Arctic 

Water extends (Blindheim and Østerhus, 2005). The Arctic water is bounded by the polar front in the west and the Arctic 

front in the east. 10 

In this study, we investigate sediments from ODP Hole 642B (Eldholm et al., 1987), using material dated to the Pliocene 

from 85.66 to 66.99 meters below sea floor (mbsf). The study site is situated on the Vøring Plateau (67° 2’ N, 2° 9’ E) at a 

water depth of 1280 m. Presently Hole 642B lies beneath the western branch of the NwAC and experiences warm summer 

SSTs averaging 10.2°C (Locarnini et al., 2013). We apply the new Hole 642B age model developed by Risebrobakken et al. 

(2016), based on the magnetostratigraphy of Bleil (1989) updated to the ATNTS2012 timescale (Hilgen et al., 2012), and 15 

further constrained for the time interval between 4.147 and 3.140 Ma by tuning the benthic oxygen isotope record from Hole 

642B (Cassidulina teretis) to the global δ18O stack of Lisiecki and Raymo (2005). This age model gives the studied material 

an age range from 5.321 to 3.141 Ma. To compare our data with more recent interglacial values, including the modern zonal 

Nordic Seas SST gradient, we also present new Holocene averaged U
K’

37 SST data from the Iceland Sea (Site GS15-198-62 

MC-A, 70° 01’ N, 13° 33’ W, 1423 m depth; Fig. 1), alongside published Holocene averages for Norwegian Sea site MD95-20 

2011) (Calvo et al., 2002), both generated using the same methods as for Hole 642B. For core GS15-198-62 MC-A, the 

Holocene is identified to the upper ~20 cm below seafloor based on stable isotopes and a radiocarbon date that sets the 

bottom of the core (42.75 cm) to 16590±90 
14

C years BP (Saint-Macary, 2016; unpublished master intern report) 

2.2 Alkenones 

All alkenone measurements were produced at the biomarker laboratory of the Department of Geography, Durham 25 

University, UK. Alkenone-derived SSTs were measured from 333 sediment samples taken at ODP Hole 642B, extending the 

record of 59 samples spanning 3.264 to 3.140 Ma previously published for this site by Bachem et al. (2016). Alkenones were 

extracted from freeze-dried samples (1 to 2 g) using 12ml of Dichloromethane and Methanol (3:1 v/v) in a CEM MARS 

microwave, following the protocol of Kornilova and Rosell-Melé (2003). Extraction was aided by heating to 70°C over 2 

minutes, holding the temperature for 5 minutes and cooling below 30°C before further processing. Lipids were recovered by 30 

centrifuge (to separate from sediments) and rotary evaporator (to remove solvent). Silica column chromatography was used 

with hexane, DCM and methanol as eluents to separate the ketones, including alkenones, from other extracted lipids (non-

polar and polar compounds). We quantified the alkenones using a gas-chromatograph fitted with a flame ionization detector 
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(FID; Thermo Scientific Trace 1310). Hydrogen was used as a carrier gas. Injector temperature was set to 280°C, FID 

temperature to 350°C. After injection, temperatures were increased from 70°C to 170°C at 12°C per min, then to 310°C at 

6°C per min. and held at that temperature for 40 min. The U
K’

37 index was calculated according to Prahl and Wakeham 

(1987). We apply the Müller et al. (1998) calibration to convert data from the U
K’

37 index to SSTs. While this calibration of 

U
K’

37 to SSTs does not include sample sites further north than 60° N, it has been shown to provide reliable results in the 5 

Norwegian Sea during the Holocene) (e.g. Calvo et al., 2002; Risebrobakken et al., 2011). The resulting SSTs are considered 

to represent the temperature of the surface mixed layer, with best fit at 0 m (Müller et al., 1998). For the Holocene data from 

Site GS15-198-62 MC-A the sample preparation was performed as for 642B, then chemical ionization mass spectroscopy 

was used to detect the weaker alkenone signals, following the method of Rosell-Melé et al. (1995). 

The tetra-unsaturated C37:4 alkenones were quantified as a percentage of the three C37 alkenones (C37:2, C37:3, C37:4). It is 10 

produced mainly in cool water masses (e.g. Rosell-Melé et al., 1994) and has been suggested to indicate the influence of 

fresh water when it exceeds 5 % (Rosell-Melé, 1998). In the Nordic Seas cool and fresh water masses are closely linked 

(Bendle et al., 2005; Sikes and Sicre, 2002), which is why a distinct separation of a temperature and salinity response of this 

proxy may not be possible. We consider increases of %C37:4 to be a supporting indicator for an increased influence of both 

colder and fresher water masses (Bendle et al., 2005; Filippova et al., 2016). 15 

2.3 Ice rafted debris 

Ice rafted debris grains >150 µm were counted visually in 539 samples using a binocular microscope, with an average 

sample resolution of 3.6 ka. This extends the record of 94 samples published by Bachem et al. (2016) for the 3.264 to 3.140 

Ma time interval. A previous study was performed on Hole 642B sediments of the >125 µm fraction by Jansen and Sjøholm 

(1991), who achieved an average sample resolution of 14.5 ka. As noted in Bachem et al. (2016), this approach misses the 20 

IRD of smaller grain sizes, but the >150 μm IRD fraction is sufficient to correlate the presence and variability of IRD in the 

Nordic Seas region to SSTs. 

