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Surface water conditions at the Integrated Ocean Drilling Program (IODP) Site U1314 (Southern Gardar Drift,
56° 21.8′ N, 27° 53.3′ W, 2820 m depth) were inferred using planktic foraminifer assemblages between Ma-
rine Isotope Stage (MIS) 19 and 11 (ca. 800–400 ka). Factor analysis of the planktic foraminifer assemblages
suggests that the assemblage was controlled by three factors. The first factor (which explained 49% of the var-
iance) is dominated by transitional and subpolar species and points to warm and salty surface water condi-
tions (Atlantic water). The second factor (37%) is dominated by Neogloboquadrina pachyderma sin and has
been associated with the presence of cold and low saline surface waters (Arctic water). Finally, the third fac-
tor (9%), linked to a significant presence of Turborotalita quinqueloba, reflects the closeness of the Arctic front
(the boundary between Atlantic and Arctic water). The position of the Arctic and Polar fronts has been esti-
mated across the glacial–interglacial cycles studied according to planktic foraminifer abundances from Site
U1314 (and their factor analysis) combined with a synthesis of planktic foraminifer and diatom data from
other North Atlantic sites. Regarding at the migrations of the Arctic front and the surface water masses dis-
tribution across each climatic cycle we determined five phases of development. Furthermore, deep ocean cir-
culation changes observed in glacial–interglacial cycles have been associated with each phase.
The high abundance of transitional-subpolar foraminifers (above 65% at Site U1314) during the early inter-
glacial phase indicated that the Arctic front position and surface water masses distribution were similar to
present conditions. During the late interglacial phase, N. pachyderma sin and T. quinqueloba slightly increased
indicating that winter sea ice slightly expanded southwestwards whereas the ice volume remained stable or
was still decreasing. N. pachyderma sin increased rapidly (above 65% at Site U1314) at the first phase of glacial
periods indicating the expansion of the Arctic waters in the western subpolar North Atlantic. During the sec-
ond phase of glacial periods the transitional-subpolar assemblage throve again in the central subpolar North
Atlantic associated with strong warming events that followed ice-rafting events. The third phase of glacial pe-
riods corresponds to full glacial conditions in which N. pachyderma sin dominated the assemblage for the
whole subpolar North Atlantic. This division in phases may be applied to the last four climatic cycles.
e, University of South Florida,
States. Tel.: +1 727 553 1002.
tseag@usal.es,

rights reserved.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Changes in thermohaline circulation (Broecker and Peng, 1989;
Broecker, 1991), particularly in the Atlantic Ocean, have been thoroughly
studied during the last 3–4 decades. In the modern ocean and during in-
terglacial periods, the production of North Atlantic deep water (NADW)
maintained active the Atlantic Meridional Overturning Circulation
(AMOC). NADW is mainly generated through open ocean convection in
the Norwegian Greenland Sea (NGS) and Labrador Sea (Schmitz and
McCartney, 1993), where the warm and high salinity water of the
North Atlantic current (NAC) gets denser by releasing heat to the atmo-
sphere and sinks. Conversely, during glacial periods deep sea sediments
suggest that the AMOCwas reduced and the Southern Oceanwater filled
the deep Atlantic ocean replacing the NADW at depths below ~2000–
2200 m (Boyle and Keigwin, 1982; Curry and Lohmann, 1983; Boyle
and Keigwin, 1987; Oppo and Fairbanks, 1987; Curry et al., 1988;
Duplessy et al., 1988; Venz et al., 1999; Curry and Oppo, 2005;Marchitto
and Broecker, 2006). During these periods the NADWproduction shifted
to a shallower mode, in which Glacial North Atlantic intermediate water
(GNAIW) was generated. The reduction of the AMOC decreased the
amount of heat supplied to high latitudes allowing sea ice to cover
most of the NGS and Labrador Sea areas and preventing open ocean
convection.

Surface water characteristics of the subpolar North Atlantic are par-
ticularly important because changes in North Atlantic deep water venti-
lation and in the strength of the thermohaline circulation are driven by
temperature and salinity of the subpolar North Atlantic surface waters
(Broecker and Denton, 1989). Nevertheless, less attention has been
paid to changes in the subpolar surface circulation compared those
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changes that happened in the deep water. Planktic foraminifers are a
very valuable proxy to study the characteristics of surface water masses
(Pflaumann et al., 2003; Kucera et al., 2005). In fact, in the NGS planktic
foraminifer abundances have been used as a proxy not only for surface
water temperature and salinity but also for sea ice coverage (Johannessen
et al., 1994). At present, three surface water masses can be distinguished
in the NGS (Fig. 1): Polar, Arctic and Atlantic waters (Swift and Aagaard,
1981; Swift, 1986). The Polar water is located in the western part of the
NGS, and it is a cold and low salinity water mass mainly influenced by
the East Greenland current (EGC). The Polar water is separated from
the cold but higher salinity Arctic water by the Polar front (PF). The PF
is close to the summer sea ice edge, thus the Polar water is perennially
covered by sea ice. TheArctic front (AF) is the boundary between theArc-
tic water and thewarm and high salinity Atlantic water (Helland-Hansen
and Nansen, 1909; Dietrich, 1969; Swift and Aagaard, 1981). Since the
maximumsea ice edge is slightlywest of the AF, Arcticwaters are season-
ally covered by ice which promotes winter convection due to ice forma-
tion, and, in turn, lead to NGS deep water formation (Swift, 1986;
Tomczak and Godfrey, 1994). Planktic foraminifer assemblages show
clear differences between (1) the Polarwater, inwhichNeogloboquadrina
pachyderma sinistral (sin) is the most abundant species but planktic for-
aminifer flux is low; (2) the Arctic water, in which the planktic foramin-
ifer flux is high and N. pachyderma sin is still the most abundant species;
and (3) the Atlantic water, in which the planktic foraminifer flux is high
and transitional to subpolar species such as Neogloboquadrina pachy-
derma dextral (dex), Turborotalita quinqueloba and Globigerina bulloides
are the most abundant species (Johannessen et al., 1994). Additionally,
the position of the AF is characterised by the boundary between high per-
centages of N. pachyderma sin and high percentages of T. quinqueloba,
which is very abundant east of the AF.
Fig. 1. Location of the IODP Site U1314 and other north Atlantic sites used to reconstruct the
and McCartney (1993). Present location of the Arctic and Polar fronts (AF and PF) is depicted
Dickson et al. (1990). EGC: East Greenland Current; NC: Norwegian Current; LC: Labrador
Iceland Scotland Overflow water; LSW: Labrador Sea water; NADW: North Atlantic Deep w
Several authors have used planktic foraminifer species abun-
dances as a proxy to infer the Polar and Arctic front positions for dif-
ferent Pleistocene intervals (Fronval et al., 1998; Wright and Flower,
2002; St. John et al., 2004). In this work, we analysed a high resolution
record of planktic foraminifer assemblages from the subpolar North
Atlantic Site U1314 in order to infer the evolution of surface water
characteristics over four climatic cycles during the Mid-Pleistocene
(ca. 800–400 ka) and its relationship to the AMOC. We took advan-
tage of the location of the Integrated Ocean Drilling Program (IODP)
Site U1314 in the subpolar gyre and compared our results with pub-
lished data from other North Atlantic sites to reconstruct the approx-
imate extent of winter sea ice coverage and AF migrations over the
glacial–interglacial cycles. The increase in winter sea ice coverage is
considered a key point inducing rapid climate changes in the conti-
nents, extremely decreasing winter temperatures and strengthening
seasonality (Ruddiman and McIntyre, 1981; Isarin et al., 1998; Denton
et al., 2005; Denton et al., 2010). Additionally, winter sea ice coverage
plays a major role promoting ice sheet growth and decay (Gildor and
Tziperman, 2001). Therefore, the knowledge of the distribution of sur-
face water masses and winter sea ice coverage in the Northern North
Atlantic over glacial–interglacial cycles is essential for a better under-
standing of climate development.

