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a b s t r a c t

Stable carbon and oxygen isotopes from benthic and planktic foraminifers, planktic foraminifer assemblages
and ice rafted debris from the North Atlantic Site U1314 (Integrated Ocean Drilling Program Expedition 306)
were examined to investigate orbital and millennial-scale climate variability in the North Atlantic and its
impact on global circulation focusing on the development of glacial periods during the mid-Pleistocene (ca
800e400 ka). Glacial initiations were characterized by a rapid cooling (6e10 �C in less than 7 kyr) in the
mean annual sea surface temperature (SST), increasing benthic d18O values and high benthic d13C values.
The continuous increase in benthic d18O suggests a continuous ice sheet growth whereas the positive
benthic d13C values indicate that the flow of the Iceland Scotland Overflow water (ISOW) was vigorous.
Strong deep water formation in the Norwegian Greenland Sea promoted a high transfer of freshwater from
the ocean to the continents. However, low SSTs at Site U1314 suggest a subpolar gyre cooling and freshening
that may have reduced deep water formation in the Labrador Sea during glacial initiations.

Once the 3.5& threshold in the benthic d18O record was exceeded, ice rafting started and ice sheet
growth was punctuated by millennial-scale waning events which returned to the ocean part of the
freshwater accumulated on the continents. Ice-rafting events were associated with a rapid reduction in
the ISOW (benthic d13C values dropped 0.5e1&) and followed by millennial-scale warmings. The first
two millennial-scale warm intervals of each glacial period reached interglacial temperatures and were
particularly abrupt (6e10 �C in w3 kyr). Subsequent millennial-scale warm events were cooler probably
because the AMOC was rather reduced as suggested by the low benthic d13C values. These two abrupt
warming events that occurred at early glacial periods were also observed in the Antarctic temperature
and CO2 records, suggesting a close correlation between both Hemispheres. The comparison of the sea
surface proxies with the benthic d18O record (as the Southern sign) indicates the presence of a millen-
nial-scale seesaw pattern similar to that seen during the Last Glacial period.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

One of the most outstanding features of Pleistocene climate is the
succession of glacial and interglacial periods. During the Early Pleis-
tocene climate cyclicity was driven by obliquity and glacialeintergla-
cial cycles occurred approximately every 41 kyr (Imbrie et al., 1993).
The periodicity of the climatic cycles shifted during the mid-
Pleistocene from the obliquity-dominated cycles to an eccentricity-
dominated cycle of w100 kyr. While the climatic shift from the
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“41 kyrworld” to the “100 kyrworld”maybe related to changes in the
internal feedbacks of the climate system, the detailed mechanisms/
processes are not fully understood (Imbrie et al., 1993; Berger and
Jansen, 1994; Mudelsee and Stattegger, 1997; Maslin and Ridgwell,
2005). For instance, ice sheet size and the severity of glacial periods
began to increase atw910 ka but the dominance of the 100 kyr cycles
only startedat 650e725 ka (MudelseeandSchulz,1997;Mudelsee and
Stattegger, 1997). Moreover, only the last four climatic cycles (last
w420 ka) exhibit strong interglacial conditions (Jansen et al., 1986;
Berger and Wefer, 2003; Tzedakis et al., 2009).

Mid-Pleistocene glacialeinterglacial cycles exhibit similar
changes in thermohaline circulation strength as compared to the last
climatic cycle with strong circulation during interglacial periods,
weak during glacial periods and even weaker during the major ice-
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Fig. 1. Location of IODP Site U1314 (red dot) and other ODP North Atlantic sites
mentioned in the paper (white dots). Orange arrows represent North Atlantic surface
circulation after Schmitz and McCartney (1993). Purple arrows represent deep ocean
circulation after Dickson et al. (1990). EGC: East Greenland Current; NC: Norwegian
Current; LC: Labrador Current; NAC: North Atlantic Current; DSOW: Denmark Strait
Overflow water; ISOW: Iceland Scotland Overflow water; LSW: Labrador Sea water;
NADW: North Atlantic Deep water. The base map was provided by IODP. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