3 Results 

We present U
K’

37 alkenone SSTs from the Norwegian Sea ODP Hole 642B with an average temporal resolution of 5.6 ka 

(range: 0.5 to 58 ka) from 5.321 to 3.141 Ma (Fig. 2c). The average Pliocene SST was 13.2°C, 2°C above the regional 25 

Holocene average (Calvo et al., 2002; Site MD95-2011; 66° 58′ N, 7° 38′ E). Some of the highest SSTs were measured in the 

earliest Pliocene (5.3 to 5.0 Ma; 85.66 to 83.46 mbsf), a time interval which was marked by a cooling trend from 17°C to 

15°C. From 5.0 to 4.64 Ma (83.46 to 77.81 mbsf), the SST record varied between 11°C and 15°C with a period of ~10-30 ka. 

Following this unstable period the SSTs remained relatively stable (13.9 to 15°C) between 4.64 and 4.45 Ma (77.76 to 77.21 

mbsf). A pronounced cooling began from 15°C at 4.45 Ma into an interval of sustained low Pliocene SSTs starting from 4.3 30 

Ma and continuing to 4.0 Ma (76.61 to 73.61 mbsf, which mostly lay below the Holocene average (down to a minimum of 
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just over 10°C, 1.2°C below the Holocene average). Significant warming, from ~11°C to ~17°C, then occurred within 70 ka 

from ~4.0 Ma to 3.93 Ma (73.57 to 73.01 mbsf). An extended period of warmth then lasted until 3.65 Ma (70.47 mbsf), 

marked by SSTs between 15°C and 17°C. Ending this extended warm period, SSTs first cooled to around 13.5°C between 

3.65 and 3.45 Ma (70.41 to 68.92 mbsf), succeeded by an even colder interval from 3.45 to ~3.3 Ma (68.90 to 68.42 mbsf), 

during which mean SSTs remained close to 12°C. From 3.3 Ma, a rapid SST increase from ~12.4°C at 3.3 Ma to 15.6°C at 5 

3.26 Ma (68.10 mbsf) was recorded. 

The percentage of tetra-unsaturated alkenone (%C37:4, Fig. 2b), was generally very low, lying close to the detection limit 

(< 1%) for much of the Pliocene. Increases in %C37:4 maxima of 4 to 8 % occurred during phases when SSTs were 

comparable to Holocene values, i.e. at 4.9 Ma, between 4.3 and 4.0 Ma, and between 3.6 and 3.3 Ma. 

The IRD counted in Hole 642B consist mainly of quartz grains and metamorphic rock fragments. The new high-resolution 10 

record shown here compares well with the lower resolution IRD record from the same site by Jansen and Sjøholm (1991). 

Pulses of IRD >150 µm (Fig. 2a) reach the Norwegian Sea around 4.9 Ma (70 grains/g), 4.74 Ma (25 grains/g), 4.62 Ma (19 

grains/g), 4.34 Ma (38 grains/g), 4.2 Ma (grains/g), and 4.0 Ma (100 grains/g). After a largely IRD-free interval 4.0 to 3.6 

Ma, IRD influx increases in variability and amount to between 0 and 81 grains/g between 3.60 and 3.14 Ma. 

For the Holocene SST data from Site GS15-198-62 MC-A, alkenone detection uncertainties in the deeper range allowed only 15 

for the accurate analysis of the upper 15 cm. While this depth interval does not cover the entire Holocene, as preliminary 

dating of deeper material to 16590±90 
14

C years BP indicates (Saint-Macary, 2016; unpublished master intern report), the 

resulting average SST 8.5°C (Fig. 1 insert; Fig. 2c) is most likely representative of the average state of this region during the 

Holocene. 

4 Discussion 20 

The Pliocene Norwegian Sea was on average 2°C warmer than the Holocene mean (Calvo et al., 2002), however, notable 

temperature transitions occurred at several times. These new SST data, supported by IRD and %C37:4 records, enable us to 

investigate the sea surface conditions of the Norwegian Sea at orbital (20 to 400 ka) to tectonic (100 ka to several Ma) 

timescales. 

There is no indication of stable warmth throughout the Pliocene at Hole 642B; rather, there are clear signs of several 25 

complex and extended cooling phases and relatively fast warming phases. The likely factors to impact the climate system on 

the timescales we discuss are the atmospheric CO2 concentration, changes in the orbital parameters, and tectonic changes, as 

well as the interaction between ocean, atmosphere and cryosphere: here, we discuss the effects of these factors on the surface 

conditions on the Norwegian Sea and consider the potential ramifications for the process of Northern Hemisphere Glaciation 

during the Pliocene. First, we outline our interpretations of the proxy datasets. Secondly, we discuss the overall long-term 30 

effects of the Pliocene atmospheric CO2 concentration, before we discuss the evolution of the Pliocene climate between 5.32 

and 3.14 Ma, noting which factors may have influenced the Norwegian Sea during defined time windows. Pliocene 
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interactions between the relatively warm Norwegian Sea, sea ice, and terrestrial ice expansion may give clues to the general 

behavior of the high-latitude climate system during periods of increased global warmth. 