2. Regional setting

IODP Site U1314was drilled in southern Gardar drift, south of Iceland
(56° 21.8′ N, 27° 53.3′W) at 2820 mwater depth (Fig. 1). This site is lo-
cated inside the subpolar gyre, currently influenced by the NAC which
flows northeastwards across the North Atlantic into the Nordic Seas
(Fig. 1). The NAC flows between the subtropical and subpolar gyres
Arctic Front position. Red arrows represent main surface currents according to Schmitz
according to Swift (1986). Purple dashed arrows represent deep ocean circulation after
Current; NAC: North Atlantic Current; DSOW: Denmark Strait Overflow water; ISOW:
ater. The map was provided by Integrated Ocean Drilling Program (IODP).
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drawing water from them (Hansen and Østerhus, 2000), and near
Iceland, the Irminger current (IC) splits from the NAC and flows to-
wards the Greenland coasts mixing with the cold EGC. The EGC
flows following East Greenland coast towards the Labrador Sea where
it mixes with the Labrador current and together flow towards the NAC
completing the gyre (Tomczak andGodfrey, 1994; Hansen andØsterhus,
2000). At present, the subpolar gyre water is highly influenced by the
warm and high salinitywater of the NAC because open ocean convection
occurs in the Labrador Sea (Schmitz and McCartney, 1993). However,
model simulations and oceanic observations suggest that a higher sea
ice export through the EGC may change the characteristics of subpolar
gyre water masses reducing convection in the Labrador Sea and causing
the expansion of winter sea ice (Hakkinen and Rhines, 2004; Hatun
et al., 2005; Born et al., 2009; Born et al., 2010). The characteristics of
Polar, Arctic and Atlantic waters are well known for the modern NGS
(Helland-Hansen and Nansen, 1909; Dietrich, 1969; Swift and Aagaard,
1981; Swift, 1986). Therefore, according to these characteristics we can
track past changes in the extent ofwinter and summer sea ice in the sub-
polar North Atlantic by tracking the expansion of Polar and Arctic waters.

Site U1314 is also located in the path of the Iceland-Scotland Over-
flow water (ISOW), which is an important source of NADW (Fig. 1)
and the sediments at this site reflect the strength of deep water forma-
tion in the NGS (Bianchi and McCave, 2000). Since the NAC is the main
source of heat andmoisture for high latitudes, the strength of the AMOC
is closely linked to the subpolar surface water conditions. The results
obtained in this work compliments the deep water circulation analysis
showed in Alonso-Garcia et al. (2011) and helps to understand the
oceanographic and climatic development of glacial–interterglacial cy-
cles during themid-Pleistocene. The features observed at these climatic
cycles may also apply to those of the Late Pleistocene.

3. Materials and methods

Sediments at Site U1314 mainly consist of calcareous nannofossils
and clay with minor and varying proportions of foraminifers, ice
rafted debris (IRD), diatoms and radiolarians (Channell et al., 2006).
Generally well preserved planktic foraminifers are the dominant
component in the sand fraction, with lower proportions of benthic
foraminifers, ostracodes, siliceous microfossils and IRD. The high sed-
imentation rate of the Gardar drift makes this site suitable for a high
resolution study of glacial–interglacial climate shifts.

3.1. Chronological framework

The age model for the studied interval (Alonso-Garcia et al., 2011)
was performed correlating the benthic δ

18
O record of Site U1314 with

the global benthic δ
18
O stack of Lisiecki and Raymo (2005, hereafter

LR04). The interval studied in this work, between 32.80 and 59.98 mcd
(meters of composite depth), encompasses from ca. 400 to 800 ka. The
mean sedimentation rate of the interval is 7.31 cm/ka which is similar
to the rate described from preliminary data of Expedition 306 (Channell
et al., 2006). The studied period is involved in the so-called Mid-
Pleistocene transition (MPT), when climatic cyclicity shifted from
the ~41 kyr-dominated cycles of the Early Pleistocene to the ~100 kyr-
dominated cycles of the Late Pleistocene (Imbrie et al., 1993; Berger
and Jansen, 1994; Mudelsee and Stattegger, 1997). This shift in the
length of glacial–interglacial cycleswas associatedfirstwith a gradual in-
crease in the ice volume accumulation and severity of glacial periods
(Mudelsee and Schulz, 1997;Mudelsee and Stattegger, 1997) and subse-
quently with the occurrence of extreme interglacial conditions after MIS
12 (Jansen et al., 1986; Berger and Wefer, 2003; Tzedakis et al., 2009).
The transition to the “~100 kyr world” is unrelated to changes in the in-
solation forcing (Pisias andMoore, 1981) and although the processes and
mechanisms that drove the MPT are still under debate (see review in
Clark et al., 2006), several authors argue in favour of changes in the inter-
nal dynamics of the climate system as the trigger for this long-term
cooling (Oerlemans, 1984; Mudelsee and Stattegger, 1997; Raymo et
al., 1997; Paillard, 1998; Tziperman and Gildor, 2003; Rial, 2004; Maslin
and Ridgwell, 2005), often associated with a decrease in atmospheric
CO2 (Mudelsee and Schulz, 1997; Raymo et al., 1997; Paillard, 1998). In
regard to global ice volume, the 4 climatic cycles studied in this work
recorded the presence of large ice sheets (Lisiecki and Raymo, 2005),
particularly at MIS 16 and 12, which presented similar or even larger
ice sheets than in the last 4 glacial cycles. However, interglacial condi-
tions appear to have been colder than in the last 4 interglacial periods
(Tzedakis et al., 2009), with slightly higher global ice volume (Lisiecki
and Raymo, 2005) and lower atmospheric greenhouse gasses concentra-
tions (Siegenthaler et al., 2005; Loulergue et al., 2008; Luthi et al., 2008).