Fig. 2. The age model of the studied interval was derived by correlating the benthic d18O r
benthic d18O record of Site U1314 is shown in meters of composite depth (mcd) whereas th
joined with grey dashed lines and the sedimentation rates for each interval between the ti
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rafting events (Raymo et al.,1990,1997,1998, 2004; deMenocal et al.,
1992; Oppo et al.,1995,1998;McManus et al.,1999; Venz et al.,1999;
Flower et al., 2000; Venz and Hodell, 2002; Hodell et al., 2003, 2008;
Kleiven et al., 2003; Hodell and Venz-Curtis, 2006). During glacial
periods,NorthAtlantic bottomwaterswere characterizedbyvery low
d13C values, indicating the presence of the Southern Ocean Water
(SOW), whereas d13C values at depths abovew2000 to 2200 mwere
significantly higher suggesting a North Atlantic origin for this shal-
lower water mass, known as Glacial North Atlantic Intermediate
water (GNAIW) (Boyle and Keigwin,1982,1987; Curry and Lohmann,
1983; Oppo and Fairbanks, 1987; Curry et al., 1988; Duplessy et al.,
1988; Curry and Oppo, 2005; Marchitto and Broecker, 2006). North
Atlantic sediments suggest that during the Last Glacial period the ice
sheet growthhasbeenpunctuatedby severalmajor ice-rafting events
followed by prominent warm interstadials associated with rapid
global sea level rise (Heinrich, 1988; Bond et al., 1992, 1993 Broecker
et al., 1992; Grousset et al., 1993; Chapman and Shackleton, 1999;
Shackleton et al., 2000; Siddall et al., 2003; Hemming, 2004; Arz
et al., 2007; Rohling et al., 2008; Sierro et al., 2009). Furthermore,
the iceberg discharges have also been associated with strong reduc-
tions in Atlantic Meridional Overturning Circulation (AMOC). Similar
ice-rafting events associated with reductions in the AMOC have been
reported from mid-late Pleistocene North Atlantic sediments (Oppo
et al., 1998; Raymo et al., 1998; McManus et al., 1999; Venz et al.,
1999; Hodell et al., 2003, 2008). Millennial-scale climate instability
has been a pervasive long-term characteristic of Earth’s climate
(Raymo et al., 1998; Siddall et al., 2006) and it suggests that the
processes that drove millennial-scale climate changes could have
ecord of Site U1314 with the LR04 benthic d18O stack (Lisiecki and Raymo, 2005). The
e LR04 benthic d18O stack is shown in its age scale. The tie points of both records are
e points are also depicted.



Table 1
Tie points used in the correlation between U1314 benthic d18O and
the global benthic d18O stack LR04. Between tie points ages were
calculated by linear interpolation.

Site U1314 depth (m) LR04 time (ka)

32.8 403
33.72 412
35.3 424
35.46 426
35.62 433
36.77 463
37.29 474
37.81 481
38.75 491
40.41 513
42.77 531
43.01 535
44.53 553
44.83 561
45.35 568
45.97 575
46.73 583
47.09 586
47.79 592
48.15 599
49.13 610
49.73 614
50.79 628
51.11 636
51.35 640
52.09 662
52.45 674
53.23 686
53.71 690
55.4 708
55.86 714
56.46 724
57.12 740
57.4 746
58.08 756
58.32 760
58.7 764
59.98 774.8
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been similar during at least the last 1.5 Ma (Raymo et al., 1998; Venz
et al., 1999; Kleiven et al., 2003; Hodell et al., 2008).

In this paper we present new benthic and planktic foraminiferal
d18O and d13C records combined with planktic foraminifer assem-
blages and ice rafted debris (IRD) data from the subpolar North
Atlantic to reconstruct a detailed history of ice sheet growth and
determine the impact of major iceberg discharges on surface and
deep ocean circulation from ca 800 to 400 ka. At present IODP Site
U1314 (Southern Gardar drift, 56�21.80N, 27�53.30W, 2820 m water
depth, see Fig.1), is strongly influenced by the North Atlantic current
(NAC) and provides an extraordinary opportunity to explore past
changes in the surface circulation of the subpolar gyre. The isotopic
composition of the water in this area is strongly controlled by the
strength of the Iceland Scotland Overflow water (ISOW) (Van Aken
and De Boer, 1995; Bianchi and McCave, 2000). Because Site U1314
was drilled deeper than other nearby subpolar North Atlantic sites
(ODP 980, 982, 983 or 984) it provides new insight into the mid-
Pleistocene deep ocean circulation changes. Moreover, the elevated
sedimentation rates of the Gardar Drift (Channell et al., 2006) allow
foradetailedcomparisonofmillennial-scale events tonearby records
and correlation to ice core data to produce a better understanding
of the role of AMOC in climatic variability.

2. Materials and methods

Samples were taken every 4 cm from the composite section
made from the 3 cores of Site U1314 (Channell et al., 2006). Each
samplewas washed with deionized water through a 63 mmmesh to
eliminate clay and other fine-grained particles. Samples were then
dry-sieved through a 150 mm mesh and separated into two frac-
tions, 63e150 mm and over 150 mm. Census counts and foraminif-
eral d18O and d13C analyses were performed on specimens from the
coarse fraction.

Benthic foraminiferal stable isotope analyses were performed on
an automated carbonate preparation Kiel device I (prototype)
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 stan-
dardsNBS-19 andNBS-20was better than 0.07& for d18O andbetter
than 0.05 & for d13C. Results are reported on the Vienna Pee Dee
Belemnite (VPDB) standard scale (Coplen, 1996). Cibicidoides
(mainly C. wuellerstorfi, but sometimes C. pachyderma or other
Cibicidoides spp)were picked for the benthic stable isotope analyses.
During a few short intervalswhere Cibicidoideswere absent,Melonis
pompilioideswerepicked. Between1 and8 specimens ofCibicidoides
larger than 300 mm (most were between 300 and 600 mm) were
analyzed. In the case of M. pompilioides about 6 specimens were
analyzed from the same size fraction as Cibicidoides.

Planktic stable isotope analyses were carried out using a Fin-
nigan MAT 252 mass spectrometer at the University of Barcelona.
Analytical precision based on the international standard NBS-19
was better than 0.06& for d18O and reported on the VPDB stan-
dard scale. The planktic stable isotope record was based on the
subpolar foraminifer Neogloboquadrina pachyderma dextral (dex).
On average 12 specimens of N. pachyderma dex from the
250e300 mm fraction were picked from every other sample. The
resolution of the planktic record is the same resolution as for
planktic foraminifer census counts.