4.1 Proxy Interpretations 

Three paleoclimate proxies are applied here: alkenone SSTs, IRD and %C37:4, As noted above, the U
K’

37 SST proxy is 

calibrated to the modern annual mean SST (0 m). However, it has been suggested that there is likely a bias towards summer 5 

temperatures in U
K’

37 SST data in the Nordic Seas, because of the low insolation during the winter months at high latitudes 

(Risebrobakken et al., 2011). Nevertheless, there is some doubt about the preservation of alkenone production seasonality 

signals in sediments (Rosell-Melé and Prahl, 2013). Assuming that a summer bias is inherent in our SST record due to the 

very low primary productivity of the Nordic Seas during winter (Andruleit, 1997), we suggest that high-latitude U
K’

37 SST 

data may show the evolution of the summer mixed layer, and consequently respond to changes in the intensity of summer 10 

insolation, as it has been reported for the Holocene (Risebrobakken et al., 2011). For the U
K’

37 SST record from ODP Site 

907 in the Iceland Sea, with which we compare our SST data, the authors do not assume a particular summer bias (Herbert et 

al., 2016; De Schepper et al., 2015; Schreck et al., 2013). Considering the close meridional proximity of ODP Hole 642B 

(67° 13.5’ N) and ODP Site 907 (69° 15.0’ N) it is likely that the seasonal bias is similar in both records, and hence that the 

reported SSTs are comparable in this regard, even though these sites presently lie in very different water masses (Fig. 1). We 15 

compare the Pliocene SSTs with Holocene mean SSTs given by the same method at nearby sites (Fig. 1 and 2), to include 

more of the variability that exists within the present warm period (0 to 10 ka) when comparing to Pliocene measurements 

where each value represents a much longer time span (hundreds to thousands of years) than that covered by any instrumental 

time series. Furthermore, this approach gives the Pliocene-Holocene difference between consistent methods instead of 

mixing temperature information from instrumental measurements with proxy reconstructions. 20 

The use of %C37:4 as a climate proxy in the Nordic Seas has been extensively discussed by Rosell-Melé (1998) and Bendle et 

al. (2005). These authors have proposed that a connection between %C37:4 and fresh water masses may exist at >5 %C37:4. 

Sikes and Sicre (2002) noted that salinity and temperature changes in the North Atlantic are so closely linked that a 

differentiation between these two variables using %C37:4 may be impossible. An alternative approach exploits the co-

variation of SST and salinity in the Nordic Seas, and the presence of specific surface water masses (Bendle et al., 2005) 25 

which showed that elevated %C37:4 and low SSTs occurred in colder and less saline Arctic waters, and this is the 

interpretation we apply here. Instances of IRD peaks coinciding with %C37:4 would also lend support to the interpretation of 

cooler and less saline surface water masses. However, it should be noted that the IRD peaks reported here are far smaller 

than those associated with large-scale fresh-water influx during the late Pleistocene (e.g. Heinrich events). 

The record of IRD provides data regarding the influx of coarse terrestrial material. This merely indicates the existence of 30 

calving glacial margins somewhere surrounding the Nordic Seas, and does not in itself give any further information about 

the properties and provenance of this ice. The IRD we register at Site 642B does not exceed an estimated 1 to 2 % of the 

total sediment weight of a given sample, much lower than during Nordic Seas ice rafting events of late Pleistocene glacials 
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when IRD contents reached 50 to 100 % (Heinrich, 1988). This means that any IRD influx was likely a matter of sporadic 

and minor ice rafting and not indicative of large-scale collapses of ice sheets comparable to those of the Late Pleistocene 

with associated ice streams (Marcott et al., 2011). It should also be noted that the presence of IRD is not specifically linked 

to the growth rate of ice sheets, but to the extent of their interaction with the ocean. Extended periods of ice growth away 

from the coast, i.e. without calving margins, would not be visible in the IRD record (Ruddiman et al., 1980). 5 

 

4.2 Relation to atmospheric CO2 concentration 

None of the large-scale SST changes seen in the ODP Hole 642B record, e.g. the transitions into and out of the cold interval 

between 4.3 and 4.0 Ma, or the stepwise cooling between 3.65 Ma and 3.40 Ma, can be explicitly tied to changes in 

atmospheric CO2, due to the lower resolution of the existing reconstructions of Pliocene atmospheric CO2 concentrations 10 

(Bartoli et al., 2011; Martínez-Botí et al., 2015; Pagani et al., 2010; Seki et al., 2010) (Fig. 2b). In addition to the lack of high 

resolution CO2 records covering the Pliocene, different studies and methods of atmospheric CO2 reconstruction provide 

different ranges of absolute atmospheric CO2 concentration, resulting in an uncertainty of 100 to 300 ppm (Fig. 3b). 

Therefore, we only consider the long-term effects of the atmospheric CO2 concentration on the reconstructed Pliocene SSTs. 

According to most CO2 reconstructions for the Pliocene (e.g. Bartoli et al., 2011; Pagani et al., 2010; Seki et al., 2010), the 15 

atmospheric CO2 concentration slowly decreased but remained consistently above the Holocene levels of ca. 270 ppm (e.g. 

Indermühle et al., 1999). While the climate sensitivity of the Pliocene is still under discussion (Howell et al., 2016; Martínez-

Botí et al., 2015; Pagani et al., 2010), an overall warming effect on SSTs in the Norwegian Sea is to be expected from an 

above pre-industrial atmospheric CO2 concentration because of the associated increase in overall radiative forcing, consistent 

with our reconstructed Pliocene SSTs lying ~2C above the Holocene (Fig. 2). The overall decreasing trend displayed by 20 

Pliocene atmospheric CO2 concentrations is not reflected in our SST record, which does not have a significant overall trend. 