3.2. Planktic foraminifer census counts

Planktic foraminifer assemblages were studied every 8 cm, which
according to the age model represents an average resolution of
1094 years. Each sample was washed with deionized water through a
63 μmmesh to eliminate clay and other fine-grained particles. Then, sam-
ples were dry-sieved through a 150 μm mesh to separate two fractions,
63–150 μm and over 150 μm. Census counts were performed on the
coarser fraction. Each sample was split multiple times until there were
roughly 400 planktic foraminifer specimens (300 minimum). Relative
abundances of the species found and specimens per gramof dry sediment
were calculated using the census counts. Additionally, we calculated the
fluxes of the different species using the dry density of the sediment (avail-
able at the IODPwebsite http://iodp.tamu.edu/janusweb/general/dbtable.
cgi?leg=306&site=1314).

A Q-mode factor analysis (Imbrie, 1963) with varimax rotation was
performed on the downcore assemblages to reduce the variables and
look for relationships between the different species found. Moreover,
a mean annual sea surface temperature (SST) record was determined
using planktic foraminifer assemblages. The SST record was calculated
using a transfer function based on a back propagating artificial neural
network (ANN) (Malmgren et al., 2001) trained on the MARGO (Multi-
proxy Approach for the Reconstruction of the Glacial Ocean surface)
North Atlantic dataset (Kucera et al., 2005).

3.3. Benthic oxygen and carbon isotopes

The δ
18
O and δ

13
C records were mainly derived from the benthic for-

aminifer Cibicidoides wuellerstorfi, although during a few short intervals
other Cibicidoides or even Melonis pompilioides were used due to the
lack of C. wuellerstorfi (Alonso-Garcia et al., 2011). The analyses were
performed on an automated carbonate preparation Kiel device I (proto-
type) coupled to a Finnigan MAT 251 mass spectrometer at the Leibniz
laboratory for radiometric dating and Isotope research, in the University
of Kiel. Analytical precision based on international standards NBS-19
and NBS-20 was better than 0.07‰ for δ

18
O and better than 0.05‰ for

δ
13
C. Results are reported on theVienna PeeDee Belemnite (VPDB) stan-

dard scale (Coplen, 1996).

4. Results

4.1. Planktic foraminifer assemblages

Despite the fact that 16 planktic foraminifer species were identified,
only five of them present abundances high enough to be considered as
important indicators of surface water masses conditions. Those species
areN. pachyderma sin,N. pachydermadex,Globorotalia inflata,G. bulloides
and T. quinqueloba (Fig. 2).

Census counts reveal two clear groups of fauna. During glacial stages
diversity was very low and the assemblage was almost monospecific,
dominated by the species N. pachyderma sin, accompanied by variable
amounts of T. quinqueloba and low percentages of N. pachyderma dex,
G. inflata andG. bulloides (Fig. 2).N. pachyderma sin shows sharp changes
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in relative abundance, with percentages between 65 and 98% during gla-
cial periods and percentages below 15%, even reaching values of about
1%, during interglacial periods. This species typically thrives in polar en-
vironments at temperatures between −1 and 8 °C (Tolderlund and Bé,
1971; Bé, 1977; Bauch et al., 1997; Pflaumann et al., 2003) and it is par-
ticularly abundant in the Arctic water (Johannessen et al., 1994). On the
other hand, during interglacial periods, more diversifiedmicrofaunawas
found (Fig. 2) and three species were the main components of the as-
semblage, N. pachyderma dex, G. inflata and G. bulloides. These 3 species
were commonly accompanied by variable amounts of T. quinqueloba, and
little amounts of other species (see later in this section). N. pachyderma
dex, G. inflata and G. bulloides reached relative abundances up to 60–
70%, 30–40% and 20–40%, respectively, during the interglacial periods
whereas during glacial times N. pachyderma dex abundance was about
5%, G. bulloides below 5% and G. inflata near zero. N. pachyderma dex
and G. bulloides live in subpolar environments preferably between 10
and 18 °C (Tolderlund and Bé, 1971; Bé, 1977; Reynolds and Thunell,
1985; Hemleben et al., 1989) whereas G. inflata is a transitional species
that lives in a wide temperature range, but preferably between 10 and
Fig. 2. Planktic foraminifer assemblage of Site U1314 (only the most relevant species are sh
pachyderma dex and N. pachyderma sin. At the bottom of the graph planktic foraminifers
depicted. Marine isotope stages (MIS) are shown at the top and the glacial intervals are hig
20 °C (Bé and Tolderlund, 1971). These three species account for the
major part of the transitional-subpolar assemblage found in the NAC
water.

T. quinqueloba presented higher abundances at certain intervals ei-
ther during glacial or interglacial periods, ranging between approximate-
ly 0 and 50% (Fig. 2). This species thrives nowadays in periods of high
phytoplankton productivity when the mixed layer is deep (Stangeew,
2001; Simstich et al., 2003). Johannessen et al. (1994) reported themax-
imumabundance of T. quinqueloba in the Nordic Seas just east of the Arc-
tic front covering the thermal gradient between the Arctic waters and
the Atlantic waters.

Among the less abundant species Globigerinita glutinata and Globoro-
talia scitulawere recorded in percentages below20 and 10% respectively.
Besides, many subtropical species like Globorotalia truncatulinoides, Neo-
globoquadrina dutertrei, Orbulina universa, Globigerinoides ruber white,
Globorotalia crassaformis, Globorotalia hirsuta and Beella digitata were
found below 2% altogether (Fig. 2).