Prior to isotopic analyses, the selected specimens of each sample
were gently crushed between two glass slides under the stereo-
microscope to open chambers and facilitate cleaning. The crushed
shell fragments were sonicated for 20 s in methanol to eliminate
clays and other contaminating particles. Finally, the methanol was
removed and samples were air-dried overnight into the gas hood to
avoid contamination.
For the planktic foraminifer census counts each samplewas split
multiple times until the remaining aliquot contained roughly 400
planktic foraminifer specimens (300 at minimum). Mean annual
sea surface temperature (SST) at 10 m depth was calculated from
planktic foraminifer assemblages using a transfer function based on
a back propagating artificial neural network (ANN) (Malmgren
et al., 2001) trained on the MARGO (Multiproxy Approach for the
Reconstruction of the Glacial Ocean surface) North Atlantic dataset
(Kucera et al., 2005). The same set of 10 neural networks as in
Kucera et al. (2005) was used in this study, providing 10 different
mean annual SST reconstructions. The average values of these 10
temperatures were used for the final reconstruction. The average
standard deviation (StDev), also based on the 10 reconstructions,
was used to determine howwell fossil samples were represented in
the calibration dataset (Kucera et al., 2005). Additionally, in order to
calculate a similarity index and corroborate the ANN results, we
applied a Modern Analog Technique (MAT, Prell, 1985) on the fossil
data using the same MARGO modern dataset as was used for the
training of the ANNs (Kucera et al., 2005).

3. Results

3.1. Chronological framework

The age model for the studied section (Fig. 2) is based on
a correlation of our benthic d18O record with the global benthic
oxygen isotope stack from Lisiecki and Raymo (2005) (hereafter



Fig. 3. IODP U1314 records from ca 800 to 400 ka compared with the LR04 benthic d18O stack (Lisiecki and Raymo, 2005) and correlated with EPICA Dome C (EDC) temperature and
CO2 records (Siegenthaler et al., 2005; Jouzel et al., 2007; Luthi et al., 2008). From top to bottom: EDC temperature (blue line) and CO2 (black line) records, DT is filled up to �4 �; Site
U1314 benthic d13C (purple line); Site U1314 benthic d18O (purple line) and LR04 benthic d18O stack (black dashed line), U1314 record is filled up to 3.5&; U1314 planktic d18O record
of N. pachyderma dex (black line); sea surface temperature (SST) reconstruction based on planktic foraminifer census counts from Site U1314 (orange line); IRD fluxes from Site
U1314 (orange line filled in yellow). Marine Isotope Stages (MIS) are shown at the top of the figure (glacials in white and interglacials in black) following LR04 ages and substages are
indicated with numbers above benthic d18O. In the benthic stable isotope records the black triangles represent the analyses performed on Melonis pompilioides, the pink dots
represent Cibicidoides wuellerstorfi and the blue dots Cibicidoides spp. Terminations are depicted with light violet vertical bars and roman numbers from V to VIII. Vertical grey
dashed lines depict glacial inceptions (benthic d18O inflections), vertical red dashed lines depict when the thermohaline circulation became disturbed and vertical green dashed
lines show the decreases to glacial values in the planktic d18O record. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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LR04). Analyseries software (Paillard et al., 1996) was used to
identify the 38 tie points used for the correlation between records
(see Fig. 2 and Table 1).

To constrain accurate ages of the youngest and oldest samples,
we compared the Site U1314 benthic d18O record with other North
Atlantic records. As the first sample records full interglacial
conditions, with regard to benthic d18O values and SST, within
Marine Isotope Stage (MIS) 11 (Figs. 3 and 4), the age of this sample
must be at least prior to the beginning of the climate deterioration
dated at 398e396 ka (de Abreu et al., 2005; Stein et al., 2009).
Additionally, our record presents a cold event in early MIS 11
(represented by a subtle decrease in SSTat 33.72 cmmcd, see Figs. 3
and 4) that can be correlated with the cold event recorded in the
high resolution record of IODP Site U1313 (Stein et al., 2009) around
412 ka. The Brunhes-Matuyama paleomagnetic transition at
59.1 mcd (Channell et al., 2006) with an average age of w773.1 ka
(Channell et al., 2010) was helpful at establishing a tie point for the
oldest samples. However, the age of the Brunhes-Matuyama tran-
sition is still controversial depending on the method used to
measure the mean point of the transition (Channell et al., 2010;
Suganuma et al., 2010).
Sedimentation rates based on this chronology show relatively
muted changes (Fig. 2), although it is worth mentioning that
during glacial periods the rates were lower than during inter-
glacials, and within the interglacial periods the sedimentation
rates were generally higher at the beginning. The mean sedi-
mentation rate was 7.31 cm/ka, in agreement with the rate
determined during Expedition 306 for the first 115 mcd (Channell
et al., 2006). The lowest sedimentation rates occurred during
glacial periods 12 and 16. According to the age model displayed
here, the resolution between samples is on average 547 years for
the full resolution records and 1094 years for the every other
sample records.