4.3 Pliocene sea surface changes in the Norwegian Sea 

Here we subdivide our records into six shorter time intervals and discuss the Norwegian Sea surface changes for each time 

interval. We investigate the potential for changes in the surface water masses and currents of the Nordic Seas caused by 

gateway transitions of the Bering Strait and the CAS (Bohrmann et al., 1990; Haug and Tiedemann, 1998; De Schepper et 25 

al., 2015), as well as uplift events around Greenland and Scandinavia (De Schepper et al., 2014; Japsen et al., 2006; Knies et 

al., 2014a). We consider potential impacts of orbital forcing, with a focus on the impact of obliquity on seasonality. Our 

conclusion is that these changes were potentially responsible for conditioning the Northern Hemisphere for increasing 

amounts of glaciation towards the late Pliocene. 

 30 
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4.3.1 Gradual early Pliocene cooling of Norwegian Sea SSTs, 5.3 to 5.0 Ma 

Overall, SSTs cooled between 5.3 and 5.0 Ma. We note that the SST contrast between the Norwegian Sea (Hole 642B) and 

the Iceland Sea (Site 907; Herbert et al., 2016) was around Holocene levels or larger during the earliest Pliocene (Fig. 4b) 

(Herbert et al., 2016; De Schepper et al., 2015; Schreck et al., 2013), indicating that the Nordic Seas were already zonally 

differentiated. Elevated %C37:4 coincide with the coldest recorded temperatures at Hole 642B within the 5.3 to 5.0 Ma 5 

interval, 12.5°C at 5.19 Ma, indicating that a short-term increase in cold water masses influenced the surface of the 

Norwegian Sea. There was no IRD associated with the cooling and no clear driver is evident (Fig. 2). 

4.3.2 Unstable sea surface conditions, 5.0 to 4.64 Ma 

Between 5.0 and 4.64 Ma, SSTs in the Norwegian Sea are highly variable, ranging from just below the Holocene average of 

11.6°C up to 15°C (Fig. 2c). The frequencies at which SSTs vary are not stable during this time period, and we were unable 10 

to detect any of the major frequencies of orbital precession, obliquity, and eccentricity through wavelet analysis (not shown). 

Periods of low SSTs are accompanied by increasing influx of IRD and sporadic increases in %C37:4, indicating increased 

influence of cooler and possibly less saline water masses towards Hole 642B. Corresponding variability is also seen in the 

planktic and benthic carbon isotopes, implying changes in ocean-atmosphere exchange and bottom water ventilation (Fig. 

4c-f; Risebrobakken et al., 2016). Similarly, the interaction between low SSTs and increased IRD at the same site during the 15 

mid-Piacenzian warm period appears to be driven largely by decreasing obliquity (Bachem et al. 2016). Although we were 

unable to detect orbital periodicities in our SST data, we note that between 5.0 to 4.64 Ma the high variability in SSTs also 

coincides with especially high variability of obliquity (Fig. 3d; Laskar et al., 2004). This similarly could be accounted for by 

highly variable obliquity forcing causing successive transitions between times of stronger and weaker seasonal insolation 

(Berger, 1988). During times of weaker seasonality, the summers may have been cool enough to allow for the sporadic 20 

expansion of glaciers and calving of icebergs reaching the Norwegian Sea. As noted in Bachem et al. (2016) for the later 

Pliocene, the source of IRD in the Norwegian Sea may have been Greenland rather than the more proximal Scandinavia. 

This contrasts with a Scandinavian IRD source in Hole 642B proposed by Jansen & Sjøholm (1991). Our rationale is that the 

SSTs at Hole 642B, even though they were unstable, remained mostly above the Holocene average across the 5.0 to 4.64 Ma 

time interval. As Born et al. (2010) noted for the last interglacial, Scandinavian surface air temperatures had to be 3°C cooler 25 

than the Holocene average to trigger glacial inception on Scandinavia. With ocean temperatures being up to 3°C warmer 

than the Holocene, it is not likely that the atmospheric temperatures over Scandinavia were colder than today, and therefore, 

calving glaciers probably did not occur at the coast of Norway. 

Within the interval from 5.0 to 4.65 Ma, the coldest Hole 642B SSTs are recorded just prior to 4.9 Ma (10.86°C) (Fig. 2c), 

corresponding to a glaciation event with possible global extent that took place around 4.9 to 4.8 Ma (Lisiecki and Raymo, 30 

2005; De Schepper et al., 2014). This event at 4.9 Ma is also marked by enhanced IRD input (Fig. 2a), and cooling 

throughout the water column at Hole 642B as indicated by δ
18

O data (Fig. 4c, d; Risebrobakken et al., 2016). The gradual 
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SST cooling from 5.3 to 5.0 Ma culminates with the 4.9 Ma cold event (Fig. 2), which is also indicated by dinoflagellate 

assemblage changes (De Schepper et al., 2015). The gradual cooling may therefore have influenced the regional climate and 

ice growth leading up to the 4.9 Ma global glaciation event. 

4.3.3 From stable warm (15°C) to stable cold (10.5°C) Norwegian Sea SSTs, 4.64 to 4.0 Ma 

Following rather stable and warm surface conditions (~15°C) from 4.64 to 4.45 Ma, an initial cooling phase is noted at 4.45 5 