Preservation in the studied interval was analysed regarding at the
planktic foraminifer fragmentation index,which represents in percentage
own). From top to bottom: subtropical species, T. quinqueloba, G. bulloides G. inflata, N.
per gram of dry sediment (black line) and planktic foraminifer flux (green line) are
hlighted with vertical violet bars.
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Table 1
Factor scores obtained from the planktic foraminifer factor analysis. The highest factor
scores are highlighted in grey indicating which species are important in each factor.
The variance explained by each factor is shown at the bottom.

Factor 1 Factor 2 Factor 3

O. universa −0.627 −0.340 −0.372
G. ruber (w) −0.703 −0.313 −0.410
G. siphonifera −0.688 −0.314 −0.402
G. bulloides 1.366 −0.321 0.311
B. digitata −0.758 −0.301 −0.397
T. quinqueloba −0.436 0.049 3.343
N. pachyderma (s) −0.202 3.387 −0.195
N. dutertrei −0.737 −0.291 −0.431
N. pachyderma (d) 1.935 0.382 −0.652
G. inflata 1.775 −0.561 0.245
G. truncatulinoides −0.687 −0.330 −0.421
G. crassaformis −0.626 −0.351 −0.422
G. scitula −0.350 −0.348 0.004
G. glutinata 0.738 −0.349 −0.203
Explained variance (%) 49.071 37.346 9.631

Factor scoresSpecies
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the amount of fragments respect to the total amount of foraminifers plus
fragments (Thunell, 1976). The fragmentation index is generally lower
than 20%, indicating very good preservation in the samples, except for
some short intervals where dissolution increased but the index hardly
reached 40%. Miao et al. (1994) described in samples from the China
Sea that the assemblages began to suffermodifications due to dissolution
when the 40% of fragmentationwas exceeded. Therefore, we can assume
that the assemblages presented here are not modified by dissolution and
they are a suitable proxy for inferring water masses characteristics.
4.3. Factor analysis of planktic foraminifer assemblages

Although two groups of microfauna can be easily distinguished,
planktic foraminifer relative abundances were reduced using factor
Fig. 3. Comparison between factor loadings and the abundance of the most important specie
inflata+G. bulloides) relative abundance (black dashed line); b) Factor 2 (blue line) and the
(purple line) and T. quinqueloba relative abundance (black dashed line).
analysis. We found that 96% of the variance was explained by the
first three factors (see Table 1 for the explained variance of each fac-
tor). We rejected the fourth factor and followings because the vari-
ance explained by them was lower than 5%. Species scores for the
three factors are listed in Table 1. Factor loadings are depicted in
Fig. 3 and the actual values are available in supplementary data (Ap-
pendix A). In Factor 1, which explained 49.07% of the variance, the
highest factor scores were found in transitional-subpolar water spe-
cies (N. pachyderma dex, G. inflata and G. bulloides, see Table 1). Factor
2, which explained 37.34% of the variance, was only related to the
polar species N. pachyderma sin. In the third Factor, which explained
9.64% of the variance, only T. quinqueloba presented high factor
scores. Factor loadings of Factors 1 and 2 are generally opposite, how-
ever high factor loadings of Factor 3 co-occurred with medium-high
values of Factor 1 or 2 indistinctly (see Fig. 1 and Appendix A).
5. Discussion

5.1. Interpretation of the factor analysis

Since Factor 1 is related to the transitional-subpolar water species,
we suggest that this factor indicates the presence of the temperate wa-
ters of the NAC where these species thrive at present in the subpolar
North Atlantic (Bé and Tolderlund, 1971; Tolderlund and Bé, 1971; Bé,
1977; Reynolds and Thunell, 1985; Hemleben et al., 1989). A similar
conclusion was obtained for Factor 2, attributed to the cold and low sa-
linity waters in which N. pachyderma sin thrives at present (Tolderlund
and Bé, 1971; Bé, 1977; Reynolds and Thunell, 1985; Hemleben et al.,
1989; Stangeew, 2001; Simstich et al., 2003). Therefore, the glacial as-
semblage is associated with Factor 2 and the interglacial assemblage
with Factor 1. There is a strong parallelism between the abundance of
N. pachyderma sin and loadings of Factor 2 and between the abundance
of the transitional-subpolar species and loadings of Factor 1 (Fig. 3).
Both the factor loadings and the relative abundances show abrupt
changes, within ~3000 years or even less. These abrupt shifts indicate
s of each factor. a) Factor 1 (red line) and the subpolar species (N. pachyderma dex+G.
polar species N. pachyderma sin relative abundance (black dashed line); and c) Factor 3

image of Fig.�3


Fig. 4. Different phases of development of climatic cycles based on AF migrations: early interglacial phase (EI, vertical red bars), late interglacial phase (LI, vertical green bars), first phase of glacial periods (1 G, vertical yellow bars), second
phase of glacial periods (2 G, vertical orange bars) and third phase of glacial periods (3 G, vertical blue bars). From top to bottom: benthic δ

18
O record (Alonso-Garcia et al., 2011); benthic δ

13
C record (Alonso-Garcia et al., 2011); mean annual

sea surface temperatures (Alonso-Garcia et al., 2011); transitional-subpolar species (N. pachyderma dex+G. inflata+G. bulloides) relative abundances; Factor 3 loadings; T. quinqueloba relative abundances; and N. pachyderma sin relative
abundances. Fill colour of N. pachyderma sin is inverted in order to better appreciate the coupling with T. quinquelobawhen the Arctic front is near Site U1314. Terminations are shownwith vertical grey bars and labelled from V to VIII. Marine
isotope stages (MIS) are shown at the top and the substages mentioned in the article are indicated below the benthic δ

18
O record.
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Fig. 5. Inferred position of the Arctic and Polar fronts and surface circulation in the North Atlantic for each phase of climatic cycles.
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that the glacial assemblage was rapidly replaced by the interglacial as-
semblage (or vice versa) due to rapid changes in the subpolar surface
water conditions. In other words, the extent of the Arctic waters chan-
ged rapidly and so the planktic assemblage did.

The high factor scores of T. quinqueloba in Factor 3 suggest that this
factor is indicating the presence of the AF near the site (Johannessen et
al., 1994). The loadings of Factor 3 are similar to the relative abundance
of T. quinqueloba (Fig. 3) but in the loadings many peaks are magnified.
We reckon that the analysis of Factor 3 shifts is more helpful to evaluate
AF migrations than the mere abundance of T. quinqueloba. The fact that
high values of the loadings of Factor 3 (Fig. 3) are often coeval with
medium-high values of Factor 1 loadings (or Factor 2 loadings)may re-
flect that the AF was near the site but the NAC (or the Arctic waters)
mainly influenced the studied area. Thus, when analysing the AF shifts
we also pay attention to the loadings of Factors 1 and 2 and to the spe-
cies relative abundances.