3.2. Stable isotopes from planktic and benthic foraminifers

The benthic d18O record (Figs. 2 and 3) exhibits four gla-
cialeinterglacial cycles with values ranging from 2.8 to 5&: MIS
13e12 (Fig. 4), MIS 15e14 (Fig. 5), MIS 17e16 (Fig. 6) andMIS 19e18
(Fig. 7). The benthic d18O record of Site U1314 and the global isotope
stack LR04 indicate that between 800 and 400 ka the largest
northern Hemisphere ice sheets developed during MIS 12 and 16



Fig. 4. MIS 11e13 climatic cycle records. From top to bottom: EDC CO2 record (black) and EDC temperature record (blue); Site U1314 benthic d18O record; Site U1314 benthic
d13C record (black dots represent M. pompilioides and pink dots represent Cibicidoides, mainly C. wuellerstorfi); N. pachyderma dex d18O record of Site U1314; sea surface
temperature (SST) at Site U1314 based on planktic foraminifer census counts; IRD fluxes from Site U1314. Marine Isotope Stages (MIS) and substages are shown for reference at
the top of the figure. Vertical bars indicate millennial-scale events, in blue the ice-rafting event and in yellow the associated warming event. Vertical grey dashed lines indicate
glacial inceptions. Terminations are shown with vertical light violet bars. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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(Fig. 3), which were the coldest and longest glacial periods, lasting
w53 and w63 kyr, respectively, whereas MIS 14 and 18 were
milder.

The benthic d13C record (Fig. 3) exhibits values ranging
from�0.35 to 1.5&. While C. wuellerstofi is one of the best recorders
of bottomwaters d13C and was used for most analyses in this study,
M. pompilioides is a mid-depth infaunal species (Duplessy et al.,
1984; Corliss, 1985; McCorkle et al., 1990) and d13C results based
on this species should be carefully interpreted. In order to adjust
M. pompilioides results to those of C. wuellerstofi we calculated the
d13C difference between species in 61 samples where both species
were analyzed. The average difference was used to adjust both
records, �0.12 & for the oxygen and þ0.61 & for the carbon
isotopes. Our factors are similar to those used in Shackleton and Hall
(1984). The adjusted results of M. pompilioides were compared with
the sparse results of C. wuellerstofi during these intervals to check
the accuracy of the adjustment. The results presented here follow
the same trends as other North Atlantic d13C curves like ODP 980
(Flower et al., 2000) and ODP 983 (Kleiven et al., 2003; Raymo et al.,
2004) and suggest that M. pompilioides results are similar to those
obtained with C. wuellerstofi in other sites. The sharpest changes in
benthic d13C,with amplitudes between 0.5 and 1&, were recorded at
the beginning of glacial periods, particularly in MIS 15.2 (Figs. 3 and
5), and at Terminations.



Fig. 5. MIS 14e15 climatic cycle records. See Fig. 4 caption for details. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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N. pachyderma dex d18O values range from 1 to 4.7&. The main
trends in this record are similar to those of the benthic d18O record
although the N. pachyderma dex d18O record presents a remarkable
increase after the first millennial-scale events of every glacial
period. The largest amplitude changes were found during
millennial-scale ice-rafting events and at terminations, with
differences up to 3.1&. Terminations were more abrupt in the
planktic d18O record than in the benthic.
3.3. SST reconstruction

The reconstructed mean annual SST was relatively stable during
interglacial periods, around 12 �C. This temperature is slightly
warmer than the modern SST recorded at this site (w10 �C)
according to the World Ocean Atlas data (Locarnini et al., 2006).
During glacial periods temperatures were on average much lower,
approximately 4 �C. Rapid temperature shifts towards cold SSTs



Fig. 6. MIS 16e17 climatic cycle records. See Fig. 4 caption for details. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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(6e10 �C in less than 7 kyr) can be observed in the transition from
interglacial to glacial periods (Figs. 4e7). Moreover, during the
glacial periods SST shifts of 6e10 �C in w3 kyr can be observed at
millennial-scale warmings.

Standard deviation of the calculated SSTwas low throughout the
record (generally below 0.5 �C) and is poorly correlated with
temperature (R2¼ 0.1325, see Fig. 8), suggesting that the planktic
foraminifer assemblages in the analyzed fossil samples are well
represented in themodern dataset and that SST reconstructions are
not affected by no-analog artefacts (Kucera et al., 2005). This
conclusion is supported by the high values of the similarity index of
MAT, above 0.9 for most of the samples (Fig. 8).

3.4. IRD record

Although Site U1314 is located outside the main IRD belt, as
defined by Ruddiman (1977), IRD fluxes in the studied section
reached values up to 24,000 grains/cm2 ka and the average size of
IRD was up to 0.5 cm. Ice-rafting events (Fig. 3) were more frequent
during glacial stages and the highest fluxes were usually associated



Fig. 7. MIS 18e19 climatic cycle records. See Fig. 4 caption for details. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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with Terminations. The most abundant lithic fragments were
quartz and feldspar (including hematite stained grains) and
volcanic rock fragments (including volcanic glass).