Ma, from 15°C to 12.8°C, and a subsequent extended cold period begins at 4.3 Ma (Fig. 2c). These cold intervals coincide 

with an interval of especially weak amplitude in obliquity forcing between 4.4 and 4.0 Ma (Fig. 3d). The single high 

amplitude obliquity cycle that occurred in this time interval, at 4.2 Ma, is associated with a peak of SST. Overall, a 

relationship between a generally reduced seasonality (low obliquity) and low SSTs in the Norwegian Sea characterizes the 

average state for the 4.3 to 4.0 Ma interval. Sporadic peaks of %C37:4, albeit small, are associated with the coldest SSTs 10 

between 4.3 to 4.0 Ma, suggesting an enhanced influence of cool water masses in the Norwegian Sea. Peaks of IRD appear 

in association with the cool phase around 4.38 Ma, as well as during the 4.3 to 4.0 Ma cold interval (Fig. 2a, c). No IRD peak 

corresponds to the rapid cooling at 4.3 Ma, but the strongest IRD peak of the record begins at the end of the 4.3 to 4.0 Ma 

cool period, just before the rapid warming transition at 4.0 Ma. The combined reduced SSTs, increased %C37:4, and IRD 

support previously published records which indicated that interval between 4.4 and 4.0 Ma was relatively cold in the 15 

Norwegian Sea, with a reduced planktic-benthic δ
13

C gradient suggesting a water mass structure not too dissimilar from that 

of the Holocene (Fig. 4e, f; Risebrobakken et al., 2016). The IRD maximum at 4.05 Ma, although dramatic for the Pliocene 

at this site, has to be interpreted with caution. All of the IRD peaks in our record are an order of magnitude smaller than the 

peaks that appear at Hole 642B and in the North Atlantic during the Pleistocene glacials (Jansen et al., 2000; Jansen and 

Sjøholm, 1991). Instead the IRD peaks of the Hole 642B record are comparable in magnitude to those seen in the North 20 

Atlantic during late Pliocene and Pleistocene times of relatively low ice rafting activity, when glacial margins were relatively 

stable (i.e. outside of glacial-interglacial transitions) (e.g. Kleiven et al., 2002; Mokeddem et al., 2014). The increase in IRD 

at Hole 642B from 4.05 Ma precedes the major increase in SSTs at 4.0 Ma (Fig. 2), therefore, increased calving did not 

occur as a response to this large-scale warming. The phase of weak obliquity variability from 4.3 to 4.05 Ma may have 

enabled the build-up of small-scale glaciation around the Nordic Seas large enough to shed icebergs into the ocean. The 25 

minor warming and increase in IRD at 4.05 Ma coincides with an increased obliquity (Fig. 3), suggesting a potential role for 

increased seasonality in causing local warming and/or the retreat of small-scale marine based glaciers existing in the Nordic 

Seas realm. 

The change in SSTs from the stable warm conditions between 4.64 Ma and 4.45 Ma to the stable cold conditions between 

4.3 and 4.0 Ma can also be seen in relation to the onset of northward through-flow in the Bering Strait (Marincovich and 30 

Gladenkov, 1999), the establishment of the EGC and the onset of modern circulation in the Nordic Seas, the latter suggested 

to have occurred around 4.5 Ma (De Schepper et al., 2015). The modern oceanographic pattern of the Nordic Seas is 

characterized by a strong zonal gradient of SST and salinity between the cold and fresh EGC to the West and the warm and 
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saline NwAC to the East (Fig. 1). De Schepper et al. (2015) identified, major changes in the dinoflagellate cyst assemblages 

around 4.5 Ma in both the Iceland and Norwegian Sea, including an assemblage turnover, decrease in cyst concentrations 

and broadly contemporaneous extinctions of four species. Following the disappearance of these taxa in Hole 642B (Fig. 2d) 

around 4.5 Ma, and a decrease in heterotrophic taxa, cysts of cosmopolitan dinoflagellate species Protoceratium reticulatum 

increase in abundance and concentration. This is interpreted as a significant shift in the water mass characteristics of the 5 

Norwegian Sea likely due to increasing influence of warm North Atlantic water on the Norwegian Sea relative to the Iceland 

Sea, which is more influenced by the establishment of the EGC. However, when comparing the U
K’

37 SST records from Hole 

642B and Site 907 (Herbert et al., 2016; De Schepper et al., 2015), the zonal SST gradient between the sites varied between 

2°C and 6°C during the period 5.3 to 4.0 Ma (Fig. 4b). The gradient remained stable, indicating that the eastern and western 

Nordic Seas were coupled. This suggests an earlier establishment of the modern zonal differentiation of the Nordic Seas 10 

compared to the changes in dinoflagellate assemblages that took place at 4.5 Ma (Fig. 2d; De Schepper et al., 2015). The 

coupling remained intact through the cooling from 4.5 to 4.0 Ma. The U
K’

37 SST trends at ODP Hole 642B and Site 907 are 

roughly comparable in timing and amplitude, and the gradient between both sites is weakest (ca. 3 to 4°C; Fig. 4b) when the 

Norwegian Sea was at its coolest between 4.3 and 4.0 Ma. Hence, these new data suggest that while cooling at ODP Site 907 

may originate from the establishment of the EGC at ca. 4.5. Ma, no warming occurs in the NwAC until 4.0 Ma. This lack of 15 

warming, despite an increased Atlantic water influence from around 4.2 Ma onwards as suggested by the increasing presence 

of cysts of P. reticulatum (De Schepper et al., 2015), would imply that the northward heat transport by the North Atlantic 

Current was still relatively low. 