The numerous shifts in the values of Factor 3 loadings suggest that
the AFwas not exactly in the same location during all glacial (or intergla-
cial) periods but its location was variable. The factor analysis combined
with planktic foraminifer relative abundances allowed us to reconstruct
surface water masses affinity to NAC, AF and Arctic waters over glacial–
interglacial cycles at Site U1314.

image of Fig.�5
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5.2. Arctic front position over glacial–interglacial cycles

Interglacial cycles at Site U1314 began with low relative abundance
of N. pachyderma sin, below 20%, which usually shows a decreasing
trend until values below 10% (Figs. 2 and 4), whereas the transitional-
subpolar species presented high values, above 65% (Fig. 4). T. quinqueloba
relative abundance was lower than 10% (Figs. 2 and 4) at the beginning
of interglacial periods and presented a decreasing trend as well as N.
pachyderma sin abundance. Planktic foraminifer assemblages found at
Site U1314 at the beginning of interglacial periods were similar to pre-
sent assemblages at this site, according to the planktic foraminifer data-
set of MARGO (Kucera et al., 2005), and suggest that the AF was further
north of Site U1314. Although N. pachyderma sin thrives in different sea-
sons at different areas of the North Atlantic (Fraile et al., 2009), this spe-
cies commonly lives below the thermocline and pycnocline (Tolderlund
and Bé, 1971; Bé, 1977; Carstens and Wefer, 1992; Bauch et al., 1997;
Stangeew, 2001; Simstich et al., 2003; Nyland et al., 2006; Jonkers et
al., 2010) reflecting the temperature of the winter mixed-layer water
mass and, hence, it can be used as a winter proxy. The decrease in N.
pachyderma sin and T. quinqueloba percentages may suggest that winter
conditions gradually becamewarmer at Site U1314. The increasingmean
annual SST (Fig. 4) could also indicate that winter temperatures became
milder. Similar trends and relative abundances of N. pachyderma sin
were also found at Site ODP 980 (Wright and Flower, 2002) with values
below 15% except during MIS 17 when relative abundance was around
25%. Additionally, at Sites ODP 984 (Wright and Flower, 2002), 647 and
646 (Aksu et al., 1989; Aksu et al., 1992) lower abundances of N. pachy-
derma sin were recorded respect to the glacial periods although higher
than in Sites U1314 and 980. Moreover, the high diatom recovery at
ODP Sites 983 and 919 (Koç and Flower, 1998; Koç et al., 1999) suggest
that the polar water was further north of both sites. Based on all these
data, we suggest that during early interglacial periods the average posi-
tion of the Polar and Arctic fronts was similar to their present location
or even northwards (Fig. 5a), and surface water conditions in the subpo-
lar North Atlantic were warm.

During the second part of the interglacial periods the relative abun-
dances of N. pachyderma sin and/or T. quinqueloba slightly increased at
Site U1314 (Fig. 4). The transitional-subpolar species and themean annu-
al SST slightly decreased suggesting that although the assemblage was
predominantly transitional-subpolar, mean annual conditions started to
cool indicating the return of colder winters. At Site 980, there was also
a small increase in N. pachyderma sin and T. quinqueloba relative abun-
dances (Wright and Flower, 2002), whereas at Sites 984, 647 and 646
Fig. 6. Comparison between the planktic foraminifer assemblages and insolation at 65°
N. pachyderma sin increased towards very high values above 85% at Site
984 (Aksu et al., 1989; Aksu et al., 1992; Wright and Flower, 2002). The
winter cooling trend suggests that theAFmayhave shifted slightly south-
wards close to sites 984 and 647 (Fig. 5b).

The inflection in the benthic δ
18
O record towards higher values at MIS

13/12, 15.1/14, 15.3/15.2 and 17/16 indicates that the ice volume started
to increase towards a new glacial period (Fig. 4). During glacial initiations
N. pachyderma sin increased rapidly, reaching glacial values (above 65%)
in a few thousands of years. T. quinquelobausually shows a subtle increase
but the loadings of Factor 3 show a stronger increase which suggests the
proximity of the AF. The high relative abundance of N. pachyderma sin at
sites west and north of Site U1314 indicate that the Arctic waters influ-
enced the western subpolar North Atlantic (Aksu et al., 1989; Aksu et
al., 1992; Wright and Flower, 2002) whereas at Site 980 the assemblage
was still predominantly transitional-subpolar. This suggests that sea sur-
face temperatures drop considerably at the western subpolar North At-
lantic but not in the eastern part. According to these results, during
glacial initiations the AF underwent a rapid southeastward shift
(Fig. 5c)which resulted in a strong east–west SST contrast in the subpolar
North Atlantic, similar to the contrast observed at present in the NGS
where the warm water of the NAC is east of the AF (in the Norwegian
Sea) and the Arctic waters are west of the AF (in the Greenland Sea).
Planktic foraminifer and diatom data from Sites 646 and 919 suggest
the absence of perennial sea ice at these sites during the beginning of gla-
cial periods (Aksu et al., 1992; Koç and Flower, 1998) and, therefore, the
sites were south of the PF (Fig. 5c).

At Site U1314 the first significant ice-rafting event of each glacial
period was linked to an abrupt SST shift (Alonso-Garcia et al., 2011)
which marks the onset of the second phase of glacial periods
(Fig. 4). Although the assemblage was predominantly transitional-
subpolar and SST reached interglacial values during the warmest in-
tervals, this phase is characterised by rapid SST changes linked to
ice-rafting events (Alonso-Garcia et al., 2011). These warmest inter-
vals occurred after the ice-rafting event and lasted 2–5 kyr. At Site
980 sea surface conditions were similar to the first phase of glacial pe-
riods or slightly warmer after ice-rafting events (Wright and Flower,
2002) whereas at Sites 984 and 647 the subpolar assemblage in-
creased (Aksu et al., 1989; Wright and Flower, 2002) but SST were
less warm than at Site U1314. During this phase the AF was north of
Site U1314 but probably close to Sites 647 and 984 whereas the PF
was probably north of Sites 919 and 646 (Fig. 5d).