4. Discussion

4.1. North Atlantic circulation during glacial initiations

After glacial terminations, the benthic d18O values remained low
during the interglacial periods reflecting low ice volume and hence,
warm climate. An inflection in the benthic d18O record towards
positive values marks the onset of a new glacial period or glacial
inception (indicated by vertical grey dashed lines in Figs. 3e7).
Several thousands of years after the glacial inception, the benthic
d13C values in Site U1314 still remained high indicating strong deep
water formation in the NGS. Positive benthic d13C values were also
observed during the first kyr of glacial initiations in the eastern
North Atlantic Site 980 (McManus et al., 1999; Wright and Flower,
2002) which was interpreted as a persistent North Atlantic deep
water (NADW) production called ‘lagging NADW production’
(Wright and Flower, 2002). Because isotopic composition of the
deep water at Sites U1314 and 980 is strongly controlled by the
ISOW, the high benthic d13C values observed at glacial initiations
(Fig. 9) suggest that the deep water formation in the NGS was still
not disturbed. Furthermore, each glacial initiation was associated
with a pronounced sea surface cooling with a SST change of 6e10 �

in less than 7 kyr. Similar changes in temperature can be inferred
fromODP Sites 646, 647 and 984 data, west and north of Site U1314,
where percentages of N. pachyderma sininstral increased rapidly
(Aksu et al., 1989; Wright and Flower, 2002). However, Site 980
located at similar latitude to Site U1314 but in the eastern part of
the North Atlantic, exhibits that SSTs remained warm after glacial
inceptions (McManus et al., 1999;Wright and Flower, 2002), known
as ‘lagging warmth’ of glacial initiations (Wright and Flower, 2002).
Thus, the cooling observed in Site U1314 may not be a widespread
feature of the North Atlantic but rather restricted to the high lati-
tudes of the western North Atlantic.

A similar display of warm SSTs restricted to the eastern part of
the subpolar North Atlantic and high benthic d13C values was
described for the interglacial to glacial transition of the last climatic
cycle (Ruddiman and McIntyre, 1979; Ruddiman et al., 1980;
Chapman and Shackleton, 1999; Oppo et al., 2001, 2006;
McManus et al., 2002). The persistent warm temperatures in the
eastern North Atlantic during glacial initiations were attributed to



Fig. 8. Cross-correlation between the sea surface temperature calculated with artificial neural networks (ANN SST) and their standard deviation (a), and between the ANN SST and
the similarity index of modern analog technique (MAT) (b). The low correlation coefficient (R2) and the high similarity index indicate that the studied samples are well represented
in the modern dataset and the temperatures calculated are not biased by no-analog situations.
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the continuous flow of the NAC, which still flowed towards the
Norwegian Greenland Sea (NGS) and maintained active deep water
formation (Ruddiman and McIntyre, 1979, 1981; Ruddiman et al.,
1980; McManus et al., 2002; Risebrobakken et al., 2007). These
authors suggest that during the Last Glacial initiation the
Fig. 9. Comparison between benthic d13C and IRD records of the North Atlantic sites ODP 9
3427 m (Hodell et al., 2008) and IODP U1314 at 2820 m (this study). The chronologies of s
records of Site U1308 and Site 980 are plotted versus benthic d18O of Site U1314 in order to s
in yellow) of each site are plotted versus their benthic d13C records (black). In the IRD record
et al. (2008). The K/Ti record of Site U1314 (blue line) (Grützner and Higgins, 2010) shows th
K/Ti ratios). (For interpretation of the references to colour in this figure legend, the reader
continuous flow of the NAC promoted the transport of moisture
from low to high latitudes, creating an optimal configuration for
rapid ice sheet growth. The rapid increase in the benthic d18O
record of Site U1314 after glacial inceptions suggests that the glacial
initiations between 800 and 400 ka were also characterized by
80 at 2179 m depth (McManus et al., 1999; Wright and Flower, 2002), IODP U1308 at
ites 980 and U1308 datasets are the same as in the original publication. Benthic d18O
ee the similarity between the age models of every record. IRD proxies (orange line filled
of U1308 vertical grey bars show the ‘Hudson Strait Heinrich events’ found by Hodell
e strong correlation between ice-rafting and the strength of the ISOW (represented by
is referred to the web version of this article.)
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a dominant transfer of freshwater from the ocean to the continents
leading to rapid ice sheet growth in the Northern Hemisphere.
Temperature decreases in the western North Atlantic at glacial
initiations may indicate that cold and low salinity waters spread
southwestwards due to a higher ice export through the East
Greenland current (EGC). The presence of IRD at Site U1314
(Figs. 4e7) which coincides with the SST decrease supports the
occurrence of small scale ice-rafting events and/or a higher sea ice
export to the subpolar gyre. The presence of cold low salinity water
in the western North Atlantic might have reduced deep water
formation in the Labrador Sea as suggested for the Last Glacial
inception in a recent model study (Born et al., 2010). Moreover,
fresh water input to the subpolar gyre surface waters may have
reduced regional convection and reorganized North Atlantic
surface circulation (Hatun et al., 2005; Born et al., 2010). According
to Born et al. (2010), if the subpolar gyre was weakened, less salt
would be advected into the Labrador Sea and more into the NGS. As
a result, deep water convection in the NGS would be similar or
slightly higher but the overall AMOC would be reduced by
approximately 15%. The ‘lagging NADW production’ identified in
the path of the ISOW by the high benthic d13C values, probably was
concealing the fact that, as the ice sheets grew, the AMOC was
slightly reduced due to the loss of deep water convection in the
western North Atlantic. We advocate that the cooling and fresh-
ening of the western part of the North Atlantic may have been an
important factor in the development of glacial periods through the
reduction of one of the components of the AMOC.