The existence of a modern-like circulation, despite the potentially weakened heat transport, is supported by overflow at the 

Denmark Strait (Bohrmann et al., 1990) and enhanced ventilation of intermediate depths in the Nordic Seas between 4.5 and 20 

4.4 Ma (Risebrobakken et al., 2016). Various studies have suggested that a shallow opening of the Central American Seaway 

before the late Pliocene (Bartoli et al., 2005; Haug and Tiedemann, 1998; Kameo and Sato, 2000; Osborne et al., 2014; Steph 

et al., 2010) has in part been responsible for a weaker than modern northward heat transport by the AMOC at this time. A 

persistent shallow opening of the CAS is potentially responsible for reduced northward heat transport, as indicated by model 

comparisons between an open and a closed CAS (e.g. Maier-Reimer et al., 1990; Zhang et al., 2012). 25 

4.3.4 Rapid warming followed by extended interval of high SSTs, 3.95 to 3.65 Ma 

From 4.0 to 3.95 Ma, ODP Hole 642B records a dramatic increase in SSTs from around 10°C to 17°C over ca. 50 ka 

(0.14°C/ka), making it the longest and largest warming episode of the record. The warming was followed by a relatively 

stable warm period from 3.95 to 3.65 Ma (15 to 17°C). As high SSTs developed at Hole 642B the SSTs at ODP Site 907 

decreased and remained at a Pliocene low until 3.55 Ma (Herbert et al., 2016; De Schepper et al., 2015). Hence, the zonal 30 

gradient in the Nordic Seas intensified during the 4.0 to 3.95 Ma transition, when the SST contrast between the Iceland Sea 

and the Norwegian Sea reached a sustained maximum of ~10°C, significantly larger than the Holocene difference of ~3°C 

(Fig. 4b). The high SSTs in the Norwegian Sea and the strong zonal temperature gradient within the Nordic Seas suggests 
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that the surface circulation of the Nordic Seas was more vigorous during this time period. Strong inflow of warm Atlantic 

water is also indicated by enriched planktic δ
13

C at Hole 642B, which is likely caused by enhanced gas exchange in the 

upper water (Fig. 4e; Risebrobakken et al., 2016). 

The warming of the Norwegian Sea at 4.0 Ma coincides with several tectonic shifts that could affect the climate development 

of the Nordic Seas region, namely a threshold in the closure of the CAS and/or uplift of Greenland and northern Scandinavia 5 

(Knies et al., 2014a; Steph et al., 2010). Enhanced NADW production and a more vigorous AMOC have been noted by 

Steph et al. (2010) towards 4.0 Ma based on benthic δ
13

C in the low-latitude Atlantic. Consistently low benthic δ
13

C in the 

Norwegian Sea (Fig. 4f; Risebrobakken et al., 2016) indicates that bottom water ventilation at the Vøring Plateau did not 

increase, suggesting that the deep water formation during this time of vigorous surface circulation largely took place south of 

the Nordic Seas. Steph et al. (2010) link the change towards a stronger AMOC to the closure of the CAS. However, other 10 

studies have shown no response of benthic δ
13

C in other Atlantic sites, indicating that the changes may have been limited to 

specific water masses (Bell et al., 2015; Zhang et al., 2013). Tectonic uplift took place around Greenland and Scandinavia at 

4.0 Ma (Japsen et al., 2006; Knies et al., 2014a), and may have been important for enhanced regional glaciation on 

Greenland (Japsen et al., 2006; De Schepper et al., 2014; Solgaard et al., 2013). The period of consistently warm SSTs that 

occurred in the Norwegian Sea and North Atlantic between 4.0 Ma and 3.65 Ma may have triggered increased evaporation 15 

and hence precipitation, which can increase the Arctic freshwater supply and facilitate sea ice formation in the Arctic 

(Driscoll and Haug, 1998) if SSTs here are low enough. The Arctic sea ice cover extended towards the Fram Strait (ODP 

Site 910C) for the first time during the Pliocene at 4.0 Ma (Knies et al., 2014b), and the associated increased sea ice export 

would have further cooled the EGC and in consequence the eastern Nordic Seas (Herbert et al., 2016). In turn, a stronger 

zonal gradient in the Nordic Seas would have been enforced and shielded the growing Greenland ice cover from the warm 20 

NwAC (Bohrmann et al., 1990; Japsen et al., 2006; De Schepper et al., 2015; Solgaard et al., 2013). Uplift and increased 

precipitation may have enabled lateral ice sheet growth in the interior of Greenland from 4.0 Ma onward, which could take 

place without producing a notable IRD record (Ruddiman et al., 1980; Solgaard et al., 2013). Hence, the uplift of Greenland, 

in combination with enhanced supply of freshwater to the Arctic due to increased moisture transport and runoff, likely 

supported the cooling and the first appearance of winter sea ice in the Fram Strait at 4.0 Ma, as suggested by Knies et al. 25 

(2014b). The warming documented in the Norwegian Sea at 4.0 Ma (Hole 642B), in combination with the corresponding 

cooling in the northern Nordic Seas (Hole 910C; Knies et al., 2014b) and the Iceland Sea (Site 907; Herbert et al., 2016; De 

Schepper et al., 2015), indicates a strengthening of both the zonal and the meridional temperature gradient in the Nordic 

Seas. Risebrobakken et al. (2016) noted that the increased freshwater and sea ice flux in the EGC may have supported the 

warming in the NwAC by reinforcing the counter-flow of warm Atlantic water in the Norwegian Sea. A warm North 30 

Atlantic from 4.0 to 3.65 Ma is supported by U
K’

37 SST data from ODP Site 982 (Fig. 1) (Lawrence et al., 2009). 
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4.3.5 Gradual cooling, 3.65 to 3.3 Ma 

Sea surface temperatures decrease from an average of 16°C between 4.0 and 3.65 Ma to an average of 14°C between 3.65 

and 3.45 Ma, before reaching a cold average of 11.5°C between 3.4 and 3.3 Ma (Fig. 2c). Instances of gradually increased 

%C37:4 accompany the SST decrease between 3.55 and 3.35 Ma (Fig. 2b). The influx of IRD increases around 3.55 Ma, after 

the beginning of the cooling trend. There does not appear to be a link between the cooling trend of the sea surface conditions 5 

and orbital forcing in this time period. Obliquity variability was relatively strong and remained so until well after the cool 

surface conditions were established (Fig. 3b). 