After the second warm event there was a rapid return to the domi-
nance of the glacial assemblage. At Site U1314 the relative abundance
N and its relationship with the different phases determined for the climatic cycles.

image of Fig.�6
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of the transitional-subpolar assemblagewas lower than 35% and reached
values below5%during the coldest intervals (Fig. 4). At Site 980N. pachy-
derma sin significantly increased and for the first time in each climatic
cycle reached values above 80% (Wright and Flower, 2002). The sites
northwest of Site U1314 were also dominated by polar assemblages
(Aksu et al., 1989; Aksu et al., 1992;Wright and Flower, 2002) suggesting
that during the third phase of glacial periods the AF was located almost
east–west from Newfoundland to Ireland and all the subpolar North At-
lantic was characterised by very low SST (Fig. 5e). The diatom records of
Sites 983 and 919 suggested that sea ice perennially covered these areas
duringmost of the glacial period (Koç and Flower, 1998; Koç et al., 1999)
and, hence the PF was probably located southwards of these sites
(Fig. 5e). In Site U1314 planktic foraminiferfluxes (Fig. 2)were high dur-
ing all glacial periods indicating that sea ice cover was only seasonal and,
therefore the PF was always north of Site U1314. During this phase sev-
eral ice-rafting events occurred, but the warming events linked to them
were less warm than those of the second phase of glacial periods. The
warming events of the third phasewere characterised by small increases
in the transitional-subpolar species and large increases in T. quinqueloba
at Site U1314 (Fig. 4) and also at Site 980 (Wright and Flower, 2002).

During Terminations the assemblages underwent a strong change
from the dominance of N. pachyderma sin to the dominance of the
transitional-subpolar species in a few thousand years. Both the Arctic
and Polar fronts migrated northwestwards very fast reaching the
early interglacial position in a very short period of time.

5.3. Division of climatic cycles

Although there is a wide diversity among glacial and interglacial
periods and each climatic cycle presents several inherent features,
we found that, according to the sea surface conditions, each climatic
cycle from 800 to 400 ka can be divided in 5 phases of development
plus the Terminations. Moreover, the different sea surface conditions
features of each phase were associated with a characteristic state in
ice volume and deep water circulation.

Early interglacial phase (vertical red bars in Figs. 4 and 6; Fig. 5a).
After Terminations (grey bars) planktic foraminifer assemblages indi-
cate that the AF was further north and NAC waters influenced most
of the subpolar North Atlantic. The high North Atlantic benthic δ

13
C

values (e. g. Alonso-Garcia et al., 2011; Wright and Flower, 2002) sug-
gest that deep water formation was active in the NGS. Furthermore,
the warm temperatures in the subpolar gyre indicate a strong advec-
tion of NAC water via the IC and suggest that deep water formation in
the Labrador Sea was also strong. The AF was close to its present po-
sition or perhaps even more northwestwards, keeping Arctic waters
in the Greenland and Labrador Seas. It is likely that the PF was also
in a similar position as at present.

Late interglacial phase (vertical green bars in Figs. 4 and 6; Fig. 5b).
The small increases of N. pachyderma sin and T. quinqueloba relative
abundances suggest that interglacial conditions began to cool probably
due more severe winter temperatures which diminished the mean an-
nual SST. During this phase benthic δ

18
O shows that ice sheets were not

growing (Fig. 4), in fact the δ
18
O was stable or slightly decreasing. Al-

though the ice sheets were not growing, the records from all the sites
mentioned earlier suggest the AF progressively moved southeastwards.
It appears that the early interglacial phase is related to high summer in-
solation at 65ºNwhereas the late phase is related to the decrease of sum-
mer insolation (Fig. 6). The decrease in summer insolation at high
latitudesmay have favoured growth andpersistence of sea ice in the Arc-
tic Ocean and enhanced sea ice export through the EGC during winters,
as modelled for the Eemian (Born et al., 2010). Consequently, ocean cir-
culation in the Arctic and subpolar North Atlantic regions may have un-
dergone a reorganizationwhich reduced convection in the Labrador Sea.
Additionally, the increasing amount of sea icemay have increased albedo
and ocean isolation from the atmosphere, and as a consequence annual
SST decreased at high latitudes (Crucifix and Loutre, 2002). A similar
scenario with decreasing SST occurred during the late part of MIS 5e,
when the northern North Atlantic cooled in response to a decrease in
June insolation at 65°N, while the mid-latitudes were still warm (Cortijo
et al., 1994; Fronval and Jansen, 1997; McManus et al., 2002; Tzedakis,
2005). In summary, during the late interglacial periods the surface wa-
ters of the subpolar gyre slightly cooled and freshened during winters.
This reduced deep water formation in the Labrador Sea, and in turn
weakened the advection of warm water to the subpolar gyre through
the IC. Despite the lack of planktic foraminifer records at the NGS for
the studied interval, we assume that the AF might have moved similarly
to what was reported for late Eemian (Fronval et al., 1998) and that the
enhanced sea ice export also expanded Arctic waters in the NGS, al-
though deep water convection was hardly affected because convection
in this area is less sensitive to the increase in sea ice export (Born et al.,
2010).

However, the duration and characteristics of this phase are variable
among the interglacial periods studied. The second phase of the intergla-
cial periodMIS 13 is outstandingly long. It encompasses almost two inso-
lationminima and onemaximum, although the insolationmaximumwas
not associatedwith so high SST as during thefirst phase of interglacial pe-
riods. It is also remarkable that during all MIS 15.1N. pachyderma sin and
T. quinqueloba relative abundances were moderate; particularly T. quin-
queloba relative abundance was about 20% and the Factor 3 loadings
were also high (Fig. 4). This suggests that, after the small “Termination-
like event” occurred at MIS 15.2/15.1, sea surface conditions were colder
than after the other Terminations (T.V to VIII) and more similar to the
second phase of the interglacial stages despite the insolation maximum
(Fig. 6). In general, during interglacial periods the strength of summer in-
solation at 65ºN seems to be linked to sea surface conditions but it is not
the only forcing controlling them, andwhen other factors appeared inter-
glacial conditions can be modified like at MIS 13 or MIS 15.1. Assessing
which factors modified interglacial conditions during these periods was
not possible using only the datasets presented in this work, however
more work should be done in this line to understand not only past inter-
glacial climate forcings but also the present ones.