4.2. Ice-rafting events and millennial-scale climatic variability

The flux of IRD to the southern Gardar drift was nearly zero
during most of the interglacial periods studied (Fig. 3). Consistent
with the data from Site 980 (McManus et al., 1999), the major ice-
rafting events at Site U1314 always occurred when the 3.5&
threshold in the benthic d18O was surpassed. Although changes in
benthic d18O are driven by deep water temperature and ice volume
(Shackleton, 1987), this 3.5& threshold must represent the condi-
tions when the ice sheets were large enough to undergo instabil-
ities and produce major ice-rafting events. Thereby, the ice sheet
growth, which started during glacial inceptions, was not inter-
rupted for several thousand years until the ice sheets were large
and unstable. For instance, between the glacial inception at MIS 13/
12 transition (w492 ka, grey dashed line in Fig. 4) to the first
significant ice-rafting event (w481 ka), there was a w11 kyr
interval inwhich the ice sheet growthwas continuous. A similar lag
is observed in MIS 15.1/14, MIS 15.3/15.2, and MIS 17/16 transitions
(Figs. 5 and 6).

The lack of dolomite and limestone in Site U1314 IRD, which is
very abundant in the main IRD belt (Heinrich, 1988; Bond et al.,
1992; Hemming, 2004), suggests that North America was not the
main source of icebergs for this region, even at the time of the
‘Hudson Strait Heinrich events’ described at Site U1308 (Hodell
et al., 2008, see Fig. 9) or the “Heinrich-like events” identified in
Site U1313 (Stein et al., 2009). The abundance of quartz, feldspar
and volcanic glass in the IRD and the regional Atlantic surface
circulation argue in favor of Greenland and Iceland as the main
source of the icebergs that reached Site U1314, although a Scandi-
navian or Svalbard origin is also possible (Bond and Lotti, 1995;
Hemming et al., 1998; Bond et al., 2001; Moros et al., 2004).

The ice-rafting events occurred during cold intervals and were
immediately followed by negative excursions in the benthic d18O
(approximately between 0.25 and 1.5&, see Figs. 4e7) and d13C
(approximately between 0.5 and 1&), and also by abrupt warmings
(6e10 �C in w3 kyr). Since the icebergs that reached Site U1314
mainly came from Greenland, Iceland and Scandinavia, this first
pulse of iceberg discharges may have caused a freshening of the
NGS decreasing deep water convection. Because Site U1314 is near
the Iceland Scotland Ridge, it is possible that benthic d13C values at
Site U1314 were depleted as a result of either a higher influence of
the poorly ventilated nutrient enriched waters of the SOW (Oppo
and Fairbanks, 1987; Curry et al., 1988; Duplessy et al., 1988;
Oppo and Lehman, 1993; Oppo et al., 1995) or because of the
influence of the NGS overflows of deep water generated by brine
rejection (Raymo et al., 2004; Yu et al., 2008) or a mixture of both
sources. Whatever the origin, the reduction in the d13C values
indicates a reduction in the deep water convection in the NGS and,
hence, in the generation of ISOW. The reduction in the ISOW at ice-
rafting events is also supported by the K/Ti record of Site U1314
(Grützner and Higgins, 2010). LowK/Ti ratios have been interpreted
as enhanced transport of basalt-derived titanomagnetites (high
ISOW) whereas high ratios represent the dominance of acidic
sediment sources (low ISOW). Fig. 9 illustrates that almost every
ice-rafting episode is related to an increase in the K/Ti ratio and
a decrease in the benthic d13C values.

The negative excursions in the benthic d18O record during ice-
rafting events suggest that the ice sheets waned and sea level
rose due to calving and/or to ice melting, similarly to the sea level
rises that occurred during MIS 3 (Siddall et al., 2003, 2008; Rohling
et al., 2004, 2008; Arz et al., 2007; Sierro et al., 2009). However,
these excursions with average amplitudes of 0.5& are too high to
be only associated with ice volume, as this would represent a sea
level rise of around 50 m. Part of the benthic d18O decrease is
probably related to deep sea hydrographic changes (Skinner et al.,
2003; Skinner and Elderfield, 2007; Yu et al., 2008).

In the studied section glaciations exhibit several millennial-scale
SST warmings associated with ice-rafting events. It is remarkable
that thefirst significant pulse of iceberg delivery to theNorthAtlantic
at each glacial period (vertical dashed red lines in Fig. 3) caused
a dramatic change in deep water production at the NGSwhich led to
the glacial deep water circulation style. Moreover, the warm interval
that followed the first ice-rafting event was very abrupt and near to
interglacial SSTs were reached. The first two ice-rafting events of
each glacial period were linked to the strongest millennial-scale SST
shifts even though the IRD fluxes were not the highest. Rapid
warmings at the end of the ice-rafting events might be linked to the
destabilization of the halocline established during ice-rafting and
rapid upwelling of thewarm and saltywater stored in the subsurface
layer (Moros et al., 2002; Rasmussen and Thomsen, 2004). This
hypothesis is supported by the results of several circulation model
experiments (Marotzke, 1989; Wright and Stocker, 1991; Winton,
1997; Weaver, 1999; Paul and Schulz, 2002; Mignot et al., 2007)
and by other Last Glacial period North Atlantic records (van Kreveld
et al., 2000; Peck et al., 2008; Jonkers et al., 2010) which suggested
that the NAC flowed below the freshwater lid, caused by the ice-
rafting, building up warm and salty waters in the subsurface layer.