The surface cooling that we note in the Norwegian Sea from 3.65 Ma may reflect the global cooling that has been proposed 

to begin around 3.6 Ma by Mudelsee and Raymo (2005), which they link to a gradual overall increase of NHG. The observed 

cooling also corresponds to and supports a potential surface water density increase in the Norwegian Sea (Hole 642B), which 10 

was interpreted as potentially driven by regional cooling (Fig. 4e) (Panitz et al., 2016; Risebrobakken et al., 2016). The 

gradual increase in the magnitude and regularity of IRD concentration supports the idea of advancing glaciation around the 

Nordic Seas from 3.6 Ma. A somewhat enhanced overturning circulation, improving the ventilation of the intermediate water 

depths of the Nordic Seas at this time is indicated (Risebrobakken et al., 2016), and the warm SSTs at the North Atlantic 

ODP Site 982 may suggest a vigorous AMOC and enhanced northward heat transport (Lawrence et al., 2009). If overturning 15 

was strong during the 3.65 to 3.3 Ma time period, the cooling we note in Norwegian Sea SSTs took place at a time when 

increased SSTs could be expected due to a potentially increased northward heat transport trough the NAC. 

The decrease in SSTs that we note could be explained by a decreased impact of the NAC on the NwAC. The SST gradient 

between ODP Hole 642B and ODP Site 907 (Fig. 4b) appears to be greatly reduced but variable (0 to 3°C) during the 

particularly cool phase at Hole 642B from 3.45 to 3.35 Ma. The high variability and increased SSTs at Site 907 (Herbert et 20 

al., 2016) may be indicative of a weakening of the circulation in the Nordic Seas, or a shift in the overall circulation pattern, 

with a largely weakened or reduced EGC and increased heat transport towards the Iceland Sea. Schreck et al. (2013) noted 

(nearly) monospecific dinoflagellate assemblages during the 3.45 to 3.35 Ma interval at ODP Site 907. A higher resolution 

investigation of ODP Site 907 identified high concentrations of an unspecified Spiniferites species between 3.7 and 3.3 Ma 

(SDS, unpublished data). Fronval and Jansen (1996) report the only occurrence of foraminifera at Site 907 near 3.3 Ma, 25 

deviating from a generally carbonate barren record during the late Pliocene and supporting the notion that conditions in the 

Iceland Sea were unusual at this time. A possible interpretation is that the influence of the Atlantic domain in the Nordic 

Seas was spread out laterally during this the 3.65 to 3.3 Ma period, weakening the overall influence at the Vøring Plateau but 

strengthening it in the Iceland Sea. It thus appears that regional water mass redistributions were more important for the sea 

surface development than a potential global cooling proposed by Mudelsee and Raymo (2005). 30 
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4.3.6 The mid-Piacenzian warm period, 3.3 to 3.14 Ma 

The records of sea surface conditions presented here, as well as other previously reported records from ODP Hole 642B 

(Jansen and Sjøholm, 1991; Risebrobakken et al., 2016), find no indication of the global cooling event that has been noted to 

take place during Marine Isotope Stage M2 (MIS M2, 3.312 to 3.264 Ma; Lisiecki and Raymo, 2005). This lack of recorded 

cooling may indicate the presence of a short-lived hiatus in the sediment sequence at ODP Hole 642B, or that the event had 5 

no particularly pronounced cooling impact on the Norwegian Sea. Cooling during MIS M2 had been noted in the North 

Atlantic (Lawrence et al., 2009; De Schepper et al., 2009, 2013) and an increase in IRD has been reported from the Iceland 

Sea (Jansen et al., 2000). In the Norwegian Sea we note a strong warming in the later part of MIS M2, in line with the 

corresponding decrease in global ice volume (Lisiecki and Raymo, 2005). The Norwegian Sea warming had also been 

indicated by pollen records from 642B (Panitz et al., 2016). 10 

During the period following 3.264 Ma the Norwegian Sea SSTs were 2 to 3°C warmer than during the Holocene (Fig. 2c) 

(Bachem et al., 2016). Global temperature was also 2 to 3°C warmer than present (e.g. Dowsett et al., 2016). Even though 

warm SSTs prevailed in the Norwegian Sea, variable conditions existed, following changes in radiative forcing and a 

vigorous subpolar gyre, as indicated by the similar pattern of cooling seen in Hole 642B and Site 982 (Bachem et al., 2016; 

Lawrence et al., 2009). The Iceland Sea record of ODP Site 907 (Herbert et al., 2016) does not have the necessary resolution 15 

for a direct comparison to the Norwegian Sea and North Atlantic records, although the SSTs at Site 907 appear to have been 

highly variable (Fig. 2c). The zonal gradient between the Iceland Sea and the Norwegian Sea was similar to the Holocene 

average during much of the 3.3 to 3.14 Ma period. This suggests a circulation that was similar to that of the Holocene in the 

Nordic Seas between 3.30 and 3.14 Ma, but that northward heat transport was likely stronger than between 3.45 and 3.35 