First phase of glacial periods (vertical yellow bars in Figs. 4 and 6;
Fig. 5c). At glacial inceptions ice sheets started to grow and the presence
of the polar fauna indicated that the AF shifted southeastwards, expand-
ing the Arctic water in the central and western subpolar North Atlantic
(Aksu et al., 1989; Aksu et al., 1992; this work), whereas in the eastern
part the subpolar North Atlantic transitional assemblages indicate the
presence of the warm water of the NAC (Wright and Flower, 2002).
This “lagging warmth” at the beginning of glacial periods in the eastern
North Atlantic was attributed to the persistence of the NADW formation
in the NGS, as suggested by the high benthic δ

13
C values (see Fig. 4,

Alonso-Garcia et al., 2011; Wright and Flower, 2002), which maintained
the NAC flow active and provided warmth to the eastern North Atlantic.
This pattern has also been observed during other glacial initiations over
the Late Pleistocene (Ruddiman and McIntyre, 1979; Ruddiman et al.,
1980; Oppo et al., 2001; McManus et al., 2002; Oppo et al., 2006).

During glacial initiations insolationwas usually low (Fig. 6) and that
allowed sea ice to continue expanding and thickening in the western
subpolar North Atlantic, which may have strongly reduced Labrador
Sea convection. Although insolation was high during MIS 16 glacial ini-
tiation (Fig. 6), SST in the subpolar North Atlantic dropped indicating
the expansion of Arctic waters in the subpolar gyre. Therefore, it
would appear that sea ice began to expand due to low insolation in
the late interglacial periods but afterwards other feedbacks amplified
the sea ice expansion. The albedo produced by the sea ice has been sug-
gested as one of the amplifiers for the initiation of the last glacial period,
promoting ice sheet growth in North America and NWEurope (Crucifix
and Loutre, 2002). Low summer insolation at high latitudes can pro-
mote the accumulation of snow in the continents, but as model simula-
tions suggest that insolation is not enough to produce large ice sheet
growth, and other feedbacks like albedo, atmospheric CO2 drops and
ocean circulation patterns must have been involved in the increase of
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ice volume at glacial initiations (Crucifix and Loutre, 2002; Wang and
Mysak, 2002; Landais et al., 2006; Bonelli et al., 2009). The data pre-
sented in this work also suggests that once the sea ice expanded
above a certain threshold (which we cannot quantify here) the SST in
the western subpolar North Atlantic dropped rapidly triggering a new
glacial period despite subsequent insolation rises.

During this phase the sea ice export to the subpolar gyre may have
been stronger than in the late interglacial periods and deepwater forma-
tion in the Labrador Seamay have been verymuch reduced. Therefore, if
the NADWwas mainly generated in the NGS it is likely that the volume
of deep water production was significantly reduced weakening the
AMOC to some extent, as it was suggested in Born et al. (2010) model.
However,we cannot discard that intermediatewater started to be gener-
ated at the western North Atlantic during this phase, as it was described
during full glacial conditions (Boyle and Keigwin, 1982; Curry et al.,
1988; Duplessy et al., 1988).

Second phase of glacial periods (vertical orange bars in Figs. 4 and
6; Fig. 5d). This phase is characterised by a return of the transitional-
subpolar assemblages to the central North Atlantic and a northward
shift of theAF to a position similar to the late interglacial phase although
the ice volume was larger than during the previous phases. Additional-
ly, the first significant ice-rafting events occurred and consequently the
production of deep water in the NGS began to undergo reductions
which led to the glacial circulation mode (Alonso-Garcia et al., 2011).
The rapid warming events that followed the ice-rafting events may
have been linked to the upwelling of the warm and salty water of the
NAC which was stored in the subsurface layer due to the reduction of
the AMOC during ice-rafting events (Moros et al., 2002; Rasmussen
and Thomsen, 2004; Alonso-Garcia et al., 2011). The reason why the
first twowarming events that followed the first two significant ice-raft-
ing events were much warmer than the subsequent ones is because
prior to the iceberg calving the thermohaline circulation was strong.
The dampening of the AMOC drove the storage of a huge amount of
warm water in the North Atlantic which was upwelled as soon as
the stratification produced by the ice-rafting was broken. This phase
may be seen as a transition between the first and the third phase of gla-
cial periods, in which deep ocean circulation changed from an active
AMOC to a reduced AMOC, typical of full glacial conditions.

Third phase of glacial periods (vertical blue bars in Figs. 4 and 6;
Fig. 5e). The sharp increase in N. pachyderma sin at mostly all the sub-
polar North Atlantic sites marks the onset of the full glacial conditions.
During this phase the ice volume accumulated on the continents was
large, deep water formation was curtailed in the NGS (Alonso-Garcia
et al., 2011) and deep ocean circulation shifted to the glacial mode in
which Glacial North Atlantic intermediate water was generated (Boyle
and Keigwin, 1982; Curry et al., 1988; Duplessy et al., 1988). During
the coldest intervals the AF was almost east–west and the PF was
below Iceland. However, after the most significant ice-rafting events
SST slightly increased and high percentages of T. quinqueloba at Sites
U1314 and 980 suggest that the AF moved slightly northwards.

It is remarkable that MIS 15.2 represents a glacial period that never
reached the third phase. Perhaps the reason why MIS 15.1 was colder
than other interglacial periods is because the termination that preceded
this interglacial was of low amplitude. Further research should be done
to shed light on the development of MIS 15/14 climatic cycle. Addition-
ally, the warm interval MIS 18.2 presents similar characteristics to the
second phase of glacial periods, in which ice volume was lower than in
the third phase and the SST warmer (Fig. 4). The occurrence of this
warm period may also resemble the warming events of the third
phase but with a longer duration and higher SST, therefore its classifica-
tion is unclear. These two anomalous intervals represent a different pat-
tern in the development of the climatic cycles that might be associated
with the Mid-Pleistocene transition (Mudelsee and Schulz, 1997;
Mudelsee and Stattegger, 1997).

Terminations (vertical grey bars in Figs. 4 and 6; Fig. 5f). During
Terminations the AF moved northwestwards rather fast and subpolar-
transitional assemblages settled in the subpolar North Atlantic in a
few thousand years. The rapidmigration of the AF and the rapid change
from glacial to interglacial conditions has been a long-standing problem
that is still not fully understood (Denton et al., 2010).