After these first two millennial-scale events, the warm intervals
ensuing ice-rafting were milder at Site U1314. This finding resem-
bles the threshold at larger ice volumes found at Site 980
(McManus et al., 1999), above which climatic variability was
reduced. However, in Site U1314 the amplitude of SST changes was
reduced when the benthic d18O record of Site U1314 exceeded
w4& instead of 4.5e4.6&. The different thresholds at each site
may be linked to their location. As the AMOC reduced NAC weak-
ened, and during the next ice-rafting events either less warmwater
was stored in the subsurface layer or it was stored southeastwards.
As a result, the millennial-scale warm events might be milder at
Site U1314 earlier than in Site 980.

The ice-rafting events observed in MIS 15.2 (Fig. 5) are partic-
ularly outstanding because they were linked to the strongest
oscillations in the benthic d13C, with the exception of the
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terminations. These benthic d13C oscillations were also recorded in
other North Atlantic sites like 980 (Wright and Flower, 2002) and
983 (Raymo et al., 2004) but in Site U1314 they presented a higher
amplitude (Fig. 9). It is likely that the location of U1314 makes this
site extremely sensitive to changes in the production of the ISOW
and the shoaling of SOW whereas Site 980 recorded shallower
changes in the water masses. The benthic d13C record of Site 983,
also in the path of the ISOW, shows 3 abrupt shifts that can be
correlated with the benthic d13C oscillations in Site U1314 sup-
porting the idea that strong changes in the ISOW production
occurred during MIS 15.2, although the resolution of this record is
much lower for this interval. The analysis of Site U1314 records
suggests that during MIS 15.2 the depth of the chemocline which
separates the ISOW from the SOW shifted rapidly linked to strong
dampenings and rejuvenations of the ISOW due to calving and
meltwater discharges to the NGS.

4.3. Planktic d18O record versus SST

After glacial inceptions, N. pachyderma dex d18O values were
relatively low with respect to the glacial values and only shows
brief positive excursions related to the ice-rafting events
(Figs. 3e7). The census counts indicate cold mean annual SSTs
(below 6 �) during glacial initiations but theN. pachyderma dex d18O
values remained rather low. At present, N. pachyderma dex pref-
erably inhabits the top 50e100 m, associated with the thermocline
and deep chlorophyll maximum and it has been related to the
warm and stratified surface waters of the summer-autumn in the
Northeast Atlantic and the NGS (Fairbanks et al., 1982; Reynolds-
Sautter and Thunell, 1989, 1991; Schiebel and Hemleben, 2000;
Schiebel et al., 2001; Nyland et al., 2006; Chapman, 2010).
Following recent interpretations of planktic d18O changes in sites
near U1314 (Hodell et al., 2010; Jonkers et al., 2010), we attributed
the low N. pachyderma dex d18O values mostly to warmer summer
temperatures driven by the higher influence of the North Atlantic
Drift at Site U1314 during the summer. In this context, during the
summers of glacial initiations the warm waters of the NAC still
reached Site U1314 area and this may have introduced heat and
moisture into the subpolar gyre promoting snow accumulation in
North America and the areas surrounding the subpolar gyre.

During ice-rafting events, N. pachyderma dex d18O record
exhibits positive excursions probably linked to low summer SSTs
driven by the ice-rafting. Planktic d18O values decreased rapidly
when the ice rafting declined and low d18O values were reached
before the mean annual SST increased near to interglacial values. A
similar phase relationship between ice-rafting and planktic d18O
has been described in other North Atlantic sites (Elliot et al., 1998;
Moros et al., 2002; Hodell et al., 2010; Jonkers et al., 2010). This
early warming has been associated with the presence of a subsur-
face warm layer that shoaled seasonally during the summer (Moros
et al., 2002; Rasmussen and Thomsen, 2004; Jonkers et al., 2010),
which is consistent with our results because N. pachyderma dex
lives preferably during the summer. The shift to high N. pachyderma
dex d18O values occurred after the first two millennial-scale events
(green dashed lines in Fig. 3) and was rather abrupt (4e10 ka). If
attributed mostly to temperature, it seems that summer tempera-
tures turned cold only when the AMOC was severely reduced and
the warmwater of the NAC could not reach Site U1314 even during
the summer.

4.4. Comparison with the Antarctic ice core records and phasing
between surface and deep water proxies

Shackleton et al. (2000) observed a strong similarity between
the benthic d18O record and the deuterium temperature of the
Antarctic ice cores during the Last Glacial period. Our benthic d18O
record and the EPICA Dome Concordia (EDC) deuterium tempera-
ture record are also very similar (Figs. 3e7), and most of the cold
and warm intervals can be correlated with benthic d18O changes. It
is striking that the first two millennial-scale warm events observed
in the North Atlantic Site U1314 were also observed as high
amplitude warming events in not only Antarctic temperature but
also CO2. Furthermore, other less prominent warmmillennial-scale
events can be also recognized in EDC records. This strong correla-
tion between Northern and Southern Hemisphere records argues in
favour of a strong climatic coupling between both hemispheres.