Ma, but weaker than between 3.95 and 3.65 Ma. 20 

5 Conclusions 

Several climate transitions took place in the Norwegian Sea throughout the Pliocene, indicating a variable climate instead of 

a steady long-term cooling trend. The average temperature of the Pliocene was 13.6°C, 2°C warmer than the regional 

Holocene average of 11.6°C, yet temperature changes of up to 7°C did take place. The early Pliocene sea surface conditions 

between 5.32 and 4.64 Ma were highly variable (swings between 11°C and 15°C over a few 10 ka), which appears to be 25 

partially related to high-amplitude orbital variability. A zonal SST gradient comparable of that of the Holocene (3°C) already 

existed in the Nordic Seas during this time. The entire Nordic Seas cooled between 4.5 and 4.3 Ma, which is interpreted to 

reflect a strengthening of the EGC and the eastward extension of the Arctic Front, as well as reduced seasonality due to 

reduced amplitude of obliquity forcing. Low temperatures near or below the Holocene average persisted in the Norwegian 

Sea until 4.0 Ma. During the cool period from 4.3 to 4.0 Ma the zonal gradient in the Nordic Seas was at ~4°C, near its 30 

Holocene level. A distinct warming took place between 4.0 and 3.95 Ma, from 10°C to 17°C (0.14°C/ka), likely linked to 

increased northward heat transport due to enhanced overturning, and a return towards stronger seasonality. A steep increase 
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in the zonal gradient of the Nordic Seas, leading to a contrast of up to 10°C (more than three times the Holocene gradient) set 

in after 4.0 Ma and lasted throughout the Norwegian Sea warm phase until 3.6 Ma, indicating a strongly increased northward 

heat transport. Norwegian Sea SSTs show cooling after 3.65 Ma, coinciding with global cooling and increasingly widespread 

glacial expansion. The Norwegian Sea cooled and the zonal gradient of the Nordic Seas decreased sharply, potentially due to 

a wider spread of Atlantic water. During the 3.264 to 3.14 Ma period, the Nordic Seas SSTs were higher than modern, 5 

although not as high as during the 3.95 to 3.65 Ma period. While glaciation around the Nordic Seas is indicated by the 

existence of IRD throughout the record (5.33 to 3.14 Ma), the relatively warm SST’s as well as the sporadic and small-scale 

nature of the IRD influx, imply that Scandinavia did not experience significant glaciation during this interval. Hence, the 

Nordic Seas underwent several large-scale transformations of its surface conditions and zonal gradients during the Pliocene, 

which shows that it was highly dynamic and sensitive to changes in regional heat transport even before Northern Hemisphere 10 

ice sheets expanded. The documented oceanographic changes in the Nordic Seas were likely important for the growth of 

small scale Pliocene glaciers and the enhanced glacial growth at Northern latitudes since 3.65 Ma, e.g. through its influence 

on the Arctic fresh water regime. 
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Figure 1: Nordic Seas, showing simplified modern surface currents. NwAC: Norwegian Atlantic Current; EGC: East Greenland 

Current; AF: Arctic Front; PF: Polar Front. The study site, ODP Hole 642B, is marked by a red circle. Pliocene sites referred to in 

the text (ODP Sites 907, 910, and 982), are marked by grey circles. The two sites that provide Holocene SST averages for 

comparison are marked with small white circles. Holocene SST data are shown in inserts (A: GS15-198-62 MC-A, this study; B: 5 
MD95-2011, Calvo et al., 2002), with dashed lines indicating averages. 
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Figure 2: IRD >150 µm (this study) and >125 µm (Jansen and Sjøholm, 1991); b) %C37:4; c) UK’
37 SSTs (Müller et al., 1998 

calibration). New data from ODP Hole 642B in red, data from ODP Site 907 in brown (Herbert et al., 2016). Dashed lines indicate 

Holocene average SSTs for the Norwegian Sea (red: Calvo et al., 2002) at 11.6°C, and for the new Iceland Sea site GS15-198-62 

MC-A, at 8.5°C (brown: this study); d) concentrations and relative abundances of dinoflagellate cysts at ODP Hole 642B. Purple: 5 
cysts of Protoceratium reticulatum. Orange: grouping of the most abundant Early Pliocene extinct taxa, including 

Reticulatosphaera actinocoronata, Ataxiodinium sp. A, Batiacasphaera micropapillata complex, and Operculodinium tegillatum (De 

Schepper et al., 2015). 
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Figure 3: a) SSTs from ODP Hole 642B; b) examples of Pliocene atmospheric CO2 concentration proxy data; c) precession and 

eccentricity envelope; d) obliquity (c and d from Laskar et al., 2004). Important climate transitions mentioned in the discussion are 

marked by vertical lines. 
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Figure 4: a) UK’
37 SSTs from Hole 642B; b) SST gradient between Hole 642B and Site 907 (Herbert et al., 2016), interpolated to 5 

ka (dots) and 25 ka (solid blue line). Intervals where either record is above 10 ka resolution are not shown. The Holocene average 

gradient between the respective neighboring sites MD95-2011 and GS15-198-62 MC-A is marked by the dashed blue line; c) 

planktic δ18O (G. bulloides). Scale not shown due to documented diagenetic impacts on absolute values (Risebrobakken et al., 5 
2016); d) benthic δ18O (C. teretis); e) planktic δ13C (G. bulloides); f) benthic δ13C (C. teretis). All data from ODP Hole 642B; c-f) 

from Risebrobakken et al. (2016). Grey dots represent raw isotope data; thick black lines indicate the 5-point running average of 

isotope data. Important climate transitions mentioned in the discussion are marked by vertical lines. 
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