5.4. Long term changes in AF position?

Wright and Flower (2002) reported that the Arctic front position
changed before and after MIS 16. Regarding at glacial periods, Site
U1314 planktic foraminifer assemblages suggest that sea surface temper-
atures were slightly colder at MIS 18, and Site 980 and 984 also show
slightly higher percentages of N. pachyderma sin in glacial periods 18,
20 and 22. Interglacial sea surface temperatures at Site U1314 were sim-
ilar before and afterMIS 16 although only the interglacial periodMIS 17 is
fully included in the studied interval. At Sites 980 and 984, MIS 17 shows
higher N. pachyderma sin abundances, which indicates slightly colder
conditions (Wright and Flower, 2002) butN. pachyderma sin abundances
were very lowduring interglacial periodsMIS 21 and 19. Site U1314 radi-
olarian census counts from MIS 31 to 19 (Hernández-Almeida et al., in
press) show that after MIS 21 the warm-water radiolarian species in-
creased, which points to a northward shift of the AF and the presence
of the transitional-subpolar water in the area. Diatom and alkenone
data from nearby sites also support colder surface water conditions be-
fore MIS 21 (McClymont et al., 2008; Shimada et al., 2008).

Therefore, new evidences suggest that for interglacial periods the AF
gradually shifted northwards after MIS 21 linked to the oceanic and cli-
matic changes that took place at ~900 ka. Whereas for glacial periods
the AF might have shifted afterwards, probably after MIS 18, which
was the last glacial period with very low temperatures at Sites 980
and U1314. It is likely that the AF migrated in two steps, first for inter-
glacial periods and then for glacials, like the MPT oceanic and climatic
changes which occurred in several steps (e.g. Mudelsee and Schulz,
1997; Clark et al., 2006). Unfortunately, the time interval studied in
this work does not fully resolve this question and more data covering
the entire MPT is necessary to clarify it.

6. Conclusions

Planktic foraminifer assemblages from the subpolar North Atlantic
Site U1314 have been studied to analyse sea surface conditions from ca.
800–400 ka. Factor analysis of the planktic foraminifer assemblages
shows that three factors controlled the assemblage. The first factor
(which explained 49% of the variance) is dominated by the transitional-
subpolar speciesN. pachyderma dex, G. bulloides andG. inflata, the second
factor (37%) is dominated by the polar species Neogloboquadrina pachy-
derma sin and the third factor (9%) is linked to a significant presence of
Turborotalita quinqueloba. These factors have been associatedwith differ-
ent sea surfacewatermasses:warmand salty surfacewaters like theNAC
water (factor 1), cold and low saline surface waters similar to the Arctic
water (factor 2), and the Arctic front water, which is the boundary be-
tween Atlantic and Arctic water (factor 3).

The high resolution study of the planktic foraminifer assemblages of
Site U1314, their factor analysis, and a synthesis of Arctic front proxies
(planktic foraminifer and diatom data) from other subpolar North At-
lantic sites, allowed us to track themigrations of the AF over the studied
interval (ca. 800–400 ka) and to track paleoceanographic changes in
North Atlantic surface circulation. Moreover, the combination of the in-
ferred sea surface circulation changes with a synthesis of North Atlantic
deep ocean circulation and ice volume changes during the 800–400 ka
interval led us to divide each climatic cycle in five phases: early intergla-
cial periods, late interglacial periods, first phase of glacial periods, sec-
ond phase of glacial periods and third phase of glacial periods.

During the early interglacial phase the transitional and subpolar spe-
cies dominated the assemblage at all the sites mentioned (with abun-
dances above 65% at Site U1314). Those warm conditions indicated that
the Arctic front position and surface water masses distribution were
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similar to present day and so the PF. The NAC, warm andwith high salin-
ity, reached the Labrador Sea (via the IC) and theNGSwhere it cooled and
sank to generate NADW.

During the late interglacial periods minor tomoderate increases inN.
pachyderma sin and T. quinqueloba abundances in the western North At-
lantic indicate that the AF gradually moved southeastwards. It is likely
that low insolation enhanced sea ice growth in the Arctic, promoting
sea ice export through the EGC (Born et al., 2010)which reduced convec-
tion in the Labrador Sea and weakened the IC (Fig. 5b). However, the
benthic δ

18
O values suggest that ice sheets were not growing but still

waning and the benthic δ
13
C values suggested an active AMOC. The east-

ern North Atlantic remained warm due to the influence of the NAC and
NADW formation was strong in the NGS.

During thefirst phase of glacial periods the rapid increase inN. pachy-
derma sin (above 65% at Site U1314) indicated that the AF shifted south-
wards of all sites but 980 (where N. pachyderma sin values remained
low) which still was in the Atlantic waters (Fig. 5c). The lingering
warm conditions in the eastern subpolar North Atlantic are linked to
the continuous flow of the NAC that still reached the NGS and generated
NADW. The high benthic δ

13
C values support that the AMOC was still

strong besides the ice sheet growth has already started (benthic δ
18
O

values began to increase in this phase). Sea ice export through the EGC
was probably enhanced due to albedo and other factors that amplified
the cooling trend triggered by the low insolation of the previous phase.
Arctic waters expanded in thewestern subpolar North Atlantic dampen-
ing Labrador Sea deep water convection, which slightly reduced the
AMOC (Born et al., 2010).

The second phase of the glacial periods began with a rapid return of
the transitional-subpolar assemblage to the central and eastern subpo-
lar North Atlantic associated with the first significant ice-rafting events
recorded at Site U1314 (Wright and Flower, 2002; Alonso-Garcia et al.,
2011). During this phase SSTs were predominantly warm reaching in-
terglacial values during the warmest intervals, and the AF position
was similar to the late interglacial phase (Fig. 5d). However, the ice vol-
ume was larger than in the late interglacial periods and this second
phase is characterised by rapid SST changes linked to ice-rafting events.
As a result of calving and meltwater discharges deep water convection
in the NGS slowed down disturbing the AMOC (Alonso-Garcia et al.,
2011). The retreat of the AF northwards of Site U1314 occurred as a con-
sequence of the strong reduction of the AMOC during ice-rafting events,
which led to the storage of huge amounts of warmwater in the subsur-
face North Atlantic (Moros et al., 2002; Rasmussen and Thomsen, 2004;
Alonso-Garcia et al., 2011).

The third phase of glacial periods corresponds to full glacial condi-
tions in which N. pachyderma sin dominated the assemblage at all sub-
polar North Atlantic, even at site 980 (with relative abundances always
over 65% and mostly over 80%). The AF was located almost east–west
from Newfoundland to Ireland and the PF was between Sites 983 and
U1314. During this phase the ice accumulated on the continents was
large, deep ocean circulation shifted to the glacialmode inwhichGlacial
North Atlantic intermediatewaterwas generated and ice-rafting events
were followed by moderately warm events.

During Terminations the AF rapidly moved northwestwards reach-
ing a position similar to present. The North Atlantic surface water
masses distribution changed from the third glacial phase distribution
to the early interglacial phase in a few thousand years.
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