The chronology of LR04 differs several kyr from the age model
EDC3 (Parrenin et al., 2007) but the difference between both age
models is not constant. Thus, constraining the phase relationship
between the events recorded in the Northern Hemisphere records
and their counterparts in the Southern Hemisphere is not possible.
Determining phase relationships between both hemispheres is
challenging beyond the Last Glacial period because the methane
records of Greenland, which have been used to synchronize the
records of both hemispheres, only spannedup toMIS 5 (Blunier et al.,
1998; Blunier and Brook, 2001; Ahn and Brook, 2008). However, we
may compare the surface records of Site U1314 (SST, planktic oxygen
isotopes and IRD) to the benthic oxygen isotopes of the same site,
assuming that the benthic d18O was synchronous with the Antarctic
temperature signal like during the last climatic cycle (Shackleton
et al., 2000; Skinner et al., 2003). A similar strategy was used in
Hodell et al. (2010) and Channell et al. (2010). Most of the benthic
d18O negative shifts have their counterpart events in the SST record,
but SST slightly lags benthic d18O (Figs. 4e7). Since the benthic d18O
represents the Antarctic temperature, Northern Hemisphere SSTs
lagged Antarctic temperatures. The N. pachyderma dex d18O record
does not show this lag with respect to benthic d18O because this
record represents summer temperatures (see Section 4.3) and it has
been shown that during the Last Glacial period summer tempera-
tures were warm during the late ice-rafting events due to the
shoalingof subsurfacewarmwaters (Moros et al., 2002; Jonkers et al.,
2010). However, the coupling between surface and deep water
proxies at Site U1314 strongly supports a narrow coupling between
both hemispheres at the millennial timescale. The phasing between
SSTand theAntarctic temperatures (representedby the benthic d18O)
resembles the “bipolar seesaw”mechanism (Broecker,1998) thatwas
already observed for the Antarctic warmings and Heinrich events
during the Last Glacial period (Blunier et al.,1998; Blunier and Brook,
2001).

5. Conclusions

The study of benthic and planktic stable isotopes, planktic
foraminifer assemblages and IRD flux from Site U1314 in the North
Atlantic allowed us to reconstruct climate variability during glacial
periods at millennial and orbital timescales between 800 and
400 ka.

Glacial initiations started when benthic d18O values began to
increase and they were characterized by a rapid cooling at Site
U1314 (6e10 �C in less than 7 kyr) whereas in the eastern North
Atlantic the annual SST remained high during several kyr because
the NAC continued flowing towards the NGS (McManus et al., 1999;
Wright and Flower, 2002). High benthic d13C values at both sites,
U1314 and 980, indicate that deep water formation was still
vigorous in the NGS. The prevalence of active deep water formation
during glacial initiations promoted ice sheet growth in the
Northern Hemisphere because the NAC provided moisture to the
high latitudes. However, the cold SSTs at Site U1314 suggest
a cooling, and probably freshening, of the subpolar gyre, which
could have decreased deep water formation in the Labrador Sea
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and, hence, moderately reduced the AMOC, according to recent
climate models (Born et al., 2010).

During glacial initiations ice sheet growth was continuous and
large amounts of freshwater accumulated on the continents. When
the ice volume reached certain threshold (3.5& in the benthic d18O)
ice-rafting events started and the ice sheet growth was punctuated
bymillennial-scale events of ice sheet waning. This threshold for ice-
rafting has been a constant climatic feature at least for the last 800 ka.
The drop in the benthic d13C values at Site U1314 during ice-rafting
events suggests that the iceberg discharges freshened the subpolar
North Atlantic preventing deep water formation. At the end of the
iceberg discharges, mean annual SSTs began to increase. The change
towards warm conditions was probably caused by the upwelling of
warmwaters stored in the subsurface layer during ice-rafting events
which likely shoaled during the summers when ice-rafting was still
active (Moros et al., 2002; Rasmussen and Thomsen, 2004; Jonkers
et al., 2010). The first two ice-rafting events at Site U1314 were fol-
lowed by strongmillennial-scalewarm events inwhichmean annual
SSTs were similar to interglacial temperatures whereas subsequent
millennial-scale warm intervals were milder.

The significant correlation between Site U1314 and EDC records
strongly argues in favour of a climatic coupling between both
hemispheres although we cannot directly compare them because of
their different age models. Nevertheless, mid-Pleistocene phasing
between both hemispheres has been inferred comparing the surface
ocean proxies with the benthic d18O record (which represents the
Antarctic signal) of Site U1314. This study highlights the strong
similarity of the mid-Pleistocene climatic cycles with the Last Gla-
cialeInterglacial cycle with respect to ice sheet growth at glacial
initiations and themillennial-scale variability of glacial periods, even
though mid-Pleistocene climate conditions were slightly different.
Both hemisphereswere closely coupled atmillennial timescales over
four glacialeinterglacial cycles within the 800e400 ka interval.
Furthermore, the millennial-scale seesaw pattern, which has been
prevalent during the Last Glaciation, also characterized the gla-
cialeinterglacial cycles from 800 to 400 ka suggesting a strong
linkage between both hemispheres for the last 800 ka.
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